
Abstract. It is shown that the presence of nano-sized and nano-
structured erosion products not only affects the operation of
thermonuclear devices but also, to a large extent, determines the
safety and economy of future thermonuclear reactors. The
formation mechanisms and the characteristics and properties
of deposited films and nano-sized dust that form in tokamaks
are reviewed.

1. Introduction

1.1. Development of a fusion reactor
At present, when a start has beenmade on the construction of
the International Thermonuclear Experimental Reactor
(ITER) [1] and the development of the conception of the
subsequent prototype commercial fusion reactor DEMO, the
choice of materials for plasma-facing components and the
problems of safety and reactor cost effectiveness are becom-
ing progressively more topical. In this regard, it has become
clear that dust and the nanostructured erosion products of
tokamak materials are of paramount importance for the
fusion reactor operation. We restrict ourselves to the
consideration of a tokamak-based fusion reactor, since this
area is the most advanced at the present time. This is the
reason why investigations of dust and nanostructured films

are performed primarily in tokamaks or in tokamak-oriented
simulation experiments. As this takes place, the operating
conditions and requirements characteristic of ITER [2] are
most frequently specified by way of example. Although
nanostructured films and nano-sized dust are rather different
objects, their roles are in many respects similar, and so for
brevity's sake we shall use a common termÐananostructure.

1.2 Influence exerted on the operation of fusion facilities
by nanostructures formed therein
Typically, nanostructures formed due to the erosion of
plasma-facing tokamak chamber elements play an adverse
role. However, recently papers have appeared which propose
that dust should be used to control the tokamak operation.

First, the nanostructures may be responsible for the
capture and accumulation of tritium in a reactor, which is a
problem both for reactor safety given the strength of tritium
radioactivity, and for reactor energy efficiency due to the high
cost of tritium (its price is around 10 mln USD per kilo).
According to the ITER project, the tokamak should not
accumulate more than 300 g of tritium [3].

Second, the nanostructures with a highly developed
surface area are a hazard in emergencies related, in particu-
lar, to water inrush into the reactor chamber, as a catalyst for
water decomposition and the production of an explosive
amount of hydrogen [4].

Third, the radioactivity of dust is a hazard when opening
the chamber [4].

The maximum admissible amounts of dust set for the
ITER project are as follows: for carbon dust with a
temperature > 300 �C, the admissible limit, according to the
chemical activity requirement, is 6 kg; for tungsten dust
according to radiation safety requirements it is 70 kg, and
for beryllium dust it is 11 kg [5].

We shall show below the acuteness of the tritium
accumulation problem as a result of tritium capture by the
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nanostructures at the chamber walls of modern facilities, as
well as for ITER.

Figure 1 depicts the accumulation of tritium in modern
facilities (Fig. 1a) [6] and its amount in relation to the number
of pulses calculated for ITER at different tritium confinement
percentages (Fig. 1b) [6]. The horizontal straight line indicates
the admissible level of tritium in the chamber and is indicative
of how often the chamber has to be cleaned. The data
obtained on modern facilities testify to high percentages of
the amount of tritium accumulated in tokamaks and to the
absence of saturation in its accumulation. This is a demon-
stration that the tritium accumulation presents a highly
significant problem. In the subsequent discussion we shall
show that the tritium accumulation is directly related to
material erosion products and their structure.

It is pertinent to note that the tritium accumulation in
fusion reactor materials is difficult to study owing to its
radioactivity and high cost, and therefore the bulk of
research is performed on deuterium or hydrogen. Although
isotopic effects do exist, for instance, the diffusion coefficient
of hydrogen isotopes is inversely proportional to the square
root of the isotope mass,D �Mÿ1=2, they have no pernicious
influence on the gist of the findings arrived at.

1.3 Plasma-facing tokamak components
and characteristics of the particle fluxes acting on them
Since the formation of dust and nanostructured films is
associated with erosion, which is a problem in and of itself,
at first we dwell on the mechanisms of erosion in tokamaks.

Figure 2a displays a section of the chamber of the ITER
tokamak [7]. Its main plasma-facing components are the first
wall (at the present time it is planned to make the first wall of
beryllium, but replacing beryllium with tungsten is also
possible) and the divertor located in the lower part of the
ITER chamber (Fig. 2b). The principal task of the divertor is
to remove the power of plasma streams, as well as helium,
which is produced in the D, T reaction, and impurities from
the principal chamber volume. This is achieved by configur-
ing the magnetic field, whereby the outer magnetic lines of
force extend to the divertor region. The domain in which

magnetic lines of force find themselves in the divertor region is
referred to as the scrape-off layer (SOL).Magnetic surfaces in
the inner part of the chamber are separated from the SOL by a
separatrixÐ the surface with an intersection line [X-point is
the intersection point (Fig. 2b)]. The removal of impurities
and thermal fluxes from the main chamber is effected along
the SOL lines of force.

At the initial stage, in the tritium-free operation with
deuterium, the vertical plates of the ITER divertor will be
fabricated of carbon fiber composite (CFC) (Fig. 2b), and at
the next stage, when operating with deuterium and tritium, of
tungsten (W). The remaining parts of the divertor will consist
of tungsten.

According to the ITER project [1], the energy fluxes onto
the first wall (i.e., the wall of the main tokamak chamber) will
be equal to 5 MW mÿ2 during the working pulse, while the
surface temperature of the plasma-facing wall will amount to
285 �C in this case. The bulk of energy flux onto the first wall
is brought by the plasma radiation, while the bombarding
particlesÐ fast neutral deuterium atoms produced in the
charge exchange between plasma ions and neutral atoms of
the gas evolved from the wallÐare responsible for erosion.
The atomic fluxes onto the first wall of ITER range from 1019

to 1021 mÿ2 sÿ1, and their energies vary from several electron-
volts to several hundred electron-volts.

The energy fluxes incident on the divertor plates in the
course of a working pulse are primarily due to SOL plasma
fluxes; for ITER, the fluxes onto graphite plates, which carry
the heaviest thermal load, will amount to 10MWmÿ2. In this
case, the temperature will lie in the range between 460 �C and
1280 �C, depending on location at the plate. The fluxes of ions
onto the ITER divertor plates will be equal to
1021ÿ1022 mÿ2 sÿ1, and their energies to 5±100 eV.

Therefore, the operating conditions and the materials of
various plasma-facing reactor components are different, and
so their erosion is also different.

Apart from the influence of the above factors, which are
caused by the presence of plasma, on the tokamak compo-
nents, all tokamak materials will experience neutron irradia-
tion. In fusion reactors, neutrons possess an energy of
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Figure 1. (a) Amount of accumulated tritium in the modern facilities as a function of its amount injected into the facility, and (b) amount of tritium

accumulated in ITER as a function of the number of 400-s long pulses for different percentages of tritium confinement; Brooks predicts the accumulation
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14.1 MeV, while the energy of the neutrons in fission reactors
is not substantially higher than 1 MeV. The fast neutron flux
onto the first ITER wall will amount to � 2� 1018 mÿ2 sÿ1.
The neutrons are responsible primarily for the radiation
damage in the volume of a material, but recent studies [8, 9]
have shown that neutron-induced radiation damage may also
exert an effect on the erosion of surfaces.

2. Erosion of tokamak componentsÐ the cause
of nanostructure formation

Erosion in a tokamak is the source of atomic streams and of
nano- and microparticle streams, which make up nanostruc-
tured films and dust particles ranging from several nan-
ometers to several dozen micrometers in size [3]. Erosion
processes in tokamaks are as follows:
� physical sputtering (byH isotopes and impurity atoms)

as a result of bombardment of plasma-facing surfaces by ions
and neutral atoms produced in a charge exchange process.
This is the principal mechanism of erosion of the first wall
proper. The sputtering gives rise to atomic streams from the
surface into the wall plasma;
� blisteringÐ the formation of gas bubbles due to

hydrogen and helium accumulation in the surface layer,
which is attended with the detachment of blister caps;
� chemical sputteringÐmaterial erosion resulting from

the formation of volatile compounds of the material atoms
and hydrogen isotopes. The chemical sputtering is most
significant for graphite materials due to the formation of
volatile CHn hydrocarbons;
� radiation-enhanced sublimation of graphite Ð erosion

at high temperatures (> 100 �C) under irradiation by acceler-
ated ions or neutral atoms, also resulting in a stream of atoms
into the wall plasma. However, the temperatures are not so
high in normal regimes, and in off-nominal energy-intensive
regimes the radiation-enhanced sublimation ranks below
other erosion mechanisms in significance;
� erosion under the development of edge-localized

modes (ELMs), i.e., pulse-periodic instabilities developing
on the surface of the plasma column, and plasma disruptions
consisting in the termination of the entire discharge, as well as
when unipolar arcs ignite on the chamber walls. These
regimes are attended with releases of a high amount of

power on the surface, and the surface temperature rises to
several thousand degrees, with the effect that evaporation and
droplet erosion for metals, as well as brittle fracture and
nano- and microparticle emission for graphite, become the
main erosion processes. Such erosion is most significant for
divertor elements.

Significant plasma disruptions are relatively infrequent
and may be surmountable events. ELMs, which permanently
accompany the discharge operation, are believed to be the
main cause of erosion of divertor plates and the source of dust
particles in tokamaks. The ELM duration is on the order of
0.5 s, and an energy of 1±4 MJ mÿ2 is released during this
time. The duration of a plasma disruption is on the order of
1 s, and an energy of 20±40 MJ mÿ2 may be released during
this period.

Meanwhile, for the CFC divertor plates and under the
development of ELMs with an energy release of 0.5 MJ mÿ2,
brittle fracture and the emission of dust particles set in after
the occurrence of 100 ELM events, for 1 MJ mÿ2 Ðafter
50 events, and for 1.5 MJ mÿ2 Ðafter 10 events. The number
of ELM events during one ITER discharge may range up to
several hundred [10].

The melting of the edges of tungsten tiles, which make up
the divertor components, takes place even under ELMs with
an energy release of 0.6 MJ mÿ2. The melting of the entire
tungsten surface and the formation of bridges between the
tiles take place for ELMs with a released energy density of
1.4 MJ mÿ2. For ELMs with a power flux of 1.8 MJ mÿ2,
droplet erosion of tungsten shows its worth [11].

During the operation of a tokamak, many factors exert
influence on the surfaces of its elements, resulting in the
emergence of synergetic effects which complicate the study of
erosion processes. The radiation-enhanced sublimation of
graphite mentioned above is a manifestation of synergism.
Another example of synergism may be provided by an
increase in the H�-ion-induced sputtering coefficient for
graphite [12] simultaneously irradiated by electrons with an
energy of several hundred electron-volts, which do not
produce sputtering by themselves.

In a thermonuclear reactor, the most important factor is
neutron irradiation responsible for radiation damage. This
damage affects not only the bulk material properties, but also
the processes of surface erosion. Recently, a series of studies

Separatrix
intersection
point

3000 mm

a b

CFCW

W

W

Figure 2. Sectional view of the ITER tokamak chamber (a) and divertor (b) located in the lower part of the ITER chamber; places of erosion product

deposition are marked with the stars. At the first stage, ITER will operate on hydrogen and the divertor will have elements made of CFC material. It is

planned that the second stage will involve operation on tritium and the divertor will consist only of tungsten.
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[8, 9] was made to investigate the erosion of materials with
radiation damage. A high level of radiation damage was
achieved by cyclotron-accelerated fast ions (1±60 MeV) to
model neutron irradiation. With this method, in several days
of cyclotron operation it is possible to accumulate radiation
damage equivalent to the damage produced under fast
neutron irradiation up to a dose of 1022 neutrons per cm2. A
study was made of carbon materials: pyrolitic graphite,
MPG-8 graphite (Russian graphite), and SEP NB-31 carbon
composite material (a candidate for an ITER material), as
well as tungsten (99.95 wt.%). The carbon materials were
irradiated by 5-MeV carbon ions, and tungsten was exposed
to alpha particles with an energy of 3±4 MeV. Upon ion
irradiation in the cyclotron, the materials under study with
damage accumulated at a level of 0.1±10 displacements per
atom (dpa) were exposed to the deuterium plasma in the
`Lenta' beam-plasma discharge facility for an ion energy of
100 eV for carbon materials, and 250 eV for tungsten, up to a
dose of 1021ÿ1022 ions per cm2. A manifold rise in the
erosion coefficient was discovered for the carbon materials: a
twofold rise for the SEP NB-31 composite, and a fivefold rise
for pyrolitic graphite, which is supposedly related to the
strong radiative swelling of these materials. Also discovered
was a change in the surface structure of the tungsten upon ion
irradiation in the cyclotron. The approach to the investiga-
tion of thermonuclear materials, developed in Refs [8, 9],
which involves modeling neutron irradiation, appears to be
important for the further study of the combined action of
neutrons and plasma particles on the plasma-facing materials
of fusion reactor elements.

Thus, it is valid to say that themain cause of surface erosion
and the main `supplier' of those erosion products which make
up films and dust are ELMs and plasma disruptions.

3. Nanostructured films in thermonuclear
facilities

3.1 Redeposition of erosion products
Erosion products emerging in one regions of the tokamak
chamber are transferred to and deposited in other regions of
the chamber. The general regularities in erosion product
transfer are as follows: (i) transfer along magnetic lines of
force and deposition in the divertor; (ii) deposition on the
coolest surfaces (in particular, in the divertor lower part, as
shown in Fig. 2b), and (iii) the tendency is observed for
erosion product transfer from the tokamak outer part to the
domain nearest to the tokamak vertical axis, referred to as the
inner part. These regularities are not quite clearly defined. For
instance, the outer part of the divertor in the Joint European
Torus (JET) tokamak [13] accumulated 501 g of deposits,
while the inner part accumulated 625 g. The same regularities
are also observed in other tokamaks. Furthermore, the
deposit distribution is not uniform: even on one divertor
plate, the domains covered with films of erosion products are
close to domains where erosion prevails (see Fig. 3). This
supposedly results from the turbulence of streams.

