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Abstract. The structure and composition of the deuterocarbon films, formed on the internal surfaces of the T-10 
tokamak vacuum chamber and on the stainless steel mirror-specimens positioned inside the T-10 tokamak upper 
stub pipe during the experimental campaigns in spring-summer of 2002 and autumn of 2003, are compared. 
Before the 2003 experimental campaign the ring diaphragm made of MPG-8 graphite was removed from the 
tokamak and MPG-8 graphite in the movable limiter was replaced by RGT-91 graphite. All the films have a 
multilayer structure. In the 2002 campaign all the films had homogeneous layer structure and smooth surface 
without any signs of physical sputtering. The films formed on the chamber walls in both campaigns were “soft” 
and had reddish-brown colour. The average atomic D/C ratio in these films during 2002 campaign was of 0.66. 
The “soft” film formation was caused by the plasma–wall interaction during the vacuum chamber conditioning 
under deuterium discharges. Preliminary X-ray diffraction analysis suggests that these films have amorphous 
structure and contain from 4 to 10 % fullerene-like substance with lattice constant in the range of 1.2–1.4 nm. 
Mirror surfaces could be screened during chamber conditioning and exposed to plasma only during working 
discharges. The films on mirrors were thinner than those on the vacuum chamber walls and, as a rule, 
semitransparent. The films deposited on the mirror surface, exposed to plasma only during working discharges, 
in 2002 were “hard” with D/C = 0.26. Two crystalline phases with interplanar spacings of 0.359 and 0.304 nm at 
the Bragg angles 2θ of 24.8 and 28.8o respectively were revealed in a diffractogram of these films. In the 2003 
campaign both types of films (formed on vacuum chamber walls and deposited on mirror specimens) were “soft” 
with D/C ratio of 0.57 and 1.55 respectively. Deuterium concentration in the films is determined by the 
temperature of film formation  – <370 K on mirror specimens and ~520 K for reddish-brown films. In 2003 the 
films were thicker by several fold than in 2002. Formation of globular structure was observed on a reddish-
brown film in 2003. Deposition of “soft” films on mirror specimens open to exposure only during working 
discharges is caused by the increase of the plasma–wall interaction intensity in 2003. 
 
1. Introduction 
 
Two types of re-deposited deuterocarbon films (homogeneous and globular) differing in their 
surface structure and internal texture were found inside the T-10 tokamak vacuum chamber 
[1]. Other films similar in their microstructure to the homogeneous ones, but differing from 
them in hydrogen isotope content have formed during the same experimental campaigns on 
the smooth plasma facing surfaces of the stainless steel mirror-specimens positioned inside 
the upper stub pipe of the T-10 tokamak vacuum chamber [2]. Basic characteristics of the 
films deposited on the vacuum chamber walls and mirrors during the 2002 and 2003 
experimental campaigns of T-10 tokamak are compared in this study. 
 
2. Experimental Technique 
 
The 4 mm thick 04Kh16N11MЗT (SS316) stainless steel mirror specimens that measured 9 
mm by 9 mm were exposed in the upper diagnostic port of the T-10 tokamak limiter cross-
section, 22 cm distant from plasma. Mirror surfaces were screened during chamber 
conditioning by a shutter and were exposed to plasma only during working discharges. During 
the 2002 and 2003 experimental campaigns the mirrors were located in the same positions, 
facing plasma. Their temperature was <370 K. The films which formed on the vacuum 
chamber walls and flaked out from it were collected from the vacuum chamber bottom. 
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The typical parameters of T-10 discharge are as follows: working gas is deuterium, plasma 
current is in the range 200–400 kA during 1 s, toroidal field is 2.8 T, electron temperature in 
the plasma column center Te(0) = 1 keV during ohmic heating stage. It is increased up to 
2.5 keV at the stage of electron cyclotron resonance heating. The electron density averaged 
along the central chord ne = (1–6) × 1019 m-3. The ion temperature in the plasma column 
center is 450–600 eV at both stages. 
 
Usual configuration with the ring diaphragm and the movable limiter made of MPG–8 
graphite was used in the T–10 tokamak in 2002. In 2003 the ring diaphragm was removed, 
and only movable limiter made of RGT–91 graphite was used. The change of central plasma 
parameters resulted from this modification was small, but the parameters at the plasma 
column periphery changed significantly and the intensity of plasma–wall interaction greatly 
increased. 
 
The vacuum chamber baking up to 200 oC as well as chamber surface cleaning by inductive 
H2 or D2 discharges, and He or Ar glow discharges preceded every campaign. During 
experimental campaigns, vacuum chamber was conditioned practically every night. The data 
on duration of the vacuum chamber conditioning modes and working plasma discharges are 
presented in Table 1. 
 
TABLE I: BASIC DATA ON VACUUM CHAMBER CONDITIONING MODES AND WORKING 

DISCHARGES. 
 

