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Abstract

An analysis of erosion products deposited inside the T-10 tokamak vacuum chamber revealed the presence of two

groups of substances: carbon films and dust microparticles. Specimens of the carbon films were investigated using

scanning and transmission electron microscopy. In terms of microstructure, the films appeared to be either smooth

(homogeneous) or globular, that is, formed by globe-shaped microparticles. Dust specimens were also collected and

analysed. Particles with count median diameter of 10–15 nm were detected. The deuterium concentration in the sampled

erosion products was measured using the SIMS/RGA technique.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The object of this study was to characterise the hy-

drogenated carbon erosion products (films and dust)

formed in the T-10 tokamak operating in the Kurchatov

Institute. The content of hydrogen isotopes in the car-

bon erosion products and their mobilisation also were

under study.

Table 1 presents the key parameters of the T-10

tokamak which has a stainless steel vacuum chamber and

is equipped with a movable limiter and a fixed ring-

shaped diaphragm. Both of these plasma facing compo-

nents are made of fine-grade pyrolitic graphite MPG-8.

The operational availability and safety of the Inter-

national Thermonuclear Experimental Reactor (ITER)

are affected by the erosion of plasma facing materials,

which requires the divertor replacement and the in-vessel

tritium inventory control. The hydrogen-to-carbon (H/

C) atomic ratio in soft co-deposited carbon films can

exceed unity [1]. It is important to determine the rates of

hydrogen and carbon isotope removal from hydroge-

nated carbon films resulting from temperature changes.

Another issue is dust: its detrimental effects as well as

mobilisation and catalytic properties depend on the size

of dust particles.

Some of these problems are studied using both op-

erating tokamaks and laboratory facilities simulating

ITER conditions. The characteristics of co-deposited

layers are reviewed in [1–7]. A series of dust charac-

terisation studies were recently performed at INEEL

(USA) by Carmack et al. using the DIII-D and TFTR

tokamaks and the SIRENS accelerator [8–10]. Studies

conducted in Russian laboratories focused on the sim-

ulation of ITER plasma disruptions [11,12]. In the latter

studies, dust particle size distribution histograms relat-

ing to plasma disruption conditions showed two distinct

peaks – at 10–30 nm and 2–4 lm.

2. Dust and film collection

The previous work has shown that a reliable dust

sampling technique is required to obtain representative

dust specimens suitable for the analysis.
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Like in the DIII-D and TFTR, we collected dust

specimens from the vacuum chamber surfaces by vac-

uum suction onto filter substrates following the vacuum

chamber vents after the completion of the experimental

campaigns. Erosion products were vacuumed through

1–3 lm pore size ash-free nitrocellulose filters or through

basalt-fiber or glass-fiber filters with fiber diameters

ranging from ’0.3 to ’1 lm.

The dust specimens of the second type were produced

during the tokamak plasma discharges and deposited

in situ onto substrates fixed on a movable rod within the

vacuum chamber nearby the limiter and the diaphragm,

225 mm away from the plasma column. The location of

the rod carrying a dust collector is shown in Fig. 1. The

rod could be removed from the chamber between

chamber vents. Basalt-fiber, glass-fiber, quartz-fiber fil-

ters, and copper meshes covered with amorphous carbon

films served as dust collectors.

Specimens of carbon films were collected within the

vacuum chamber in cross-sections A and D, that are

mutually perpendicular in the toroidal direction (see Fig.

2). Due to the proximity of cross-section A to the limiter

and the diaphragm, the temperature there is much

higher than at cross-section D, which is about 2.4 m

away from these components. Access to the vacuum

chamber bottom was provided by removing top flanges

at cross-sections A and D. There is also a bottom flange

at cross-section A which was removed during vents. It

contained erosion products on its plasma facing surface.

3. Film and dust microstructure

The microstructure of films collected in the T-10

vacuum chamber was studied using an optical micro-

scope, a scanning electron microscope (SEM) and a

transmission electron microscope (TEM). The study

revealed the existence of smooth, or homogeneous, and

globular film types [3,13,14].

The globular films were collected by vacuum suction

from the lower surfaces of the vacuum chamber interior

(particularly the diaphragm bottom), at cross-section A.

They have probably flaked off from their initial locations

during the venting, e.g. at air ingress into the chamber.

Such films were also found on the bottom flange at the

same cross-section and were extracted from oil used in

the T-10 vacuum pumping system. One can see from

Fig. 3(a) that some of the film on the diaphragm is

peeling off and has cracks.

A relatively low-magnification SEM microphoto-

graph of the globular film surface (Fig. 4) shows a rather

uniform cauliflower pattern over the specimen surface.

The globule diameter (up to 30 lm) is commensurable

with the thickness of the film. This suggests that the film

is, in fact, a monolayer made up of globules.

A diffraction laser microanalyzer with the resolution

of 0.22–1100 lm was used to determine the size distri-

bution of microparticles making up the globular films. A

histogram showing such a microparticle size distribution

is given in Fig. 5.

Smooth carbon films are formed at some distance

from the limiter and the diaphragm, in particular at
Fig. 1. Arrangement of the movable limiter and the ring dia-

phragm in the T-10 tokamak vacuum chamber.