3.2 Nanorelief of films
Various types of films form, depending on the deposition
conditionsÐ the discharge regime, the place of deposition,
and the surface temperature. The formation of films of
different types was observed in the T-10 tokamak, depending
on the place of deposition and the discharge regime.

The T-10 tokamak [14] comprises a toroidal chamber of a
circular cross section, made of stainless steel with a major
(minor) plasma radius of 1.5 (0.41) m, a toroidal magnetic
field of up to 3 T, a plasma current of up to 0.5 MA, and a
discharge pulse duration of up to 1 s; the working gas is
deuterium. To limit the contact of hot plasma with the
tokamak chamber, use is made of an annular diaphragm and
a retractable graphite limiter sited on a small radius (0.3 m).

Away from the limiter, a smooth stratified film forms on
the wall (Tw � 50 �C) in the regimes of discharge without
limiter overheating (Tlim � 300 �C) (Fig. 4a). Close to the
limiter but without its overheating, on the wall (Tw � 50 �C)
there forms a globular film (Fig. 4b) consisting of smaller
globules; the film relief resembles a cobblestone road, with no
pores seen in this structure. The film deposited near the limiter
in the regime with limiter heating up to Tlim � 2000 �C is
porous and looks like cauliflower (Fig. 4c). In the latter case,
the film was deposited on the surface with a temperature
Tw � 100 �C [15].

Films with a developed relief were also observed in the
JT-60U, TEXTOR (Tokamak Experiment for Technology
Oriented Research), and JET tokamaks, in the LHD (Large
Helical Device) stellarator, in the NAGDIS-II (Nagoya
Divertor Simulator) linear plasma facility, and in other
fusion facilities (Fig. 5). Here, several kinds of films were
revealed: globular [16], cauliflower-like [16, 17], ovoid-shaped
[18], stratified [19], and columnar [18].

In the majority of cases, the films with a developed relief
have several hierarchic levels of granules. Large granules
consist of smaller elements, which in turn consist of even
smaller ones. The dependence of the number of granules
Ni �ri� on their size ri has the form Ni�r� � rÿdi , which is
characteristic of a fractal structure. The N�r� dependence is
plotted on the lg±lg scale in Fig. 6 for a cauliflower-like film
from the T-10 tokamak. The resultant fractal dimension is
d � q lgNi=q lg ri � 2:2. For the majority of films investi-
gated, it was found that d � 2:2� 0:2 [22].

The fractal structure of the film relief was also obtained in
modeling the ELM action on tungsten in a quasistationary
high-current plasma accelerator (QHCPA) (with a power flux
of 1±1.5 MJ mÿ2, and a pulse duration of 0.5 ms; the samples
were exposed to � 100 pulses) [23]. In this case, the fractal
dimension of the film was also d � 2:2. It is noteworthy that
the surface of the tungsten film produced in these experiments
contains a substantially larger amount of impurities (C, O,
Ca, Fe, Cr, Cu) than its in-depth layers. There is a notion that
impurities contribute to the formation of a developed fractal
structure in films.

Erosion (plasma loaded)

Thin deposits
(plasma loaded, LFS)

Thin deposits
(shadowed zone)

Thick deposits
Thick deposits

Figure 3.Domains of surface erosion and deposited films in the divertor of

the French tokamak Tore Supra (LFS: low-field side).
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Of fundamental importance is the question of what the
minimal size of granules is in the film fractal structure,
because it is the minimal granule size that determines the
specific surface area (SSA) of the films and thereby their
adsorption capacity and chemical activity. The SSA of a
fractal surface with a size distribution of granulesNi�r� � rÿdi

is expressed as

SSA � S0

rV
�

�
Arÿa4pa 2

0 �r=a0�d dr
r
�
Arÿa4=3pa 3

0 �r=a0�d dr
� 3

ra0
; �1�

where r is the film material density, A and a are constants in
the size distribution of particles f�r� � Arÿa, and a0 is the
minimal cluster size in the hierarchy.

It has been possible to determine the minimal granule size
owing to the use of scanning probe microscopy, which was
first applied to investigate the films of the T-10 tokamak in the
Nuclear Fusion Institute (NFI) of the Russian Research
Centre `Kurchatov Institute' (RRC KI). In particular, use is
made of a specially designed miniature scanning tunneling
microscope placed into the T-10 tokamak chamber. The relief

of the film growing in the T-10 tokamak is scanned on the
intervals between plasma discharge pulses, making it possible
to follow the film growth after every pulse.

a b c

5 mm
10 mm

Figure 4. Films deposited in the T-10 tokamak: (a) stratified film away from the diaphragm; (b) globular film near the diaphragm, and (c) globular film

near the diaphragm with the limiter heated up to Tlim � 2000 �C.
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Figure 5. Structures of films deposited in tokamaks: (a, b) Japanese JT-60U tokamak [20], (c) French Tore Supra tokamak [18], (d) German TEXTOR

[21], (e) DOE's DIII-D, and (f) NAGDIS II linear machine [17].
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The minimal structure dimension revealed by scanning
probe microscopy is equal to � 15 nm [23], which corre-
sponds to SSA � 170 m2 gÿ1 for carbon, and to� 16 m2 gÿ1

for tungsten. For comparison we note that the specific surface
area of the hydrocarbon film extracted from the Tore Supra
tokamak amounts to SSA � 180 m2 gÿ1, which was mea-
sured by the Brunauer±Emmett±Teller (BET) method from
methane adsorption [18]. The proximity of the SSA values for
T-10 and Tore Supra is indicative of the universality of the
film growth mechanism in tokamaks.

The film growth rate in tokamaks with a divertor ranges
from 1.5 nm sÿ1 to 12 nm sÿ1 [3]. In the T-10 tokamak, films
with a thickness of up to 10±50 mm formed after approxi-
mately 1000 discharge pulses with a duration of � 1 s.

The deposited layer formation was most clearly traced in
experiments by Guseva et al. [24], which modeled the
conditions of film deposition in tokamaks. The film was
produced by simultaneous deposition of 300-eV C2H

�
2 ions

with an ion flux density of 1021 mÿ2 sÿ1 and carbon atomsÐ
the products of graphite sputtering in a stationary regime. The
deposition was effected on tungsten and graphite samples at a
temperature of 670 K. The structure of the films co-deposited
on tungsten varied from smooth and uniform for small
irradiation doses (4 1� 1023 mÿ2) to globular for large
ones (1024 mÿ2) (Fig. 7). On graphite, films with a globular
structure are formed even for an irradiation dose of
2� 1023 mÿ2. The globular film formation takes place by
way of nucleation of individual small globules and a gradual
increase in their density and size. The film density amounts to
0.52 and0.79of the initial graphite density for theuniformand
globular structures, respectively. The density of the smooth
uniform films is lower because the fraction of hydrogen is
higher in these films (this issuewill be discussed in Section 3.4).

The above-mentioned experiments revealed the follow-
ing.

(1) Smooth films are produced for small irradiation doses
(1023 mÿ2).

(2) As the dose increases (to 4� 1023 mÿ2), islands-
clusters form on the sample surface.

(3) For high doses (1024 mÿ2), a developed film relief
emerges.

(4) The development of a relief is substrate-dependent
(Figs 7c and 7d).

3.3 Nanostructure of smooth films
Smooth films constitute the main accumulator of hydrogen
isotopes. The films collected from the wall of the vacuum
chamber of the T-10 tokamak were studied at the Kurchatov
Center for Synchrotron Radiation and Nanotechnology of
RRCKI using a wide variety of techniques, which comprised
the following main areas:

Ð powder X-ray diffraction (XRD) and small-angle
X-ray scattering (SAXS) using the synchrotron radiation
(SR) of the Sibir-2 storage ring;

Ð optical spectroscopy and luminescence;
Ð infrared (IR) spectroscopy;
Ð Raman spectroscopy (RS);
Ð X-ray absorption [extended X-ray absorption fine

structure (EXAFS), and near-edge extended X-ray absorp-
tion fine structure (NEXAFS)];

Ð thermal desorption spectroscopy (TDS);
Ð X-ray fluorescence (XRF) analysis with the use of

synchrotron radiation;
Ð electron paramagnetic resonance (EPR);
Ð volt±ampere characteristics (VACs).
Investigations were made of smooth uniform films, i.e.,

`flakes', mostly goldish in color, from the T-10 tokamak (2002
campaign, films collected near the limiter and the annular
diaphragm of MPG-8 graphite). These carbon films have a
high relative content of deuterium and protium, namely, an

a b

c d

100 mm 100 mm

100 mm
1 mm

Figure 7. Typical microphotographs of the surface of co-deposited layers on tungsten for various irradiation doses: (a) 1023 mÿ2, (b) 4� 1023 mÿ2, and
(c) 1024 mÿ2, as well as on MPG-8 graphite (d) for an irradiation dose of 2� 1023 mÿ2.
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atomic ratio D=C � 0:5ÿ0:8 (H=C � 0:2ÿ0:3). The highest
ratio D=C � 1:4 was obtained for semitransparent rich
yellow films whose color is due to their wide forbidden band
Eg. In darker films, the energy gap width is narrower and the
relative content D/C=0.2±0.4. The darker films are produced
at higher temperatures.

The flakes are 20±30 mm in thickness, and about 0.5 cm2

in size. They are slightly curved owing to the stress which
arises with increase in the film thickness in the tokamak, i.e.,
the concave side faces the plasma (hereinafter referred to as
the plasma side), while the convex side faces the chamber wall
(the wall side).

Below we shall present the main experimental evidences
concerning the investigation of these films, which testify to
the presence of a variety of nanodimensional structure
elements in films with a smooth relief.

By means of X-ray fluorescence analysis with the use of
synchrotron radiation (XRFA-SR), Svechnikov et al. [25]
discovered 12 microimpurities, primarily of 3d, 4d, and 5d
transition metals: Fe, Mo, Cr, Ni, Ti, and some others, with
relative concentrations of 50±7000 ppm and a total concen-
tration of 1.5%. In this case, almost one half of the impurities
are due to Fe atoms. This circumstance is also confirmed by
EPR data (9.9 GHz, 6000 G, 300 K) obtained from high-
concentration paramagnetic impurities, as shown below.

The majority of microimpurities emerge in the surface
erosion of the T-10 vacuum chambermade of 03Kh17N14M3
stainless steel. Furthermore, microimpurities of metals, on
the order of a few tenths of a percent, also present in the
sputtered MPG-8 graphite, of which the limiter and the
annular diaphragm are made. In this case, the elements Fe,
Ni, Ti,Mo,Nb, andCrmay, in principle, form carbides Fe3C,
Ni3C, TiC, MoC, NbC, and CrC. For the Fe microimpurity,
which has the highest relative concentration, this possibility
was revealed proceeding from the analysis of EXAFS spectra
for the Fe K-edge in Ref. [26]. The authors of the latter work
measured the Fe±C distance at 0.211 nm and found the
coordination number equal to 6.2, i.e., Fe cations supposedly
occupy octahedral positions surrounded by six C atoms. The
average Fe±C distance turned out to be rather close to the
corresponding distance in iron carbide Fe3C; however, the
features of distant coordination Fe±Fe spheres are missing.
Therefore, this is indicative of the presence ofMe±Cclusters in
the film, which are located in the hydrocarbon sp3 � sp2 CH,
CD matrix. Its composition is inferred from the vibrational
structure obtained from the IR spectra given in Fig. 12 (see
Section 3.4.).

The X-ray diffraction structure and the small-angle X-ray
scattering spectra of the films are plotted in Fig. 8. The X-ray
diffraction spectrum (Fig. 8a) recorded in Debye±Scherrer
transmission geometry at a wavelength l � 0:1072 nm, which
was obtained with the Sibir-2 synchrotron radiation source
(at the Structural Materials Science (SMS) end-station) of the
Kurchatov Center for SynchrotronRadiation andNanotech-
nology (KCSRNT), consists of two broad peaks correspond-
ing to interplanar spacings of 0.7 and 0.23 nm. These data
correlate with the findings of Svechnikov et al. [27], who
measured the interplanar spacings at 0.77 and 0.28 nm using
an X-ray tube technique.