Year Baking, h Inductive discharges, h Glow discharges, h Working discharges, s 
2002 897 35 (H2), 270 (D2) 86 (He)  1620 (H2) 
2003 367 24 (H2), 79.5 (D2) 19 (He), 2 (Ar)  212 (H2) 

 
The film thickness was measured using TENCOR Instruments profilometer and Rutherford 
backscattering (RBS) analysis. The RBS in combination with the resonance elastic scattering 
was measured in the Van de Graaf accelerator in which a 2-MeV proton beam was 
backscattered from a specimen under study at 170o to its surface. The distribution of hydrogen 
isotopes in depth of films was measured using the elastic recoil detection analysis, in which a 
1.9-MeV He+-ion beam hit a specimen. Phase film composition was determined studying X-
ray diffraction in the Dron-4 diffractometer. 
 
3. Experimental Results and Their Short Discussion 

 
The deposited films were observed on the vacuum chamber walls and mirror specimens after 
T-10 tokamak operation. It means that redeposition predominated over erosion on these 
surfaces under the tokamak operation conditions both in 2002 and 2003. The films formed on 
the vacuum chamber walls were yellow and reddish-brown. The surface of films on mirrors 
looked shining and smooth. The film colour varied from golden-crimson to violet-green. The 
films had very homogeneous fine-dispersed structure with inclusions of isolated 1–3-µm 
spherical particles and flakes up to 25 µm in length [2]. These inclusions originated from 
brittle destruction of the limiter under plasma disruptions. According to RBS data, the 
deposits on mirrors basically consist of carbon and hydrogen isotopes with 8-16 at.% oxygen. 
 
Deuterium and protium concentration profiles in depth of reddish-brown films formed on T-
10 tokamak vacuum chamber walls (a) and across films deposited on mirrors (b) in 
experiments of 2002 campaign are presented in Fig. 1. 
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FIG. 1. Deuterium and protium concentration profiles in depth of reddish-brown films formed on T-10 
tokamak vacuum chamber walls (a) and across films deposited on mirrors (b) in the 2002 

experimental campaign. 
 
Deuterium concentration across the reddish-brown film is practically uniform (about 35%). 
Atomic concentration ratio D/C = 0.66. Such an atomic ratio is usually attributed to “soft” 
films. Protium concentration decreases from 10% in the film bulk to 7% near the surface. It 
also decreases with the increase of the campaign duration. Deuterium in the films deposited 
on the mirror specimens is distributed sufficiently uniformly, except near-surface zone where 
the concentration decrease takes place. Unlike reddish-brown films, protium in these films is 
available only in near-surface layers. The D/C ratio in the films, deposited on a mirror 
specimen surface, which was closed by a shutter during vacuum chamber conditioning in 
2002 experimental campaign, was of 0.26 [2]. Such a ratio is attributed to “hard” films. 
Hence, the “soft” film formation probably is caused by the deuterocarbon re-deposition 
during vacuum chamber conditioning with deuterium inductive discharges. 

3 



                                                                                                             EX/P5-21  

 
 

FIG. 2. Deuterium and protium atom distributions in depth of films deposited on mirrors in 2003. 
 
The deuterium concentration in the reddish-brown films during 2003 experimental campaign 
practically did not change (D/C = 0.57). Deuterium and protium atom distributions across the 
films deposited on mirror specimens in this campaign are shown in Fig. 2. Atomic ratio D/C 
in these films was of 1.55. Such a ratio is typical for “soft” films. Deuterium concentration in 
these films is almost 3 times as many as in the similar films deposited in 2002 (see Fig. 1b). 
Hence, the films deposited in 2003 experiments on the mirror specimens were “soft”, though 
experimental conditions were similar to those of 2002 campaign (mirror specimen position, 
screening of the mirror specimens by a shutter during vacuum chamber conditioning). At the 
same time, protium in the both campaigns was available only in the near-surface layers, what 
is due to screening of the mirror specimens during the vacuum chamber conditioning. Since in 
2003 characteristics of the central plasma did not change essentially unlike parameters on the 
periphery of the plasma column, increase of deuterium concentration in 2003, apparently, is 
due to higher intensity of interaction between peripheral plasma and surface after removal of 
the diaphragm and replacement of MPG-8 graphite in the movable limiter for RGT-91 
graphite which appeared to be insufficiently annealed. 
 
Higher deuterium concentration (D/C = 1.55) in the films deposited on the mirror specimens 
in comparison with its concentration in the reddish-brown film (D/C = 0.57) is determined by 
different temperatures of the film formation. According to [3], reddish-brown colour of a film 
is evidence that the film formed at a temperature of about 520 K, whereas a mirror specimen 
temperature was <370 K. 
 