Fig. 2. Cross-sections of the T-10 vacuum chamber.

Table 1

T-10 tokamak major parameters

Minor vacuum chamber radius, m 0.39

Major vacuum chamber radius, m 1.5

Magnetic field, T 2.0–2.4

Plasma current during 2000 campaign, kA 100–330

Plasma discharge duration, s <0.5

Electron temperature in plasma core, keV 1.0–3.0

Electron temperature near the wall, eV 15–20

Ohmic heating power, kW 100–400

ECR heating power, MW 1.0

Plasma density in plasma core, cm�3 ð8–30Þ � 1012

Plasma density near the wall, cm�3 1� 1012
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cross-section D. The surface of these films has cracks

and other defects (Fig. 3(b)) causing their flaking and

separation. They were easy to remove mechanically (by

scraper) or by vacuuming.

In terms of microstructure, the surface of smooth

carbon films is very different from that of the globular

films discussed above. The relief of films vacuumed from

surfaces facing both the chamber wall and the plasma

(see Fig. 6) was virtually the same. The only difference

was the amount of impurities. No microparticles form-

ing the smooth films are observed. This means that the

smooth films have probably been formed from micro-

particles smaller than 100 nm. The thickness of the

smooth films is from 3 to 20 lm.

The smooth carbon films collected in the T-10 vac-

uum chamber were of two types: black, with soot

particles on the plasma facing surface (No. 1); and

reddish-gold semitransparent films (No. 2). The differ-

ence in colouring of carbon films usually reflects differ-

ent temperatures of the film formation: the black films

are formed at higher temperatures than the reddish-gold

ones. Both film types have practically the same micro-

structure.

The SEM and TEM images (Fig. 7(a) and (b), re-

spectively) of dust microparticles collected from the T-10

Fig. 6. Top view (at an angle of 20�) of the plasma facing side

of a smooth film deposited inside the T-10 vacuum chamber at

cross-section D.

Fig. 3. (a) Segment of the ring diaphragm nearby cross-section

A, covered with globular films; (b) bottom flange at cross-

section D, covered with smooth films.

Fig. 5. Histogram of particle size distribution in a globular film

deposited on the T-10 diaphragm surface.

Fig. 4. Microstructure of a globular film formed close to the

T-10 limiter and diaphragm.
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vacuum chamber onto a glass-fiber filter reveal a con-

siderable size variation: from submicron particles with

diameters of only 10–40 nm to relatively large (several

tens of microns across) agglomerates of globe-shaped

microparticles with diameters of 10–40 nm each.

4. Deuterium concentration measurements

The concentration of deuterium in hydrogenated

carbon films was determined using a combination of

secondary ion mass spectroscopy (SIMS) and residual

gas analysis (RGA) techniques. Measurements were

performed while the film surface was sputtered with Ar

ions to the depth of 0.4–1.0 lm.

Various forms of hydrocarbon films can be distin-

guished by the content of (sp2)C, (sp3)C and hydrogen

[15]. Previous studies involving the analysis of carbon–

deuterium substances [16] showed that SIMS detects

only D atoms bound to (sp2)C atoms. The other part of

deuterium, trapped by sp3 orbitals of C atoms can be

detected as D2 molecules by RGA.

We assume that the sputtering rate of hydrogenated

carbon films is roughly equal to that of pure graphite.

The sputtering rate of a highly ordered pyrolytic

graphite was estimated with an accuracy of 20% as a

ratio of the depth of a crater produced on the graphite

surface by sputtering to the sputtering time [16].

The SIMS D� and CD� signals are well correlated

and reflect D atoms bound up with (sp2)C atoms, as

mentioned above. The intensity of the C� reference

signal was used for standardization of the SIMS signals.

In this approach, neither the changes in the primary

argon ion current nor the position of the hydrocarbon

film being analysed influenced the D concentration mea-

surements. The SIMS signal was calibrated by measur-

ing the D�and CD- signals in graphite implanted with 3

keV D ions at 300 K to a fluence of 5� 1022 D/m2, so

that the maximum atomic ratio D/C for D atoms asso-

ciated with (sp2)C atoms was 0.12. The uncertainty of

SIMS calibration was about 20%.

The amount of D2 molecules, released from sputtered

layers and reflecting the trapping of D atoms by the sp3

orbitals of C atoms, was estimated based on the D2

sensitivity factor for RGA quadrupole mass spectrom-

etry (QMS) and the known pumping speed. The uncer-

tainty of RGA QMS calibration was about 40%. The use

of two quadrupole mass spectrometers made it possible

to register the SIMS and the RGA signals simulta-

neously.

In graphite irradiated with D ions at 300 K the

maximum atomic D/C ratio for D atoms bound up with

(sp3)C atoms was of 0.2 [16]. Hence, taking into account

the concentration of D atoms bound up with (sp2)C

atoms, we found that the maximum value of the total

atomic D/C ratio in the D-irradiated graphite measured

by the combined SIMS/RGA technique was 0.32. This

ratio is very close to the value measured by nuclear re-

action analysis [17].