The large width of the peaks in Fig. 8a is indicative of the
presence of an amorphous structure, i.e., a structure different
from the crystal structure of graphite with its narrow lines. It
is well known that the most intense line of graphite, which is
the structural prototype for the majority of carbon materials

and corresponds to the regular packing of graphene layers, is
observed for an interplanar spacing d002 � 0:335ÿ0:345 nm
for graphene layers with regular packing, while the principal
line corresponds to the planar hexagonal structure with a
characteristic dimension d100 � 0:214 nm. The positions of
diffraction structures observed in the experiment are far from
these values. Therefore, the carbon films from the tokamak
are greatly different from the graphite ones. It is reasonable to
assume that the revealed diffraction components with
d � 0:23 and 0.7 nm correlate with the characteristic dimen-
sion inherent in the weakly ordered structure of the films.
These figures may be compared with such structural elements
as the benzene ring sp2 C � C 0.28 nm in size, and the
fullerene C60 molecule 0.71 nm in diameter, as shown in the
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upper left part of Fig. 14 (see Section 3.4). The presence of
aromatic (benzene) and olefinic (linear) sp2 CH structures in
the films is indicated by their IR spectra, whereas the
luminescence excitation spectra of the films, which are due
to their electronic structure and the occurrence of radiative
transitions, exhibit a certain similarity with those of the C60

fullerene, as shown below (Fig. 10b).
Figure 8b displays, on a semilog scale, the SAXS spectrum

of the goldish film in the momentum transfer range
s � 4p sin y=l � 0:03ÿ0:15 A

� ÿ1
at angle y. An important

feature of the scattering curve I�s� is the absence of an
interval of s values, wherein the well-known Porod law
I�s� � sÿ4 is fulfilled; this law defines the asymptotic
behavior of scattering from a smooth surface of particles
with a linear dimension Rg for s4Rÿ1g . The behavior of I�s�
is evidence that the film contains variously sized particles (of
material or nanopores)Ð from small, which contribute to the
scattering for large s, to coarse, which define the scattering for
small s. Indeed, the slope of the I�s� curve represented on a
log±log scale, D�ln I �=D�ln s� � ÿ2:66, testifies to the rough
boundaries of the scattering domains: Porod's law for
scattering balls holds true with a slope equal to ÿ4, and for
disks the slope is ÿ2. Therefore, the representation of this
scattering curve as the size distribution of solid balls with radii
Rg, according to the Guinier law I�s� � I �0 exp �ÿs 2R 2

g =3�, is
rather conventional. From the curve in Fig. 8c, which shows
the distribution of the relative contributions to the scattering
intensity (Fig. 8b) from the scattering centers in the form of
solid balls with different radii Rg (Porod's solid ball model),
one can see that there are structure nonuniformities with
characteristic dimensions (conventionally speaking, dia-
meters) of about 4 nm and 12 nm.

It turns out that the 4-nm-sized structural nonuniformity
correlates with experimental data obtained fromEPR (100G)
data and thermal desorption spectroscopy data, which will be
considered below. In particular, Fig. 9a demonstrates the
EPR spectra (9.9 GHz, 100 G, 300 K) of goldish films for
three orientations of a magnetic field relative to the film
surface: perpendicular (H?), parallel (Hjj), and at an angle of
45� (H45� ), which were taken in Ref. [28].

As recently determined for a-C:H polymer films bearing a
certain similarity to smooth films with a high content of
hydrogen isotopes from the tokamak, paramagnetic defects
with unpaired spins, which are detected with the help of EPR
(100 G) spectroscopy, are related to sp2C nanoclusters
consisting of planar aromatic rings (the ring size is about
0.28 nm), rather than to dangling s bonds in the sp3 (C±C)
matrix (the C±C distance is about 0.145 nm), as was believed
earlier: the s bonds would relax into a planar sp2 configura-
tion [29]. Thanks to experimental and theoretical work over
the last 20±30 years, a considerable data base has been laid for
the carbon a-C and a-C:H films, and therefore we mention
here only a few points. It is well known that the formation of
sp2 clusters, primarily with an even number of orbitals, leads
to an energy gain and an increase in binding energy, i.e., to the
stability of a cluster with delocalized p electrons, unlike the
formation of a random distribution of the sp2 and sp3

structures. According to the widespread cluster model of
a-C:H films, their electronic structure is determined by the
aromatic sp2 rings, which are bound with the help of p
electrons to planar clusters of a certain size and are embedded
in the sp3matrix. In this case, the sp2 system,whosep electrons
reside in a domain lying approximately 6 eV below the Fermi
level EF, determines the electronic properties of the system
and the optical gap, while the sp3 matrix is responsible for
mechanical properties. Therefore, the cluster model is due to
the occurrence of the weak and long-range attraction of the
ensemble of p electrons. Defect states located inside the gap
near EF may either be empty or occupied by one or two
electrons, i.e., they become paramagnetic when filled with one
electron.

The EPR lines shown in Fig. 9a had the following g-factor
values: gjj �2:00348�0:00010, g45� �2:00340, and g? �
2:00338. In this case, the anisotropy between the Hjj and H?
lines was 9 G, which exceeds the 6-G linewidth; in other
words, it is far greater than the magnitude of anisotropy
caused by the action of an internal demagnetizing field which
depends on the specimen geometry, with internal anisotropy
missing only from spherical specimens. Therefore, the small
g-factor anisotropy for EPR (100 G) spectra, discovered in
the film, may be caused by the anisotropic spatial orientation
of unpaired spins in sp2 nanoclusters.

For the EPR (9.9 GHz, 6000G, 300K) spectra mentioned
above [25], Fig. 9b shows wide high-intensity lines with the
following g-factor values: g � 2:0534ÿ2:0930 (�0:0002) for
three directions of the magnetic field (parallel, perpendicular,
and at an angle of 45� to the film surface), which corresponds
to Fe3� ions in the symmetric orthorhombic state (i.e., in the
film volume). The second, weak, line with g � 4:3 (S � 5=2) is
appropriate to Fe3� ions in a strongly distorted orthorhombic
state (i.e., on the film surface or in pores). In this case, the
magnitude of anisotropy (� 200 G), unlike that in the EPR
spectrum taken with the 100-G field, does not exceed the
linewidth (400 G).

The density of defects with unpaired spins was ns �
2�1019 cmÿ3 for sp2 nanoclusters for EPR in the 100-G
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field. Assuming their isotropic distribution over the bulk of
the film, this corresponds to an average nanocluster separa-
tion of about 4 nm.

Furthermore, one can see from Fig. 9a that the effect of
conduction electrons is absent. This effect may be responsible
for a large anisotropy, as is the case with crystalline graphite
for which gjj � 2:0028 and g? � 2:0400, or with polycrystal-
line graphite with the average value of g � 2:0182 [30]. In this
case, the Lorentzian line shape testifies to the weakness of
interaction between paramagnetic centers and to the presence
of delocalized p defects, as in the case of polymer a-C:H films.
As is well known, the EPR linewidth depends on the
interaction between the magnetic moment of an electron and
the magnetic moments of surrounding nuclei and electrons.
The observed 6-G linewidth for sp2 nanoclusters evidences the
absence of appreciable spin±spin exchange interaction
between the neighbors, which gives rise to line narrowing, or
of dipole broadening, as in the case of the EPR (6000 G) with
Fe3� ion lines mentioned above, when broad lines (� 400 G)
are due to different distances between unpaired spins and
metal impurity atoms.

It should be noted that the EPR data on the films from
the tokamak are somewhat different from those for polymer
a-C:H films (with a high content of hydrogen), with the
latter exhibiting a nearly isotropic g-factor lying in the
range of g � 2:0028ÿ2:0032 for the standard frequency
9.4 GHz, and with linewidths and defect densities being
rather close to ours, as follows from Ref. [29]. In addition, a
finer structure of paramagnetic centers was discovered in
this work in the a-C:H film for a higher-frequency EPR
(94 GHz). The structure consisted of two sp2 clusters
measuring approximately 3±4 nm. Furthermore, the
increase in the g-factor with increasing the sp2-cluster size
was also determined in Ref. [31], and a value of g � 2:0050
was obtained for clusters 7.5 nm in size. The relative
proximity of the average magnitude of the g-factor for the
films from the tokamak, gav � g? � �gjj ÿ g?�=3 � 2:00341
[28], to the value of g � 2:00300� 0:00020 from Ref. [30] is
an indication that the sp2 cluster in the films from the
tokamak measures about 4 nm.

We also note that no evidence of the discovery of metal
microimpurities in a-C:H films (as in the case of smooth films
from tokamaks) has come to our knowledge, with the
exception of the artificial introduction of impurities into an
a-C:H film.

As was revealed, the paramagnetic spin concentration
ns � 1019 cmÿ3 specified above correlates with the data on
photoluminescence and luminescence excitation spectra of
the films from the tokamak, which are shown in Fig. 10a [32],
namely, with the magnitude of the dielectric gap Eg � 3 eV
obtained from these spectra. The correlation between ns and
Eg is known from the data available in the literature on a-C:H
films [29]. As is evident from Fig. 10a, the halfwidth of the
photoluminescence spectrum (for an excitation energy of
3.3 eV) is equal to 0.5 eV, which far exceeds the magnitude
of kBT � 0:025 eV. This testifies to a strong electron±phonon
interaction and to the likelihood of noticeable localization of
electron±hole pairs produced in photoexcitation with an
energy �ho5Eg, with subsequent electron±hole recombina-
tion. The weak overlap of the luminescence and excitation
spectra, along with an appreciable Stokes shift between the
excitation and luminescence peaks, namely, 3.3±2.9�
0.4 eV 4 kBT � 0:025 eV, suggests that there is a certain
probability of radiationless recombination at impurity cen-
ters inside the dielectric gap Eg; in this instance, the
probability is caused by a high concentration of defects
(estimated by means of EPR), with the latter being centers
of luminescence quenching. Since the excitation spectrum
peaks at 3.35 eV and the high-energy luminescence edge lies at
3.2 eV, the energy gap width is Eg � 3 eV.

All this suggests that there is an sp2 � sp3 electron system
with Eg � 3 eV. As a result, the observed photoluminescence
of the films from the tokamak, like that of a-C:H films, is
excitonic in nature and turns out to arise from the C2p pÿp�
transitions in sp2 nanoclusters, which are luminescence
centers and which also accommodate centers of lumines-
cence quenching by defects.

A comparison of the experimentally obtained character-
istics of smooth goldish films from the tokamak (the EPR
linewidth equal to 6 G, the value of Eg�3 eV, defect
concentration equals approximately 1019 cmÿ3, the absence
of noticeable exchange narrowing or dipole broadening of the
EPR line, and the isotopic content of the film (atomic number
ratios D/C=0.57, and H/C=0.23)) with the corresponding
literature data on a-C:H films allows a conclusion that the
films from the tokamak are close to wide-band a-C:H films or
tetrahedral ta-C:H films with a high content of sp3 states
(� 70%) and a fraction of sp2 states equal to � 30% [28, 33,
34]. Recently, we obtained the sp3±to±sp2 state ratio directly
fromNEXAFS spectra for the C1s edge of smooth films from
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the tokamak: sp3 � 63%, sp2 � 37%, which is consistent
with the previous estimates based on other experiments and
literature sources.

A comparison of luminescence excitation spectra of the
films from the tokamak with those of C60 fullerite films in a
wide excitation energy range (Fig. 10b) reveals their proxi-
mity regarding several peak positions, as shown in Ref. [34].
The excitation spectra were obtained at the Sibir-2 synchro-
tron facility, from the D 04:2 Spektr end-station intended for
the vacuum-ultraviolet (VUV) spectroscopy of solids
(KCSRN) in the 200±800 nm detector sensitivity range; the
low-energy part of the spectrum of the films from T-10 is the
excitation spectrum depicted in Fig. 10a.

As is clear from Fig. 10b, the peaks in the excitation
spectrum for the tokamak film at excitation energies of 3.34,
5.47, 6.5, and 8.43 eV are close in position to the peaks in the
C60 film spectrum, whichmay respectively be attributed to the
known states of C2p: p and mixed p� s states resided on the
double C � C bonds of aromatic rings, which are the
structural elements common to the smooth tokamak films
and to the C60 system. The film's spectrum peak at an
excitation energy of 5.47 eV is close to the shoulder of the
C60 spectrum peak at an energy of 5.75 eV. The higher
excitation energy range, 10±13 eV, is commonly ascribed to
the s states of C2p; for tokamak films, they are related to the
matrix with the sp3 electronic structure for the CH� CD
system, while for the C60 system consisting of aromatic rings
and pentagons with the sp2 electronic structure, these states
are related to s bonds of pentagons. At the same time, the
difference in electronic structures of C60 (Eg � 1:8 eV) and
the tokamak films (Eg � 3 eV) should lead to a higher
contribution of electronic excitations in the sp3 subsystem
for the tokamak films in the 6±10 eV energy range, as
indicated in Fig. 10b. Furthermore, the sp2 states prevail in
the electronic structure of C60. As is known from the literature
[34], these states are more localized than the delocalized states
of the carbon network in a-C:H films, whichmanifests itself in
the presence of narrower and more clearly defined peaks in
the spectrum of C60 in Fig. 3b.Meanwhile, the dimension of a
C60 molecule (equal to 0.71 nm in this instance) and the
dimension of the aromatic ring sp2 C � C equal to 0.28 nm
correlate with the X-ray diffraction data presented in Fig. 8a.

3.4 In-film hydrogen
The distributions of hydrogen in the films resulting from the
co-deposition of carbon and hydrogen [24] (Fig. 11) were
measured applying the nuclear recoil method with 2.2-Mev
He� ions. These measurements showed:

(i) hydrogen in on-tungsten films is uniformly distributed
over the film thickness, which suggests that hydrogen was
accumulated as a result of the co-deposition of carbon and
hydrogen, rather than the adsorption or introduction of
bombarding ions. The co-deposition mechanism also
explains the absence of saturation in the accumulation of
tritium in modern tokamaks (see Fig. 1);

(ii) the hydrogen concentration in the on-tungsten film
reduces as the C2H

�
2 ion dose and film thickness increase,

from 23.5 atomic percent (at.%) for a lower dose, when the
deposited film is smooth (Fig. 7a), to 10 at.% for the highest
dose, when the film exhibits a fractal structure (Fig. 7c). This
is a consequence of the formation of a developed film relief,
whereat it is easier for hydrogen to escape from the film;

(iii) the hydrogen concentration (see Fig. 11) near the
surface of a carbon layer (curve 3) co-deposited from the

plasma on MPG-8 graphite is in close agreement with the
hydrogen concentration in an on-tungsten carbon layer with a
globular structure, which develops on the entire surface
irradiated with a high dose (curve 4). In this case, the
concentration on the surface of the carbon layer is approxi-
mately 1.5 times lower than that at a depth of 300 nm, where it
is close to the hydrogen concentration in the film formed on
tungsten for an intermediate irradiation dose (curve 2).