A diffractogram fragment of a reddish-brown film is shown in Fig. 3. The diffuse image of 
the spectra at the Bragg angles 2θ of 10-15o and ~25o suggests that the film have amorphous 
structure. According to a preliminary quantitative phase composition analysis performed 
using the PHAN% code, attached to the Dron-4 diffractometer, the reddish-brown films 
contain up to 10 vol.% fullerene-like substance with the lattice spacing in the range from 1.2 
to 1.4 nm and from 90 to 96 vol.% graphite with the interplanar spacing in the range of 0.87–
0.90 nm. The photoluminescence excitation spectra of flakes collected in the T-10 tokamak 
[4] indicated a similarity to those for C60 thin films, since both systems possess common 
structure elements (sp2 aromatic rings and sp3 structures). 
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FIG. 3. Diffractogram fragment for a reddish-brown film formed on vacuum chamber wall. 
 

 
FIG. 4. Diffractogram fragment for a film deposited on a mirror specimen in 2002. 

 
A diffractogram fragment for a film deposited on a mirror specimen in 2002 is presented in 
Fig. 4. The analysis of this diffractogram shows that all the carbon is chemically bound with 
deuterium, protium and oxygen atoms as well as with hydroxyl compounds. Two peaks 
corresponding to deuterocarbon substance with interplanar spacings of 0.359 and 0.304 nm 
were revealed in the diffractogram at the Bragg angles 2θ of 24.8 and 28.8o respectively. 
 
The rate of film deposition onto the mirror, closed by a shutter during the vacuum chamber 
conditioning, calculated on the basis of known exposure duration and film thickness, was 0.2 
nm/s in 2002 and 4 nm/s in 2003. 
 
Microstructure of the surface of a reddish-brown film formed on the vacuum chamber wall in 
the 2003 campaign is shown in Fig. 5. The film has globular structure unlike smooth surface 
of the reddish-brown film formed in 2002 campaign (see Fig. 6). Formation of the globular 
structure on the surface of a reddish-brown film we observe for the first time. 
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FIG. 5. Microstructure of a film formed on the vacuum chamber wall in the 2003 campaign. 
 
 

 
 

FIG. 6. Microstructure of a film formed on the vacuum chamber wall in the 2002 campaign. 
 

Microstructure of the end of such a film is presented in Fig. 7. The film is multi-layer, 140 µm 
thick. Though the 2003 experimental campaign was shorter than that of 2002 (it lasted only 2 
months), the film formed in the 2003 campaign was thicker by several fold than films formed 
in 2002 [1]. 
 
All these findings suggest that the processes, similar to those that occur under vacuum 
chamber conditioning, take place in the plasma column periphery during working discharges 
as a result of the movable limiter replacement for a new one which was not adequately 
oriented. 
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FIG. 7. Microstructure of the end of a film formed on the vacuum chamber wall in the 2003 campaign. 
 

Simulation studies, in which hydrocarbon films with the microstructure and the internal 
texture, similar to those of the films formed in tokamaks, were synthesized in an accelerator, 
have shown that “soft” films are not formed at irradiation temperature of 670 K. Under such 
conditions D/C was of 0.02 [5]. Apparently, in principle, formation of “soft” films with high 
hydrogen isotope content, in tokamaks equipped with carbon plasma facing elements, can be 
suppressed by keeping in-vessel elements temperature during the wall conditioning at 
sufficiently high level. 
 
The results of these experimental studies are summarized in Table II. 
 

TABLE II: BASIC PARAMETERS OF FILMS DEPOSITED IN T-10 TOKAMAK DURING 2002 
AND 2003 EXPERIMENTAL CAMPAIGNS. 

 
Film 

substrate 
Film thickness, 

µm 
Concentration, at.% 

 
D/C Year 

  C D H   
Wall 5 53 35 4-10 0.66-0.71 

Mirror 0.3 69 18 10 1.55 
2002 

Wall 140 49 28 7-11 0.66 
Mirror 0.7 34 52 10 1.70 

2003 

 
4. Conclusions 
 
1. During 2002 experimental campaign, “soft” films with D/C = 0.66 formed on the vacuum 

chamber walls while “hard” film with D/C = 0.26 deposited on a mirror specimen screened 
under the vacuum chamber conditioning by a shutter. 

2. “Soft” reddish-brown films have amorphous structure and contain from 4 to 10% fullerene-
like substance with the lattice spacing in the range from 1.2 to 1.4 nm and from 90 to 96 
vol.% graphite. 

3. The globular structure of a reddish-brown film was for the first time observed in the 2003 
experimental campaign. 
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4. Formation of “soft” hydrocarbon films is determined by processes of co-deposition and 
deuterium saturation during vacuum chamber conditioning. Hydrogen isotope 
concentration in the films depends on the temperature of film formation. 

5. Formation of “soft” hydrocarbon films on the mirror specimen screened under vacuum 
chamber conditioning during 2003 experimental campaign was caused by the presence of a 
new movable limiter, conditioning of which went on during working discharges. 

6. Based on simulation experiments [5], it seems possible, in principle, to avoid formation of 
“soft” hydrocarbon films by keeping surfaces on which films are formed at temperature ≥ 
670 K [5]. 
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