We used also the Rutherford backscattering (RBS)

and elastic recoil detection (ERD) methods to verify

the data obtained in SIMS/RGA measurements. The

component composition was determined by the RBS

method. Absolute hydrogen isotope concentrations and

depth profiles in the co-deposited carbon films were

obtained by the ERD analysis [18].

4.1. Deuterium concentration in carbon films

Depth profiles of deuterium concentration were de-

termined from both sides of deuterated carbon films

collected within the T-10. The results are shown in

Fig. 8.

Under the combined SIMS/RGA analysis, deuterium

in the smooth films was detected only by RGA and was

not observed in the SIMS measurements. This suggests

that practically all the deuterium atoms are bound to the

sp3 orbitals of C atoms. The atomic D/C ratios in

smooth films increase from the surface value to the level

of about 0.37 and 0.78 for films No. 1 and No. 2, respec-

tively (Fig. 8(a)). In deep layers (>250–300 nm from the

surface) the D/C ratios remain at these levels practically

Fig. 7. Glass-fiber filter with dust microparticles vacuumed

from inside the T-10 vacuum chamber: (a) SEM; (b) TEM.
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constant. The average values of steady-state deuterium

concentrations determined by SIMS/RGA and ERD/

RBS methods are in agreement within the experimental

uncertainty of 20% for every type of films [18]. Con-

sidering the high concentration of deuterium in smooth

films, we infer that the films show properties typical of

soft, polymer-like a-C:D layers [3]. The densities of C

atoms in such layers are between 4.4 and 4:5� 1028 m�3.

Globular films have a D/C atomic ratio of ð2:0�
0:5Þ � 10�3 in the bulk of the specimen. Higher values

observed at the surface (up to 0.15) can be attributed to

surface saturation with gaseous deuterium available in

the vacuum chamber (Fig. 8(b)).

4.2. Deuterium concentration in dust

The deuterium concentration in dust specimens vac-

uumed from the T-10 diaphragm bottom onto a glass-

fiber filter was also measured by the SIMS/RGA

technique and is shown in Fig. 9.

Unfortunately, the vacuum suction method does not

ensure that all the dust is collected by filters. We believe

that dust settling on upper filter layers provides a more

representative picture of the whole spectrum of dust

particles occurring in corresponding tokamak areas than

the material that had passed through the upper layers

and deposited on lower ones. The D/C atomic ratio in

dust captured by the upper filter layers is about 0.01,

which is far less than what we observed in the smooth

films. Apparently, this is due to a much higher temper-

ature nearby the limiter and the diaphragm where dust

was formed, than at a distance from these elements,

where the smooth films co-deposited.

4.3. Effect of annealing on D/C atomic ratio in smooth

carbon films

Fig. 10 shows effect of the annealing in air on the D/C

atomic ratio in smooth carbon films. The initial film

thickness was 20–25 lm. The annealing duration, at all

the temperatures, was 32 h. For every annealing, fresh

films were used. Deuterium concentration was measured

by the combined SIMS/RGA technique. We present our

data along with results obtained by Causey et al. [7,17],

who studied hydrogen isotope release from ’50 lm

Fig. 9. D/C atomic ratio profile for dust specimens vacuumed

from the T-10 diaphragm and deposited onto a glass-fiber filter.

Fig. 8. D/C atomic ratio profiles for specimens of smooth (a)

(top) and globular (b) (bottom) co-deposited films collected in

the T-10 tokamak vacuum chamber. L – total film thickness.

Fig. 10. D/C atomic ratio in co-deposited smooth carbon films

formed in T-10 and TFTR vs. temperature of annealing in air.
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thick carbon layers deposited on TFTR tiles under their

annealing in air for 0.5 h.

The D/C atomic ratios in films deposited on TFTR

tiles agree well with those in the smooth film No. 1

practically across the whole range of temperatures, from

room temperature to 673 K. The small difference be-

tween the D/C concentrations in the range from 423 to

623 K is probably due to a different annealing duration

in our experiments and those by Causey et al. The D/C

atomic ratios for film No. 2 are the same at temperatures

above 370 K.

5. Conclusions

The erosion products deposited on the T-10 in-vessel

surfaces consist of co-deposited carbon films and dust

particles.

We observed dust particles of submicron size with a

few tens of nanometers across. Some of form agglom-

erates that had apparently been generated in plasma.

There are also dust particles of micron-size.

Two types of co-deposited carbon films were found in

the T-10 tokamak. The first type are smooth films, which

can be either black, containing soot particles on the

plasma facing surface, or semitransparent reddish-gold

films. The black and reddish-gold smooth films have

practically the same microstructure. The carbon films of

the second type have a globular microstructure.

The D/C ratios in the smooth films increase from the

surface value to the level depending on the film type –

0.37 for the black films and 0.78 for reddish-gold ones.

In deep layers (>250–300 nm from the surface) the D/C

ratios remain at these levels practically constant.

In the globular films, the D/C ratio (<0.01) is far less

than in the smooth films.

The most reliable value of the D/C atomic ratio in the

carbon dust collected from the T-10 diaphragm bottom

is about 0.01.
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