The facts that the hydrogen concentration on the
irradiated surface of the on-graphite film is lower than at
greater depths and that the hydrogen concentration in the on-
tungsten film reduces with an increase in irradiation dose and
the formation of developed surface area are testimony to a
higher-intensity desorption of hydrogen from the developed
surface area.

The results of these experiments are collected in Table 1,
which also gives the integral in-film hydrogen contentNH (the
number of H atoms per cm2), the film thickness d, the film
density relative to the graphite density, rs=r0, and the film
structure.

An investigation of the D/C ratio for the films collected
from different places on the divertor of the JET tokamak [13]
also demonstrated that the highest D/C ratio, which amounts
to 0.8±0.9, is detected in the coolest lower part of the divertor.
In hotter places of the divertor, which are exposed to the
plasma flux, one has D/C=0.1±0.2.
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Table 1.Characteristics of the carbon layers co-deposited on tungsten and
MPG-8 graphite.

Substrate
material

C2H
�
2

dose, mÿ2
NH, mÿ2 d, mm rs=r0 Film

structure

W 1� 1023 7:2� 1021 1.0 0.52 Uniform
(Fig. 7a)

W 4� 1023 5:8� 1021 3.3 0.79 Single globules
(Fig. 7b)

W 1� 1024 3:2� 1021 10.0 0.79 Globular
(Fig. 7c)

MPG-8
graphite

2� 1023 3:8� 1021 Globular
(Fig. 7d)
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The vibrational structure of smooth goldish films from the
T-10 tokamak, which is reflective of their adsorption
composition, is represented by their infrared reflection
spectra (Fig. 12a) in the 4000±700 cmÿ1 frequency range,
and the low-energy fragment for the 1800±700 cmÿ1 fre-
quency range is depicted in Fig. 12b for both sides of the
film: concave, i.e., facing the plasma (the plasma side), and
convex, i.e., facing the wall (the wall side) [25]. For
convenience of comparison, the intensity of weaker wall-side
modes is multiplied by a factor of 20.

One can see that the minimum signal level for the plasma
side turned out to be 2±3 times higher than for the wall side,
while the maxima differ by a factor of 10±20. Furthermore,
the vibrational modes of the plasma side are broader and are
strongly hybridized due to their overlapping and strong
absorption, which is most pronounced for the 3500±
2500 cmÿ1 and 1700±700 cmÿ1 frequency intervals, while
the wall side has narrower andweaker C±H, C±D, C±C, C±O,
O±H modes, and some others. This difference may be
explained by the presence of a surface layer with a small
amount of the hydrogen isotopes H, D and the prevalence of
the sp2C states on the wall side of the film, which is clearly
indicated by the weak intensity of principal deuteriummodes:
sp3CD2,3 stretchingmodes near the 2200±2100 cmÿ1 frequen-
cies, as well as sp3CH1,2,3 stretching modes in the 2963±
2870 cmÿ1 frequency interval for the wall side.

The weak modes of out-of-plane deformation aromatic
sp2CH vibrations in the 900±700 cmÿ1 frequency range are
more conspicuous for the wall side. The weak deformation
sp3CD2 modes at the frequencies of 1098, 1087, and
1052 cmÿ1, which are observable for both sides of the film,
are 3±4 times lower in intensity for the wall side. The
stretching C�O modes at the 1701, 1722, and 1740 cmÿ1

frequencies are strongly hybridized for the plasma side. The
aromatic stretching C±H modes at the frequency of
3056 cmÿ1 are not observed on the plasma side; however,
weak aromatic stretching modes at the frequencies of 3085
and 3116 cmÿ1 manifest themselves on the wall side. A
broad decrease in intensity due to saturation is observed in
the domain of stretching O±H modes in the 3200±3600 cmÿ1

frequency range.
Therefore, the main difference between the IR spectra

taken from both sides of the film reduces to the prevalence of
aromatic sp2 groups and the lower concentration of hydrogen
isotopes, hydroxyls, and C�O groups for the wall side in

comparison with the plasma side of the film. The vibrational
structure of the wall side spectrum has weaker C±C skeleton,
C±H bending, and C�C±H olefinic modes and consists
primarily of C±H aromatic stretching modes. Consequently,
there are shorter structural portions of the carbon skeleton
with weak C±H(D) modes, since the concentration of
adsorbed H(D) is lower, resulting in the prevalence of the
purely carbon skeleton. The structural failure of the carbon
skeleton may be fostered, in addition, by the presence of
atomic metal microimpurities whose concentration may be
higher for the wall side.

The distinction between the two sides of the film was
revealed still more clearly in the measurements of VACs for
the dark current, which were taken according to the standard
four-probe scheme for both sides of the film ± the plasma and
wall sides [25]. In particular, the presence of different charge
states was established for the different sides of the film: a high-
resistivity state with r � 108ÿ109 O cm (the plasma side),
and a lower high-resistivity state with r � 105ÿ107 O cm (the
wall side). The plasma-side VAC exhibits quasi-Ohmic
behavior: the current I � V 0:9, i.e., the current is limited by
long-lifetime charge traps. The wall-side VAC is semiconduc-
tor-like: I � V 2:3. Furthermore, a hysteresis is observed for
the plasma side of the film, i.e., on lowering the voltage there
occurs a decrease in current to a value lower than the current
flowing during the increase in voltage. For the wall side, a
hysteresis of the opposite type occurs. In this case, various
charge states are related to different structures of defects for
the opposite film sides. Specifically, the semiconductor-like
VACwith the lower resistivity r is caused by the prevalence of
the sp2C aromatic structure and possibly by the influence of
metal microimpurities, while the higher-r quasi-Ohmic VAC
is caused by the prevalence of the sp3C diamond structure.

This picture may be explained by considering the film
formation in the tokamak. The film side facing the tokamak
chamber, which has a lower resistivity and is dominated by
the sp2 carbon content, supposedly has a somewhat higher
concentration of atomic metal impurities than the plasma
side. This may be due to the fact that metal atoms in the co-
deposition with eroding graphite particles, particularly early
in the film growth on the chamber surface, have a high
probability of attachment to the chamber metal surface.
This is so because metal impurities have a higher sticking
coefficient for a metal and the diffusion of heavy metal atoms
is less probable in comparison with those for the lighter
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adsorbates of hydrogen isotopes and C±H(D) groups. The
plasma film side is to a greater extent exposed to bombard-
ment by plasma particles, leading to the observed prevalence
of the sp3 structure. Subsequently, the adsorption layer being
formed, whose thickness will be greater than the mean free
path of the highest-energy ions and atoms, will protect the
wall side of the film, in which the sp2 structure will prevail.
Metal atoms incident on the film plasma side of the
adsorption layer have a higher probability of subsequent
redeposition than metal atoms on the wall side.

For dark films from the T-10 tokamak with a D/C=0.2±
0.4 atomic ratio, the above-mentioned difference in VACs for
the opposite sides of the film is significantly smaller, and both
VACs are semiconductor-like in character, their resistivity
being lower than that of the goldish films.

The aforementioned sp3CD2,3 modes in the 2200±
2100 cmÿ1 frequency range, which are most intense among
deuterium modes, are temperature-sensitive to the film
heating and may be utilized for practical purposes for the in
situ monitoring of the accumulation of hydrogen isotopes
(deuterium and tritium) in smooth tokamak films, as well as
in the cleaning of the vacuum chamber [28].

In comparison with the IR spectra of goldish films, the IR
spectra of dark films [27] exhibited a lower concentration of
adsorbed hydrogen isotopes and hydrocarbons, resulting
primarily in the prevalence of the carbon skeleton in the
dark films. The dark films have a weaker-bound, fragile
structure of adsorbates with a weak C±H hybridization and
short fragments of the carbon skeleton. The spectrum is
mostly made up of C±H aromatic stretching modes. The
stretching CD2,3 modes near the 2200±2100 cmÿ1 frequency
range turned out to be most intense, although their intensity
was somewhat weaker than for the goldish films. Thesemodes
do not correlate in intensity with the very weak modes of the
carbon skeleton, but they are indicative of the presence of
CD2 and CD3 end fragments attached to the disordered
carbon skeleton.

The aforementioned adsorption of hydrogen isotopes and
hydrocarbons, which results in the formation of smooth films
in the tokamak, was investigated using the method of
thermodesorptive Knudsen mass spectroscopy by Svechni-
kov et al. [27], who alsomeasured, inter alia, some parameters
of the film structure, which correlate with those indicated in
Fig. 8a.

The H2 and D2 thermal desorption (TD) spectra for
goldish films, which were obtained for a constant heating
rate of 10 Kminÿ1 (Fig. 13), comprise two groups of peaks: a
broad group in the 450±800 K temperature range, and a
narrow one at about T � 900±1000 K (peaking at a
temperature of about 970 K), with a higher intensity for
deuterium. Both groups of peaks exhibit a fine structure; the
analysis also revealed [27] that a small isotope shift (of about
6 K in magnitude for the group in the 450±800 K temperature
range, and about 3 K for the group in the 900±1000 K
temperature range, which is determined by the energy
difference between H2 and D2 zero vibrations) is observed
between the mutually correlating elements of the fine
structure in the H2 and D2 spectra. These spectra turned out
to be close to the TD spectra of nanographite which was
obtained bymilling in a ball grinder over a long period of time
in an atmosphere of H2(D2) until reaching a crystallite size of
less than 4 nm, according to Orimo et al. [35], for the same
10 K minÿ1 heating rate; the deuterium TD spectrum from
that study is also given in Fig. 13. Two groups of peaks are

seen for D2; in this case, the first group of peaks centered at
about T � 750 K nearly coincide with each other, while the
peaks at about T � 1000 K are shifted relative to each other
by 40K. Such a spectral proximity, as well as the proximity of
Raman spectra for these two cases, also testify to the
similarity of thermal desorption processes. This permitted
employing the data of Refs [35, 36] on the activation energy of
H2 desorption for interpreting the spectra in work [27].

The reason for the emergence of a narrow desorption peak
near T � 970 K was elucidated using the following H2

thermal desorption model. In the film formation, the
fragments with neighboring C±H bonds appear at free
valences of carbon. On heating to T � 970 K, two neigh-
boring vibrating C±H bonds disrupt, resulting in the rapid
formation of the H2 molecule and its thermal desorption.
This TD model proceeds from the occurrence of ruptures of
existing chemical bonds due to vibrational C±H, C±D
excitations and the formation of new chemical bonds, i.e.,
it describes a resonance type process. This feature of
molecular desorption shows up in an ensemble of narrow
TD peaks near T � 970 K (as distinct from the group of
broad peaks near T � 700 K). Moreover, the proposed
model corresponds to first-order kinetics and yields an
asymmetric shape for the TD peak, which corresponds to
the observed peaks near T � 970 K.

Proceeding from the experimentally examined isotope
shift and desorption activation energies borrowed from the
literature, the energies of C±H(D) vibrational states for the
narrow TD peak near T � 970 K were estimated, which
amounted to � 2400 cmÿ1 for C±H bonds, and
� 1700 cmÿ1 for C±D bonds. These magnitudes are lower
than the energies of stretching C±Hmodes near the frequency
of 2900 cmÿ1, and the C±D modes near the frequencies of
about 2200±2100 cmÿ1, which are indicated in Fig. 12a.
Therefore, the magnitude of vibrational energy of two
neighboring C±H(D) bonds is quite sufficient for effective
participation in the molecular desorption of the resonance
type with an activation energy of about 1:25 eV perH atom in
the range of T � 900±1000 K.

A broad TD peak for nanostructured graphite, which is
close in shape and peak position to the peaks we observed
near T � 700 K, was attributed in Ref. [25] to the molecular
diffusion of H2 through the boundaries of crystallites with a
diffusion activation energy Ea � 1:3 eV per H2 molecule. We
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ascribed the origin of low-temperature TD peaks to the
mechanism of hydrogen hopping diffusion along character-
istic structural elements, which are evidenced by the foregoing
results of investigations. The diffusing molecule (or atom)
jumps between two equivalent potential wells with a barrier
height Ua, which are separated by a distance l.

It is significant that the mechanism of H2(D2) molecular
diffusion suggested in Ref. [36], as in other works on graphite,
implies the presence of the H2 molecule in the bulk of the
carbon material at normal conditions as a result of physical
adsorption in micropores. H2 adsorption occurs in many
types of graphite, as well as in carbon nanotubes; in these
cases, however, the H2 molecules are observed in the Raman
H2(D2) spectra only at low temperatures and high pressures.
But, neither our Raman spectra nor the available literature
data on smooth films from tokamaks have evidenced the
traces of physically sorbedH2 andD2 in the film structure, the
molecules whose presence is typical of graphite and carbon
nanotubes. To explain the TD in the temperature range of
T � 450±800 K, the model under consideration was made
more specific for the case of atomic jump diffusion of H(D).
According to the simple model, a diffusing atom jumps
between two neighboring parabolic potential wells with a
barrier heightUa for an in-well oscillatory particle energyo, a
distance l between the wells, and the diffusion activation
energy Ea � Ua � o=2. Next, as a result of diffusion a rapid
recombination of the atoms occurs at a common defect with
the formation of an H2(D2) molecule. Estimates made
proceeding from experimental data on the isotope shift and
from the value of Ea, which comprises, for atomic diffusion,
half the value of Ea � 1:3 eV per H2 molecule for molecular
diffusion, i.e., Ea � 0:65 eV per H atom, yield a value of
o � 308 cmÿ1 � 38 meV for the vibrational energy of the
atom. The vibrational energy obtained corresponds to a
weakly bound state of atomic hydrogen, and this model
differs from the above model relying on the resonance
exchange mechanism involving rupture of the C±H(D)
chemical bonds in the desorption of H2(D2) molecules at
T � 970 K. In this case, the length of jumps between the
potential wells is l � 3:4 nm, which correlates with the
foregoing length of � 4 nm between sp2 nanoclusters with
unpaired spins, estimated from EPR in a 100 G field. These
nanoclusters may be the site of atomic recombinationwith the
subsequent desorption of H2 and D2 molecules.

Therefore, two main adsorption states were ascribed to
both groups of TD peaks in the spectra. First, ascribed to the
domain of T � 450±800 K was a weakly bound state, i.e., the
state with a low vibrational energy (� 30 meV) of an H atom
in a model adsorption potential well and with a desorption
activation energy of about 0.65 eV per H atom for this well.
Second, a strongly bound (chemisorbed) state with an
activation energy of � 1:25 eV per H atom was ascribed to
the TD range of 900±1000 K. In addition, two hydrogen
isotope desorption mechanisms were proposed: the jump
atomic diffusion along characteristic structural elements for
weakly bound states (450±800 K), and the resonance
exchange mechanism for strongly bound states (900±1000K).

It should be noted that the TD spectra of the dark films
with D=C � 0:2ÿ0:4 are structurally close to the spectra of
goldish films, namely, their adsorption states exhibit similar
features.

For greater clarity, the results of investigations of the
smooth goldish films collected in the T-10 tokamak, which
were performed using the diagnostic techniques of the

Kurchatov Center for SynchrotronRadiation andNanotech-
nology (KCSRNT) at RRCKI, are represented in the form of
a diagram in Fig. 14. The geometrical dimensions of the
observed structural elements are indicated on the abscissa
axis plotted on a logarithmic scale in the 0.1±12 nm interval.
The investigation techniques are labeled below the horizontal
axis; labeled above the axis are the structural elements of the
known carbon nanosystems that are most close in parameters
to the films from the tokamak.

The main results of investigations of the smooth films and
the in-film hydrogen by the KCSRNT diagnostic techniques
are as follows.

(1) The structure of smooth CHx films is amorphous,
substantially differs from the graphite structure, and contains
clusters (structural defects) measuring 0.23 nm, 0.7 nm,
� 4 nm, and 12 nm.

(2) Smooth hydrocarbon films have the property of
effectively accumulating hydrogen isotopes, including D and
T involved in thermonuclear reactions, whichmay complicate
the realization of the ITER project. The D/C ratio is equal to
0.2±0.4 in smooth dark CHx films, and to 0.5±0.9 in goldish
CHx films.

(3) The smooth films from the tokamak are close in
electronic structure to wide-band a-C:H films or to tetrahe-
dral a-C:H filmswith a high content (� 70%) of sp3 states and
an sp2 state fraction of� 30%. At the same time, the smooth
films from the tokamak have awider dielectric gap (3 eV) than
the a-C:H films (1.8 eV) formed under low-temperature
plasma conditions.

(4) There are certain distinctions between the smooth
films from the tokamak and the a-C:H films formed under
low-temperature plasma conditions, specifically:

Ð the occurrence of microimpurities in smooth goldish
films, primarily of transition d-metals Fe,Mo, Cr, Ni, Ti, and
some others, with a total concentration of 1.5%, almost half
of them being due to Fe atoms, which form an in-film Me±C
cluster structure with a Fe±C separation of 0.211 nm and a
coordination number of 6.2. The presence of Fe3� ions was
also recorded in EPR lines in the 6000G field. Themajority of
microimpurities emerge in the erosion of the vacuum chamber
surface (stainless steel);

Ð the existence of a small anisotropy in the orientation of
unpaired electron spins for sp2C nanoclusters (for EPR in the
100 G field) in smooth goldish films;
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Ð the difference in adsorbate properties for the two sides
of goldish film, which was revealed by means of vibrational
IR spectroscopy and by measuring volt-ampere character-
istics. In particular, the wall side of the film exhibits a
semiconductor-like VAC with a lower resistivity r. This
VAC is due to the prevalence of an aromatic sp2C structure
and a lower concentration of adsorbates consisting of
hydrogen isotopes, hydrocarbons, hydroxyls, and C�O
groups, as well as due to the structural failure of the carbon
network arising from the possible effect of metal microimpu-
rities in the course of the film deposition, whose concentration
may be higher on the wall side. The plasma side of the film has
a higher r with a quasi-Ohmic VAC related to the prevalence
of the sp3C diamond structure and a higher density of
adsorbates. This is due to the fact that it is to a greater extent
exposed to bombardment by plasma particles which disrupt
the aromatic sp2C structure and foster the formation of the
sp3C structure. This also gives rise to different types of charge
traps on the opposite sides of the film, which are related to
defect states, with the latter also serving as adsorption centers
for hydrogen isotopes, hydrocarbons, etc.

(5) The deuterium vibrational sp3CD2,3 modes near the
2200±2100 cmÿ1 frequency range, which `sense' temperature
variations on film heating, may be used for practical purposes
in the in situ monitoring of the accumulation of hydrogen
isotopes (deuterium and tritium) in smooth tokamak films
and in vacuum chamber cleaning.

(6) The infrared spectra of dark films are indicative of a
weaker, fragile structure of adsorbates with a weak C±H
hybridization, of the presence of short fragments of the
carbon skeleton, and of the prevalence of aromatic C±H
stretching modes. The difference between the VACs taken on
the opposite sides of the film is appreciably smaller in the dark
films. The VACs of both sides are semiconductor-like in
character and have a lower resistivity compared with goldish
films.

(7) In a molecular form, D2 and H2 were not found in the
smooth films (the corresponding peaks are missing from the
Raman spectra of the films).

(8) Two main adsorption states were revealed for
hydrogen isotopes in smooth goldish films: a weakly bound
state with an activation energy of� 0:65 eV per H atom, and
a strongly bound (chemisorbed) state with an activation
energy of � 1:25 eV per H atom. Two thermal desorption
mechanisms were proposed: jump diffusion model for the
weakly bound states, and the resonance exchange mechanism
for the strongly bound ones. The thermal desorption spectra
of the dark films are structurally close to the spectra of goldish
films, i.e., their adsorption states exhibit similar features.

3.5 Theory of deposited-film relief formation
Themajority of researchers believe that the erodedmaterial is
deposited in the form of atoms or ions. The fraction of dust
particles is relatively small. The task of the consistent theory is
to explain the relief and structure of deposited films in
relation to the deposition regime, specifically, to elucidate
when smooth films are formed, and when fractal ones are.

There are two main approaches to explain the formation
of fractal film structures. The first implies that the fractal
structure growth results directly from the deposition and
attachment of atoms to a surface. The elaboration of this
approachwas reviewed byBudaev andKhimchenko [22]. The
second approach assumes that the development of the relief
structure stems from the growth of dendrites as a result of

diffusion mobility of adatoms (adsorbed atoms) over the
surface (see Martynenko and Nagel' [37]). The idea of
dendrite growth on the sputtered surface, which had earlier
been employed in discussing the formation mechanisms of
cones and whiskers [38], turned out to be fruitful for
explaining the formation of a developed relief for deposited
films.

The former approach makes use of a rather clear analogy
between observable cauliflower- and snowflake-like struc-
tures which grow due to diffusion-limited aggregation
(DLA). The heart of this aggregation mechanism consists in
the fact that the structure grows proportionally to the
diffusion flux of particles depositing on its surface:

D gradC ; �2�

whereD is the diffusion coefficient, andC is the concentration
of particles deposited near the growing surface. The growth of
a smooth surface is unstable: the emergence of a protrusion of
size r on a smooth surface leads to a rise in the concentration
gradient in the vicinity of the protrusion:

gradC � C

r
; �3�

which speeds up the protrusion growth. Branching results
from the growth instability of a linear protrusion. Computer
simulations of this process yield structures that are indeed
similar to cauliflower.

However, in the case of real fusion facilities and the
corresponding model experiments, the mean free paths of
atoms and ions are much longer than the characteristic
structure dimensions, and the term diffusion in its ordinary
sense is therefore inapplicable here. As noted in Ref. [22], the
motion of atoms and ions resembles random walking owing
to strong plasma turbulence. However, the motion of ions in
the near-wall plasma is not classical diffusion. Flight trajec-
tories of a depositing particle exist, which are rectilinear over
distances exceeding the dimensions of the structure being
formed. Computer simulations showed that ballistic regimes,
whereat the depositing particles reach the structure surface
along rectilinear trajectories, also give rise to a cauliflower-
like structure. The essence of the mechanism of fractal
structure growth in the ballistic regime lies in the fact that
the protruding parts of the structure `see' a greater solid angle
of the space where the depositing atoms come from and,
therefore, as in the DLA regime, grow faster. If it is assumed
that the depositing atomsmay diffuse some distance along the
surface prior to becoming fixed, the possibilities for the
simulation of the observed reliefs increase still further.
However, this approach cannot explain the dependence of
the film structure on the surface temperature and the fluxes of
the depositing atoms and ions.

Under the last approach [37], the characteristics of
deposited film relief are explained proceeding from the
processes occurring initially on the surface of a substrate,
and then on the surface of the coating itself, which grows due
to the deposition of single atoms. The atoms deposited on the
surface make up a two-dimensional gas. The concentration C
of these atoms adsorbed on the surface, assuming that they
are not removed from the surface (by way of evaporation or
sputtering), is determined by the atomic flux q from a vacuum
onto the surface, their diffusive sink, and aggregation into
clusters. The aggregation of adatoms into clusters takes place
due to either a fluctuation aggregation of several atoms into a
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structure up to a critical nucleus in size or their attachment to
impurities which serve as nucleation centers. According to the
condensation theory [39], the critical size of the nucleus is
given by

rcr � 2ga 2

T lnS
� 2ga 2

Hÿ T lnN=C
; �4�

where S � C=C0 is the supersaturation characterizing the
excess of adatomic concentration over the equilibrium
concentration C0 � N exp �ÿH=kBT � at a given tempera-
ture, N is the surface atomic density,H is the energy required
for transferring the atom from a position in the smooth
surface layer to the position of an adsorbed atom on the
surface, g is the line tension of the cluster boundary estimated
as the binding energy of the nearest atoms, a is the atomic size,
and T is the temperature in energy units. Clusters smaller in
size than the critical one, r < rcr, disintegrate due to adatomic
detachment, while clusters with r > rcr grow. According to
the classical theory [39], the time tcr of fluctuation formation
of critical-sized clusters on a clean surface is expressed as

tcr � �DC�ÿ1 exp
�
pr 2crg
aT

�
; �5�

where D is the coefficient of adatomic diffusion over the
surface, and C is the adatomic surface concentration. The
fluctuation formation time tcr of a critical-sized cluster
lengthens with increasing temperature and supersaturation.
For a low temperature and a small supersaturation, the
fluctuation formation time tcr of new nuclei is longer than
the atomic-layer filling time

tL � 1

a 2q
; �6�

where q is the flux of atoms depositing on the surface, and the
growth of a smooth crystal surface prevails, running plane
after plane. For a highT, critical nuclei have time to form and
the possibility of developed relief formation emerges. This
explains the fact that the developed fractal structure of the
films from the T-10 tokamak was observed near the
retractable limiter, which delivers the greatest amount of
erosion products, especially under regimes involving limiter
overheat. Away from the limiter, smooth films formed.

However, nuclei-clusters may also be formed near surface
impurities. The fact that after some exposure the growth of
smooth films was replaced with the formation of a developed
relief in the experiments conducted by Guseva et al. [24] (see
Fig. 7) testifies to the accumulation of impurity atoms on the
surface. In this case, the flux of impurity atoms from the
plasma is constant, and the change of regime occurs for
substantially longer exposures than the time of deposition of
a single atomic layer. Were the impurities delivered to the
surface only from the plasma, their concentration would be
constant, equal to na � qa=q (where qa is the flux of impurity
atoms, and q is the flux of dominant atoms onto the surface),
both at the initial stage, when the growth of a smooth film is
observed, and subsequently under any exposure doses. The
accumulation of impurity atoms on the surface is also attested
by the results of a composition analysis of redeposited
tungsten films (see Fig. 7 [23]).

The accumulation of impurities on the surface may be
attributed to the transfer of an impurity atom from the depths
to the surface of the film with an increase in film thickness,

resulting in the accumulation of impurity atoms on the
surface and the formation of a developed relief of the coating
at high exposure doses.

The reason for the transfer of impurity atoms to the
surface may lie with the expulsive force directed to the surface
owing to a decrease in film density towards the surface, which
may be due, in particular, to thermal expansion.

Impurity atoms are transferred in the direction opposite
to the gradient of the diffusion coefficient D, which depends
on the temperature T explicitly and implicitly due to the
temperature dependence of the diffusion activation energy
Ea: D � exp�ÿEa�T �=T �, so that one has

gradD � q exp �Ea=kBT �
qx

� exp

�
ÿ Ea

kBT

��
Ea

T 2
ÿ qEa

qT
1

T

�
gradT : �7�

The variation of diffusion activation energy Ea under
temperature variations may be estimated as qEa=qT � ÿKOa
(K is themodulus of elasticity,O is the atomic volume, and a is
the linear expansion coefficient). Then, for a temperature

T >
Ea

KOa
� 1000 K ;

the transfer of impurity atoms is directed towards higher
temperatures, i.e., to the uppermost, hottest, cluster loca-
tions. Therefore, when the temperature is high enough,
impurity atoms accumulate on the surface of the growing
film and initiate the formation of nuclei-clusters and the
consequential emergence of a developed relief.

As already noted, developed reliefs are most often
represented by two types: `cobblestone road' (Fig. 4b), and
`cauliflower' (Fig. 4c). The cobblestone road is formed when
clusters grow primarily in breadth due to the attachment of
adatoms to them. This takes place at moderate temperatures.
At higher temperatures, a directional `upward' transfer of
adatoms along the relief surface prevails, also occurring to
the hottest relief regions. In this case, the clusters grow
primarily upwards. This is how whiskers grow [38], which
are observed on sputtered high-temperature targets, along
with columnar structures (Figs 5c and 5d). When a new
critical-sized nucleus-cluster is formed on the surface of an
upward growing column, branching of the growing branch
occurs, eventually giving rise to a cauliflower-like fractal
structure. This fractal structure growth is similar to the
growth of a tree, wherein the transfer of `building material'
is due to capillary forces, which tend to transport juices to the
ends of branches with the thinnest capillaries. In the case
under consideration, the temperature gradient serves as the
driving force.

It would be instructive to find the ranges of applicability
for the model of fractal structure formation due to diffusion
mobility of adatoms and the model of fractal structure
formation due to deposition from the plasma volume. To do
this requires comparing the atomic flux coming in to the
cluster along the surface and the atomic flux going in to the
cluster from the plasma volume. Such a comparison evidences
that the former model is applicable to the initial stage, when
the cluster separation exceeds their size, while the latter model
is more adequate when the structure has already formed and
the clusters are immediately adjacent to each other.

However, the on-surface adatom mobility also has its
influence at the growth stage of a developed fractal structure:
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it smooths the branchy fractal structure growing due to the
atoms coming in from the plasma volume. Taking into
account the diffusion mobility of adatoms permits determin-
ing the minimum cluster size in the fractal structure, which
defines its SSA and the sorption capacity [see expression (1)].

On a surface possessing an inhomogeneity with a radius of
curvature r, where there is excess pressure P � 2s=r (s is the
surface tension characterizing the surface energy), a flux of
adatoms exists leaving the cluster due to expulsion by this
pressure, as does a flux caused by the gradient of the density
which is lower on the cluster. The fluxes become equal when

rmin � 2sa 3

T
; �8�

where T is the surface temperature, and a is the atomic size.
The dimension rmin is precisely the minimum dimension for
the existence of a cluster: for a smaller size, the cluster
vanishes due to the escape of adatoms from the cluster.

For the majority of metals sa 3 � a [eV], namely,
rmin � 15±20 nm for T � 500±700 K, which agrees well with
the observed minimal element of fractal structures.

3.6 Findings
(1) In tokamaks and in experiments intended to model the

operating conditions in a tokamak, CHx and W films form
from erosion products; these films have either a smooth relief
structure or a developed fractal one.

(2) The following tendencies were noted: smooth films are
produced under low fluxes of depositing particles and low
substrate temperatures, while fractal films are produced
under high fluxes of depositing particles and high substrate
temperatures. However, quantitative data about the forma-
tion conditions of films of various types are required.

(3) The fractal dimensionality of the films is 2:2� 0:2. The
specific surface area of the fractal films is defined as
SSA� 3=ra0, where r is the film density, and the minimum
cluster size for the fractal film, a0 � 15 nm,which corresponds
to SSA�CHx� � 170 m2 gÿ1, and SSA(W)� 16 m2 gÿ1.

(4) The structure of smooth CHx films is amorphous,
substantially differs from the structure of graphite, and
contains clusters (structure defects) 0.23 nm, 0.7 nm,
� 4 nm, and 12 nm in size.

(5) The hydrogen content in the fractal films is relatively
small: D=C < 10%. In the smooth dark CHx films,
D=C � 0:2±0.4; in goldish CHx films, D=C � 0:5±0.9.

(6) The smooth films from the tokamak are close in
electronic structure to wide-band a-C:H films or to tetrahe-
dral a-C:H films with a high content (� 70%) of sp3 states,
and the fraction of sp2 states coming to � 30%. At the same
time, the smooth films from the tokamak have a wider
dielectric gap (3 eV) than the a-C:H films (1.8 eV) formed in
low-temperature plasma conditions.

(7) Deuterium vibrational sp3CD2,3 modes in the 2200±
2100 cmÿ1 frequency range, which are temperature-sensitive
to the film heating, may be employed for practical purposes
for in situ monitoring of the accumulation of hydrogen
isotopes (deuterium and tritium) in the smooth tokamak
films.

(8) D2 and H2 were not found in a molecular form in the
smooth films.

(9) Two major adsorption states of hydrogen isotopes
were discovered in the smooth films: a weakly bound state
with an activation energy of � 0:65 eV per H atom, and a

strongly bound (chemisorbed) state with an activation energy
of � 1:25 eV per H atom. Two thermal desorption mechan-
isms were proposed: jump diffusion model for the weakly
bound states, and the resonance exchange mechanism for the
strongly bound ones.

(10) Hydrogen accumulation in tungsten over deposited
élms is poorly understood.

(11) The following film properties are also poorly under-
stood:

(i) catalytic activity;
(ii) adhesionÐ the likelihood of film detachment during

tokamak operation, under cleaning discharges, or when the
chamber is unsealed.

4. Dust: from nano- to micrometer-scaled dust

4.1 Dust in tokamaks
Erosion in tokamaks results in the formation not only of
films, but also of dust. However, dust plasma in the classical
sense of the word does not form in tokamaks [40, 41]. Dust in
tokamaks is accumulated on the chamber surfaces. Single
dust particles rapidly vaporize on finding their way into the
plasma, and therefore dust plasmas cannot be formed in
tokamaks. The dust particle concentration in the plasma does
not exceed � 10ÿ5 cmÿ3 [42±44].

At the same time, dust particles affect the operation of a
tokamak:

(i) when dust particles are found in the central part, they
cool the plasma due to the radiation emitted by heavy
impurities;

(ii) dust particles initiate blobs at the plasma periphery,
enhance the particle and energy transfers to the wall, and
thereby foster plasma cooling and the emergence of ELMs;

(iii) however, recently the idea has been raised of
stabilizing discharge by way of dust injection.

The hazard of dust when opening the reactor chamber
consists in its fugacity, the content of tritium, radioactivity,
and possible toxicity, as with beryllium dust.

The main source of dust is corpuscular erosion due to
emergence of ELMs and plasma disruptions. However, dust
particles may be produced in the exfoliation of the films. Dust
accumulates primarily on the bottomof the vacuum chamber.

Use is made of different ways to collect dust in tokamaks
for conducting research. The simplest method of collecting
the dust [45, 46] is to clean the tokamak chamber, either
manually or with vacuum cleaners. Filters are employed to
gain information about dust particle dimensions. In more
accurate methods of collecting dust, advantage is taken of
special dust collectors in the form of plates (most often
silicon) or fibrous filters (basaltic, glass fibrous, quartz fiber,
and in the form of a copper mesh), which are subsequently
studied with optical or electron microscopes [16].

As the methods of dust investigation have improved, data
have emerged about progressively smaller dust dispersion.
Specifically, initial research using an optical or scanning
electron microscope (SEM) revealed only dust particles
greater than 1 mm in size. A study of thin basaltic filter layers
with settled dust particles, which was performed using a
transmission electron microscope (TEM), revealed dust
particles of sizes down to 10 nm (Fig. 15).

The dust collected in tokamaks is characterized by
Gaussian particle size distribution or by a decaying power-
law distribution function with an exponent close to 2.2. The
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form of the distribution depends on the place where the dust is
collected and possibly on the methods of its collection and
particle counting. Submicrometer-sized particles agglomerate
(Fig. 16), and an agglomerate may be identified as a single
particle in the particle counting. However, the majority of
dust particles always have dimensions which do not exceed
several dozen nanometers.

A structure analysis of large agglomerates shows that they
consist of smaller agglomerates. Agglomerates may unite into
larger ones; as this takes place, a fractal structure similar to
the structures observed in the coatings forms.

4.2 Dust production in model experiments
Along with the collection of dust in tokamaks, the production
of dust has been studied at the facilities which simulated
plasma disruptions and ELMs in tokamaks. The erosion of
graphite under the action of a plasma flux was first
investigated in an electrodynamic plasma accelerator
(plasma density: � 1015 cmÿ3; pulse duration: 60 ms; number
of pulses: 10; ion energy: 1±2 keV) [48±50]. The erosion
products of different sorts of graphite [CFC, RGT (Russian
graphite with a content of titanium coming approximately to
7 wt.% Ti), and MPG-8] were collected on a single-crystal
silicon and a basaltic filter. The erosion products were
analyzed using an optical microscope, and scanning and
transmission (basaltic filter) electron microscopes.

Substantial changes occurred in the graphite composite
sample upon exposure to the plasma pulses: the filling
graphite material was strongly cracked and exfoliated, but
the fibrous structure remained intact. The size distribution of
dust particles ± CFC erosion products ± has two peaks: at

0.01±0.03 mm, and at 2±4 mm. Upon exposure to the plasma
pulses, RGT graphite possessing an oriented grain structure
becomes striated with thin cracks and pores, while the dust
particles produced during its erosion range from 1 to 10 mm in
size. This demonstrates how the structure of the material
interacting with the plasma affects the character of its erosion
and erosion products produced.

The properties of a material and the character of its
erosion also depend on the prehistory of its interaction with
the plasma. Martynenko et al. [50] studied the erosion and
change of the RGT surface exposed to a stationary deuterium
plasma and subsequently irradiated by high-power deuterium
plasma pulses in an electrodynamic plasma acceleratorMKT.
These experiments simulated the ITER operating conditions:
the normal regime, and plasma disruptions. The exposure to
the stationary plasma was carried out at the Lenta facility
with a deuterium ion energy of 200 eV for a surface
temperature of 700 �C, whereat erosion takes place due to
physical sputtering, and for a temperature of 1100 �C,
whereat radiation-enhanced sublimation occurs. The ion
current density amounted to 5� 1017 cmÿ2 sÿ1, and the
exposure dose was 1022 cmÿ2. Upon irradiation in the
stationary plasma at a temperature of 700 �C, a structure
resembling a brush consisting of cones formed on the graphite
surface. This structure is very resistant to thermal shocks,
which is why there were no substantial surface changes upon
exposure to six high-power plasma pulses.

Upon exposure to the stationary plasma at a temperature
of 1100 �C, a periodic structure of the 10±30-mm-high terrace
type formed on the surface of a specimen. Subsequent to
pulsed irradiation, traces of cleavage and brittle fractures
appeared on the surface.

The size distribution of the number of particles in all cases
of pulsed irradiation has two peaks: for 0.2±0.4 mm, and for
1±2 mm. In the samples exposed to the stationary plasma at
T � 1100 �C, however, the number of particles is greater, and
large particles ranging up to 40 mm in size were also revealed
in these samples. In this case, many of these dust particles are
lens-shaped, similarly to the grains observed on the surface
upon applying stationary irradiation. The existence of such
erosion products is evidence in favor of the brittle fracture of
graphite.

The temperature T � 700 �C is most favorable for the
growth of cones under ion irradiation, resulting in the
formation of a brush-like surface structure resistant to
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thermal shocks. For T > 1000 �C, radiation-enhanced sub-
limation occurs, which arises as a result of diffusion of
interstitial atoms to the surface [51]. Interstitial atoms may
also diffuse towards grain boundaries and weaken the
intergrain coupling [48], which also promotes brittle fracture
and erosion.

Under the action of high-power plasma fluxes, a melted
layer forms on the surface of a metal, but the character of its
erosion and erosion products are entirely different. Along
with evaporation, droplet erosion is observed, which is due to
the production of capillary waves and the development of
melted layer instability. The size distribution of the droplets is
narrower than the analogous distribution of the particles of
graphite brittle fracture (Fig. 17). The droplet size distribu-
tion peaks at � 1 mm.

The character and rate of erosion due to ELMs and
plasma disruptions depend heavily on the screening of the
irradiated surface by the vaporized material cloud. This
problem has been much studied and it has been ascertained
that only several percent of the energy of the initial plasma
flux reaches the surface in the disruptions. In this case, the
higher the initial flux power, the lower the energy fraction
reaching the surface. A review by Hassanein and Konkash-
baev [52] may be recommended for familiarizing the reader
with the main results of these investigations.

Experiments by Gureev et al. [53] and Kolbasov et al. [54]
showed the influence of a screening layer on the number and
size distribution of particlesÐ the erosion products. Two
targets located side-by-side, one of tungsten and the other of
CFC, were simultaneously irradiated by a high-power
deuterium plasma flux in an electrodynamic plasma accel-
erator (300 kJ mÿ2 per pulse, 10 pulses). The particle size
distributions are different on the irradiation of a single-
material target and a target of two materials (see Fig. 17). In
the latter case, the particle size distribution is narrower than
with one graphite target, although both spherically shaped
particles and irregularly shaped particles characteristic of
graphite erosion are clearly seen among the particles. This
may be explained by the evaporation of small particles in the
screening plasma: this plasma is more dense in the presence of
tungsten vapor and radiates more strongly than on the
irradiation of graphite alone. Furthermore, the number of
particles generated in the case of a compound target increases.
The total number of arbitrary-sized particles settled on a

1-cm2 collector area amounts to 5� 106 cmÿ2 for W,
5:5� 107 cmÿ2 for CFC, and 1:75� 108 cmÿ2 for CFC+W.

Also of interest is the spatial distribution of outgoing
particles. Guseva et al. [55] performed an experimental study
of the dust products of tungsten erosion in an electrodynamic
plasma accelerator. First, the erosion products were collected
on a silicon detector, which entrapped droplets emanating
parallel to the target surface. Second, the droplets returning
to the tungsten target were also investigated. Third, the
particles emanating nearly along the normal to the surface
were collected on a basaltic filter.

Small droplets either return to the surface or emanate
parallel to the surface. Large droplets fly off in the direction
nearly normal to the surface. An explanation of this effect is
provided by the theory outlined in Section 4.3.

A study of hydrogen content in the dust showed [56] that
there is little hydrogen in the dust and that it is distributed
near the surface of the dust particles. This is evident from
Fig. 18, which shows the distribution of deuterium in a speck
of graphite dust [56].

The D/C ratio on the surface of the dust particle is less
than 1% and decreases with depth.

4.3 Theory of dust formation
Martynenko and Moskovkin [57] first proposed the mechan-
ism of graphite brittle fracture under the action of a high-
power energy flux. They proceeded from the fact that the
energy released on the graphite surface was lower than the
atomization energy of the layer eroded in experiments, and
consequently the erosion products had to contain dust
particles. Guseva et al. [48] previously showed that the
reason for brittle fracturing and the emission of nano- and
microparticles laywith the thermal tension between neighbor-
ing grains. Fracture occurred when the following condition
was met:

T �a1E1 ÿ a2E2� > scr ; �9�
where a1, E1 and a2, E2 are the thermal expansion coefficients
and compression moduli of the neighboring grains, respec-
tively, and scr is the ultimate strength. This estimate
corresponds to the experimentally obtained magnitudes of
the energy flux, whereat brittle fracturing and the emission of
graphite material particles occur. Based on the brittle fracture
model, Sergeev et al. [58] determined the initial velocity of the
outgoing particles:

v0 � aTc � 104 cm sÿ1 ; �10�
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where c is the speed of sound. Klimov et al. [59] investigated
the brittle fracture of graphite pellets in a stellarator and
measured the velocity of particles flying off a pellet at
� 104 cm sÿ1.

Anisotropic sorts of graphite with grains oriented in one
direction show a higher resistance to brittle fracture because
the difference in thermal expansion is smaller for like-oriented
grains.

The droplet erosion of metals results from the melting of a
surface layer. On the liquid layer, waves emerge induced by
the motion of the plasma, including the plasma of the
vaporized material, above the melted metal surface. An
energy flux threshold exists for the onset of metal melting
[60]. As the energy flux increases, a plasma formsÐ the vapor
of evaporated material, with a flux of dense plasma emer-
gingÐof the vapor above the melted layer surface. As a
result, the Helmholtz instability develops in the melted layer
and waves are produced [61]. As the energy flux and the
plasma-vapor density are increased still further, wave crests
are torn off by the plasmawind above the surface. The plasma
wind pressure is p � r 0U 2, where U and r 0 are the velocity
and density of the plasma above the surface, respectively. The
dimension of droplets defined in this model is as follows:

r1 � l
�

n 2r
6p3la

�1=4

�11�

(l is the wavelength, n is the coefficient of kinematic viscosity,
r is the melted metal density, and a is the surface tension); its
value approximates 1 mm, which agrees with experimental
data. The initial fly-off droplet velocity parallel to the surface
is given by

Vjj � U

�
r 0

2pr

�1=2

� 3� 102 cm sÿ1 ; �12�

while the initial velocity normal to the surface is

v0 � ag � 103 cm sÿ1 ; �13�

where a is the amplitude, and g is the increment of the waves.
Eventually, the fly-off droplet velocity equals

V � V? � Vjj; V � 103 cm sÿ1 :

4.4 Dust particles in plasma
The particle characteristics given in Section 4.3 pertain to the
moment a particle departs from the eroding surface. In its
transit through the plasma, including the plasma of the
ionized vapor of evaporated target material, changes occur
in the particle velocity and size. Near the material surface, in
theKnudsen plasma layer, a directional flow of particles from
the plasma to the surface shows its worth, which decelerates
the departing particles. As a result, the velocity of grains
lowers in transit through the Knudsen layer and becomes
equal to [61]

v �
�
v 2
0 ÿ

1:5pl

rR

�1=2

; �14�

where p � nT is the plasma pressure which decelerates the
departing particles, and l � 1=�ns� is the thickness of this
layer equal to the mean free path of electrons and ions.

Therefore, a minimum size of the grains which are capable
of penetrating through this layer exists:

Rmin � 1:5pl

rv 2
0

: �15�

This accounts for the prevalence of small droplets among
those which returned to the specimen's surface and settled on
the silicon collector, which was located near the specimen in
the experiments of Martynenko et al. [50].

It should be noted that the velocity of tungsten droplets,
� 103 cm sÿ1, is nearly an order of magnitude lower than the
velocity of graphite particles departing due to brittle fracture.
This has the result that in the course of a pulse the droplets
recede from the surface by a distance of only � 5� 10ÿ2 cm,
where the screening plasma temperature is moderate, and do
not `burn' during the action of the pulse. This underlies a
better observability of tungsten droplets in comparison with
that of graphite particles, for instance, at theMK-200 facility.

The particles passed through the Knudsen layer end up in
the plasma and experience there the viscous friction force

Ft � 6pZRv ; �16�

where Z is the coefficient of dynamic viscosity. Hence, it is
possible to derive the characteristic deceleration time for a
dust particle and the time of its entrainment by the plasma
flow:

tt � 2rR 2

9
; �17�

as well as the distance over which the particle loses its
directional velocity:

l � v0tt � 2v0rR 2

9
: �18�

For a surface plasma with T � 10 eV, the characteristic
deceleration time for a 1 mm-sized particle amounts to
� 10ÿ5ÿ10ÿ4 s. During this period, the particle moves off
from the surface by less than l � 1 cm. Smaller particles are
decelerated even faster and their distance to the surface is even
shorter. Larger particles experience a smaller deceleration; if a
particle passes the cool layer of the weakly ionized plasma
near the wall during the course of the pulse, its deceleration in
plasma with a high ion charge Z moderates drastically
because the viscosity Z � Zÿ4.

Furthermore, particles vaporize in the plasma. The
particle evaporation rate dr=dt may be determined from the
particle balance equation

dr

dt
� Q

rH
; �19�

where r is the particle density, and H is the sublimation
energy per unitmass. Particles smaller in size than the electron
and ion mean free paths in the plasma are not screened by the
vapor of evaporated material. For typical parameters of
plasma-vapor (n � 1017 cmÿ3, Te � 5ÿ10 eV), the mean
free path is l � 10ÿ2 cm, and therefore the dust particles
experience an unperturbed flux of electrons and ions. In the
simplest, most frequently used approximation, the energy
flux per particle is taken to be equal to

Q � 2Teneve exp

�
ÿ ej

Te

�
� �2Ti � ej� nivi ; �20�
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where Te and Ti are the electron and ion temperatures, ne and
ni are the electron and ion number densities in the plasma of
the vapor of evaporated particle material, ve and vi are the
electron and ion velocities, e is the electron charge, and j is
the particle's potential, j � 3:5Te=e. For these screening
plasma parameters, the particle vaporizes with a rate
dr=dt � 1 cm sÿ1, and the range of a graphite particle even
as large as 10 mm would not exceed several centimeters.
Hence, it follows that only those particles that fly off at the
periphery of the vaporized material plasma plume may reach
the particle collectors. Therein lies yet another reason why in
the experiments of Martynenko et al. [50] only large particles
reached the collector located near the normal to the target and
why their concentration was two orders of magnitude lower
than the concentration of particles emanating parallel to the
target surface.

An important characteristic of a particle in the plasma is
its charge q, which is related to the particle's potential j:
q � jr. It is commonly assumed [62] that the particle
potential is determined by the balance of electron and ion
fluxes onto the particle:

neve exp

�
ÿ ej

Te

�
� nivi � 0 : �21�

Then, for ne � ni, one finds ej � ÿTe= ln�ve=vi�.
However, recently it has become clear that the potential of

a plasma particle is determined both by charged particle
fluxes onto the particle and by charge fluxes from the particle
[63, 64]. The charge fluxes from the particle may be caused by
secondary electron [65] and ion±electron emissions, as well as
by photoelectron [63] and thermal electron [65, 67, 68]
emissions. Thermal electron emission is dominant for a hot
particle in plasma. In this case, since the thermal electron
emission depends on temperature and the temperature is
determined by the balance of energy fluxes onto the particle,
which in turn depend on the particle potential, the problem of
determining the particle charge and temperature is to be
solved self-consistently. By way of self-consistent solution to
the charge±energy balance equations for a nanoparticle in
plasma, Martynenko et al. [68] found its potential and
equilibrium temperature Tp with the inclusion of thermal
electron emission. It was shown that two stable nanoparticle
states may exist in the plasma under certain plasma para-
meters: one state with a lower temperature and a negative
potential, and the other with a higher temperature and a
positive potential. The realization of one state or the other
depends on the initial conditions. For a positive potential
there is no barrier for electrons that arrive at the particle, and
the thermal electron emission effectively heats the particle:
every emission electron carries away an energy equal to the
work function w, and instead an electron arrives from the
plasma to bring an energy 2Te � w. That is why, a positively
charged particle has a temperature which exceeds the
temperature of ions and neutral atoms. The critical degree
of plasma ionization acr, beginning from which only positive
nanoparticle potentials are possible, is less than 1% for an
electron temperature Te � 0:5 eV and a vapor density
n � 1018 cmÿ3, with acr lowering with increasing Te and
decreasing n. Hence, it follows that the condensation of
vapor is impossible for the degrees of ionization actually
existing in the plasma of vaporizedmaterials, even though the
vapor atoms may cool off, i.e., dust particles cannot be
formed in the volume and the bulk of eroded material is
deposited on the surface in the form of atoms or ions.

The agglomeration of dust particles in plasma was first
theoretically considered by Boufendi and Bouchoule [69].
They assumed that negatively charged particles levitate in the
electric field above the wall surface and stick together until
their charge increases to the extent that Coulomb repulsion
prevents the particles from sticking together. In this case, the
greatest particle size was estimated at 1 mm. During levita-
tion, the particles grow due to the deposition of atoms and
ions to assume a spherical shape. The levitation terminates for
some critical particle size, when gravitational forces, which
are proportional to the cube of the particle size, and/or the
entrainment force of ion flux, which is proportional to the
square of the particle size, exceed the force, which is
proportional to the particle size, experienced by the charge
in the electric field of the wall. However, it remains unclear
why a negatively charged particle levitates near the wall
instead of drifting to the central plasma domain with a
positive potential.

The agglomeration of larger particles (� 10 mm) consid-
ered by Winter and Gebauer [41] implies the attraction of
particles due to thermophoresisÐ the motion of a particle
from a hot domain to a cooler one. In this case, they assumed
without adducing arguments that the particle is cooler than
the ambient neutral component.

The agglomeration of the dust particles levitating above
the wall surface is easier to understand if it is assumed that the
particle potential in the plasma is positive. Such particles are
attracted to the wall with a negative potential, but when the
particle approaches thewall at a distance of� 1 nm the tunnel
current from thewall recharges the particle to the negativewall
potential. After that, the particle recedes from the wall to
acquire a positive charge once more, in accordance with the
charge±energy balance described above, and is attracted to the
wall again. Therefore, the particle oscillates about the position
whereat the tunnel current onto the particle is equal to the
electron current from the plasma. In this case, the change in
particle charge fosters their attraction and agglomeration. The
particle levitating above the surface grows due to the fluxes of
ions and neutral atoms of eroding material onto the particle.
The authors of Ref. [41] believed that the particle assumed a
spherical shape in the course of such a growth. However, the
spherical shape is realized only for a high mobility of atoms
over the particle surface. Otherwise, the settling atoms are
immobilized at the place where they have deposited onto the
particle and a fractal structure grows. This was most clearly
shown by Budaev and Khimchenko [15].

According to Ref. [41], large particles should settle onto
the surface under the action of gravitational forces and the
pressure of ion fluxes. The dust particles deposited onto the
surface are covered by the atoms of eroding material and
hydrogen isotopes. In this case, a film with strong adhesion
may be formed.Under some deposition regimes, however, the
dust particles remain weakly coupled to the surface and are
easily mobilized in the course of tokamak operation or under
cleaning discharges. The question of the amount of easily
mobilized dust and the regimes of its production is important
to the functioning of tokamaks and in ensuring their safe
operation.

4.5 Plasma stabilization by dust injection
Of significant interest is the influence of dust on plasma
behavior. Until recently, investigations were primarily made
of low-temperature `dust' plasmas. Considerable progress has
beenmade in dust plasma investigations under conditions of a
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laboratory high-frequency (HF) discharge, a glow DC
discharge, and cosmic and radioactive plasmas [70]. How-
ever, it was shown recently that dust may play a role of no less
importance in high-temperature plasmas [71±75]. In these
experiments performed at a plasma-focus (PF) type pinch
facility it was shown for the first time that the presence of a
fraction of dust in the discharge entails a substantial
improvement in magnetohydrodynamic (MHD) stability of
the pinch under formation. These experiments were carried
out at the PF-3 facility, which is a Filippov type PF (plane
geometry of electrodes) [76]. The total capacitance of the
power supply was 9.2 mF, the highest charging voltage was
25 kV, and the highest storage energy was 2.8 MJ. Actually,
the case in point is a magnetic energy storage, wherein the
power supply energy is converted to the magnetic energy of
current at the stage of motion of the current-plasma shell
(CPS) towards the discharge system axis with the subsequent
current breaking and power peaking due to the development
of strong current instabilities in the resultant on-axis dense
pinch and the liberation of the stored energy on the plasma
load.

A schematic representation of the experiment is shown in
Fig. 19a. A dust target is produced on the axis of the system as
a freely falling stream of finely dispersed powder. Producing a
dust target with requisite parameters is a rather complicated
task in and of itself. The main complexity consists in the fact
that dust particles stick together to form large-sized agglom-
erates. To form the dust particle stream in the experiments
carried out at the PF-3 facility, advantage was taken of a
special device, which was located on the upper lid (cathode) of
the vacuum chamber and consisted of a dust reservoir, an
electromagnet, a forming flight-path tube, and a vacuum
valve. On filling up, the dust source is sealed, evacuated, and
then connected via a sluice valve to the discharge volume
filled with the working gas (Ne, P � 1±3 Torr). For dust
particles, use was primarily made of differently dispersed
Al2O3 powder (2±6 mm and 10±50 mm). Aluminum oxide
with the indicated dispersivity is characterized by a relatively
low shear strength and evenly issues under gravity through a
narrow conical annular slit, which opens on raising the core of
the electromagnet. By varying the slit height it was possible to
control the mass flow rate of the dust from the reservoir and,
accordingly, the density of the dust particle stream in the
region of interaction with the current shell. To form the
requisite profile of the dust flow, use was made of different
nozzles at the reservoir outlet and of variously shaped flight-
path tubes. Subsequently, the dust stream propagated freely
down to the anode surface. Under real experimental condi-
tions, the flight-path tube was filled with the working gas at
the same pressure as the working chamber, i.e., the dust
particles moved through the gas medium at a pressure of
several torrs along their � 75 cm-long path from the dust
source to the anode. The agglomerates formed in this case and
large particles traverse this gap with a free-fall velocity in
several tenths of a second. For particles � 10 mm in size, a
significant part is played by viscosity, with the result that a
free-molecular fall regime sets in. According to estimates
made for typical dimensions of dust particles and a working
pressure of several torrs, the equilibrium fall velocity, whereat
the force of gravity is balanced by the viscous force, is reached
rather quickly (in several tenths of a second). In this case, the
stationary (equilibrium) fall velocity u is defined by the
expression [75] u � 10a=P, where a is the particle size, and P
is the gas pressure.

Therefore, the separation of particles according to their
size occurs in the flight path. Since the total PF-discharge
duration amounts to only about 10 ms, the dust target may be
treated as a quasistationary one in the course of the discharge.
By varying the time delay between the actuation of the source
valve and discharge initiation (usually several seconds), it is
possible to purposefully change the parameters of the dust
target interacting with the high-temperature pinch plasma.

Experiments were performed with neon as the working
gas at a pressure of 1±3 Torr and a discharge current of 2.5±
2.8MA. The energy stored in the capacitive power supply was
5 500 kJ. To investigate the current-plasma shell dynamics,
use was made of a four-channel nanosecond image tube (IT).
Photographs were obtained perpendicular to the PF-3
chamber axis.

Referring to the images obtained using the IT, it is evident
that even at the early stages of a dust-free discharge and after
the highest compression the pinch is subject to differentMHD
instabilities which are responsible for pinch disruption
(Fig. 19b). However, the on-axis plasma retains a stable
shape for a long time in the case of discharges with a dense
dust column. Upon axial compression of the pinch it is not
disrupted and exists in a stable state for more than 1ms. Upon
axial compression, the shell rises along the dust column to
increase the pinch height. As a consequence, the pinch
formation mechanisms may considerably alter in the pre-
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sence of the dust load. In this case, it becomes possible to
purposefully control their course for the solution of the task
selected.

The experimental arrangement is such that the dust target
`sees' the current shell, which is compressed from the anode
edge (R � 46 cm) towards the axis for a long time (� 10 ms).
When a high-Z gas is used, the dust particles are exposed to
the high-intensity radiation from the shell even prior to direct
plasma±dust contact. Estimates given by Myalton et al. [75]
suggest that when use is made of, say, neon as the working
gas, a plasma shell temperature of 10±15 eV would suffice to
completely vaporize Al2O3 dust particles with a radius of 10±
20 mm.When the current-plasma shell reaches the dust target
domain, the physical picture of the interaction involving dust
is complicated by additional effects like momentum and
energy transfer in the shock-wave interaction of the high-
velocity dense plasma with the dust particles, ion sputtering,
the ionization of neutral particles by electron impact, etc.

Therefore, a rather efficient evaporation and ionization of
the dust particles occur due to the volume nature of the
interaction of dust particles with the plasma and radiation,
providing additional plasma sources in the pinch domain and
`smoothing' the development of MHD instabilities. The
degree of stability rises upon increasing the linear mass of
the target. Under the assumption that the dust particles are
completely vaporized, the gas density in the pinch formation
domain may exceed the initial neon density in the chamber by
two orders of magnitude. Naturally, this has an effect on the
CPS dynamics and the parameters of the pinch being formed.
Increasing the linear number of the particles will inevitably
entail a lowering of the plasma temperature.

Thus, the main factors of discharge stabilization relative
to MHD instabilities are the increase in plasma density and
the lowering of plasma temperature.

Recently, experiments were carried out at the ASDEX
(Axially Symmetric Divertor Experiment) tokamak [77]
aimed at the investigation of the influence of these fac-
torsÐ increasing the density and lowering the temperature
of the wall plasma layer (SOL)Ðon discharge stabilization.
For this purpose, nitrogen was admitted into the divertor. An
increase in the frequency and a lowering of the amplitude of
ELMs resulted, which in turn may have the effect that the
ELM power density flux will be lower than the erosion
threshold. Furthermore, the admission of nitrogen entailed
a general discharge stabilization at the ASDEX tokamak. In
this case, the increase in radiation caused by the admission of
nitrogen was observed only in the divertor region.

Experiments involving dust admission were performed at
the Japanese NAGDIS-II facility [78], in which a beam-
plasma discharge is employed to study the interaction of
plasma with materials. CxHy dust with diameter d < 5 m was
poured from above onto a plasma cylinder.

The evaporation of the dust also resulted in a lowering of
the plasma temperature. The plasma density rose insignif-
icantly. The dust injection resulted in lowering the plasma
energy flux onto the wall by 20% on average.

Therefore, the feasibility of stabilizing discharges in
tokamaks by means of dust injection has already been
demonstrated.

Evtikhin and Golubchikov [79] came up with the idea of a
dusty divertor, in which a jet of small balls or dust had to
withstand the plasma power flux. In this case, the dust, along
with the divertor, would serve to moderate ELMs and
stabilize discharges.

To solve divertor problems, Evtikhin et al. [80] proposed
the use of capillary-porous systems (CPSs) with liquid lithium
as divertor elements interacting with the plasma. In this case,
vaporized lithium plays the same role as vaporized dust and
weakens the action of ELMs and stabilizes discharges. As a
result, the energy flux onto the divertor becomes lower.
Furthermore, a solid CPS with renewable liquid lithium on
its surface is radiation damage-resistant in both the normal
regimes and in the presence of ELMs and disruptions. High-Z
materials of the solid CPS will not find their way into the
plasma, which lowers the radiative plasma cooling. Experi-
ments with a lithium divertor at the T-11 tokamak [81, 82]
showed a lowering of impurity influx into the core plasma and
an improvement in the discharge parameters. In this regard,
the authors of Ref. [81] assert that the splashing of liquid
lithium during droplet formation would be suppressed due to
the capillary forces of liquid lithium in the CPS, unlike the
case of the interaction of a high-energy plasma flux with the
free surface of liquid lithium in ELMs and plasma disrup-
tions. One would even expect that the resultant lithium
droplets would easily vaporize, so that the utilization of
liquid lithium as a material contacting the plasma may
perhaps open the way to a lowering of dust production in
tokamaks.

4.6 Dust±surface interaction
During the injection of dust into a plasma, part of the
particles do not have time to vaporize and find themselves
on the surface of plasma-facing tokamak components. The
problem of interaction between the dust particles accelerated
by plasma flows or electric fields and the surfaces emerges. Of
interest in this connection are the findings of Myalton et al.
[75] concerning dust injection into a `plasma focus', who also
investigated the films formed in the deposition of dust flows
on collectors.

The character of deposited films depends significantly on
the density of the dust target and accordingly on the energy
input per dust particle, which could be changed by varying the
instant the dust admission valve was opened relative to the
instant of pinch discharge. This character also depends on the
position of a collector on which the film was deposited.
However, in all cases the dust particles were transformed
into particles of a smaller size, i.e., into nano- and micro-
particles, which made up the films on the collectors.

The existence of droplet tracks on a collector arranged at
an angle to the incident flux (the flow density is lower than on
a collector perpendicular to the flow), and of round droplets
on the collector perpendicular to the flow shows that part of
the dust particles do not vaporize completely and reach the
collectors in a melted form.

Upon injection of a high flux ofmicrometer-sizeddust into
the discharge, particles measuring 200 nm, which could be
classified as nanoclusters formed from supersaturated vapor,
were discovered along with the above droplets. Their spatial
distribution was indicative of the isotropy of expanding vapor
flow. An elemental analysis revealed that the composition of
the deposited film corresponded to Al2O3 dust composition.

Upon injection of a lower dust flux into the discharge and
accordingly for a higher energy input per particle, the surface
density of 200-nm clusters rose nearly to the limit: to 20
particles per mm2. This corresponds to an almost complete
packing of the surface with clusters.

Themost interesting film surface structures were observed
for the highest energy input per dust particle. Domains of
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ordered clusters, which made up a mesh, formed on the
surface of the collector perpendicular to the flux (Fig. 20a).
As a rule, these domains formed inside the region with clearly
defined boundaries. The domains measured about 5 mm. The
characteristic mesh pitch inside the domains was 0.5 mm. The
mesh could be either rectangular or circular in type. But the
mesh pitch was the same in both structures. The surface
cluster density was 6 clusters per mm2.No particles of themelt
were found in these regimes: the specific energy deposition per
particle was supposedly sufficient to completely vaporize the
initial powder. Inside certain domains, the film surface was
covered with cracks, which divided the material into cells of
characteristic size 1±2 mm. At the edges of the domains, the
clusters limited by such cracks had the shape of snowflakes or
fractal clusters (Fig. 20b). The cracks may be formed in the
emergence of tensile stress in the films under cooling. The
crack pattern, which is reminiscent of snowflakes, is due to
the fact that the stress is removed from the greatest film
surface area for a minimum overall length of the cracks,
similarly to the removal of compressive stress in deposited
films due to the formation of wrinkles [83].

In the highest energy input regime, round-shaped particles
approximately 1 mm in diameter form on the collector
arranged at an angle to the incident flux, which result from
the agglomeration of smaller-diameter particles (� 200 nm)
(Fig. 20c). Similar fractal particles with a large sorption
surface were also obtained in high-energy plasma discharges
at the T-10 tokamak [22] and the plasma gun of a quasista-
tionary plasma accelerator [83].

Therefore, it was shown that in all experiments involving
injection of dust it was transformed into particles of smaller
size, i.e., into nano- and microparticles, which made up films
on the collectors. Conditions were determined whereat the
dust material is deposited on collectors in the form of fractal
particles, or nanoclusters, which self-organize into mesh type
structures. These structures have a highly developed surface
area, which is of consequence for the catalytic activity of the
films and may be of significance not only for a thermonuclear
reactor, but also for different technological applications.

4.7 Findings
(1) The existence of dust in tokamaks and the prevalence

of a nanoparticle fraction have been established.
(2) The hydrogen content in the dust was shown to be

moderate, D/C<1%.
(3) There are well-founded models of dust production.
(4) The feasibility of plasma stabilization by dust injection

has been demonstrated.

(5) The dust injected into a plasma is transformed into
dust particles of a smaller size and vapor, which settle on
plasma-facing surfaces in the form of fractal particles, or
nanoclusters, self-organizing intomesh type structures. These
structures possess a strongly developed surface area.

(6) Data on the amount of dust produced are insufficient.
(7) Data on the mobilization of dust during working

pulses and cleaning discharges are scarce.

5. Conclusion

The present-day outcome of investigations into nanostruc-
tures in thermonuclear facilities is an extensive database of
nanostructured films and dust formed in thermonuclear
facilities. Today it is known how the nanostructured films
and dust are produced and where they are accumulated in
tokamaks, and where deuterium and tritium are mostly
accumulated.

An understanding has been gained of how to moderate or
optimize the formation of nanostructured films and dust by
selecting tokamak discharge regimes, choosingmaterials, and
maybe resorting to new approaches like the use of liquid-
metal or droplet walls.

The possibility of stabilizing tokamak discharges by
purposeful injection of dust into tokamaks has already
surfaced.

Meanwhile, such issues like hydrogen accumulation in
redeposited tungsten films, the adhesion and strength of the
nanostructured films, and themobilizability of dust, as well as
the chemical activity of nanostructured films, need further
careful consideration.
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