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ABSTRACT

First wall protection tiles manufactured from recrystallized graphite doped by Ti (RGTi) were extracted
from the first wall of the Globus-M spherical tokamak after being used as plasma-facing components
(PFCs) during more than 8000 pulses (more than 800 s). The analysis of chemical composition and struc-
ture of the irradiated tiles was performed by different methods. It was found that most of the tiles were
covered with mixed layers. In the deposits the amount of absorbed deuterium was measured and mini-
mum D concentration was found in the region of maximum power loads. Only a small amount of deute-
rium has been detected in the bulk of RGTi tiles exposed to plasma.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Globus-M is the first Russian spherical tokamak built at A.F.
loffe Physico-Technical Institute in 1999. It can operate with high
plasma density up to 10 m~> and high specific power deposition
into the plasma volume up to a few MW/m? [1]. Tiny plasma-wall
spacing and small ratio of the first wall area to plasma volume re-
sult in large power density loads to the first wall. Almost 90% of the
inner vacuum vessel (austenitic stainless steel) surface area, which
is directly faced to plasma, is now covered by RGTi tiles doped with
2 at.% Ti and 0.3-0.7 at.% Si, see Table 1, Fig. 1, [2,3]. A constant
plasma performance improvement was observed alongside with
increased RGTi tiles area. The PFCs were protected by B/C:H films
[4] using 7-8 procedures of boronization per year (20-30 in total).
Fig. 2 shows divertor plasma configuration (poloidal cross-section
of plasma equilibrium magnetic surfaces). The directions of main
power fluxes to target PFCs in the region of open magnetic field
lines called scrape-off-layer (SOL) are shown by the arrows.
According to power fluxes distribution in spherical tokamaks [5],
one could expect about 70-90% of power and charged particle
fluxes in SOL are directed towards the area of the outer divertor
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targets (toroidal belts covered by the tiles 1 and 2 in Figs. 1 and
2). During each Globus-M discharge between 0.5 and 1 MW of
power is launched into plasma and significant part of it is depos-
ited onto the outer target PFCs area of ~0.5 m% On the other hand
the power loads to the inner target PFCs (tiles 5, 6) is much less (4-
30 times). Tiles 3 and 4 are in the intermediate zone of even lower
power loads placed between separatrix “legs”. PFC tiles 7 and 8
miss main power flux in SOL, which is parallel to their surface.

The goal of the paper is to analyze the composition of surface
deposits on RGTi tiles (with respect to reference tile 9, which
was not installed in the device) after irradiation of tiles 1-8 by
Globus-M plasma during significant period of time (8000-12000
discharges, 800-1000 s total duration).

2. Analysis Techniques

The samples for analyses were cut out from the middle of tiles
1-8 and reference tile 9. For determining the D concentration in
the bulk, a surface layer of ~100 pm was removed by grinding.

Composition and morphology of the sample surface layers were
examined by electron probe microanalysis (EPMA) with energy
dispersive (EDX) and wavelength dispersive (WDX) X-ray spec-
trometers using a 5-30 keV electron beam [6] and by scanning
electron microscope (SEM with EDX, FEI, XL30-ESEM). In addition,
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Table 1
Parameters of RGTi and graphite single crystal (GSC). GSC data are from Russian
handbook on graphite crystals. RGTi data are from [2].

Material RGTi GSC

Density, g/cm> 224 -226 2267

Porosity, vol.% 02-05 0

Thermal conductivity at 400 K in [002]/[100] 100/500 ~100/1000
directions, W/m K

Interplanar spacing in [002]//[100] directions, nm  0.3357// 0.3354//

0.2132 0.2131
Graphite crystallite size, um 1-10 100

Fig. 1. Divertor RGTi tiles assembled inside Globus-M vacuum vessel. Number
labels 1 — 7 mark tiles, extracted for the analysis. The samples prepared for the
analysis have the same order numbers.

composition was analyzed by Rutherford backscattering (RBS) [7].
Deuterium depth profiles were determined by the D(*He,p)*He nu-
clear reaction in a resonance-like technique (NRA) [8]. To deter-
mine the D depth distribution, an analyzing beam of 3He ions
with energies varied from 0.69 to 3.2 MeV was used. D concentra-
tion profile in deeper layers was obtained with the computer pro-
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Fig. 2. Divertor configuration and equilibrium plasma magnetic surfaces. Numbers
has the same meaning as in Fig. 1.

gram SIMNRA [9] by deconvoluting the proton yields measured at
different *He ion energies.

Additionally, the integral deuterium retention in tiles was stud-
ied by thermal desorption spectroscopy (TDS) with using an elec-
tron impact for heating [10]. The heating rate was 3.2 K/s. The
releasing of D, and HD molecules was controlled by a quadrupole
mass spectrometer. An average value of the H, and D, sensitivities
was accepted as the sensitivity for HD molecules [10]. The struc-
ture of near-surface layers (up to 10 pm thickness) was studied
with X-ray diffraction technique (XRD) at angles of 26 =20-90°
using CuKo radiation.

3. Results
The XRD analysis has shown that all samples have a distinct

texture with basal plane (002) parallel to the vacuum vessel sur-
face. It has a well-ordered three-dimensional structure (Table 1,
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Fig. 3. SEM micrographs of the RGTi surfaces exposed to D plasma. Samples: 2- (a); 4- (b); 5- (c); 8- (d) magnified higher than (a) - (c).
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interplanar spacing, crystallite size). The precipitates of TiC cubic
carbide with sizes of 0.3-3 um have a tendency to locate with
(200) TiC face in parallel to (002) graphite plane. The observed
texture is correlated to the uniaxial pressing during the production
of the material (perpendicular to surface) [2].

The deposition of the metallic elements of vacuum vessel and
in-vessel components together with carbon and boron took place
on samples 1-6 (Fig. 3(a)-(c) and Table 2). Samples 7 and 8 were
subjected to erosion and destruction (Fig. 3(d)) and only very
low deposition. From XRD data of the samples 7 and 8, it followed
that the primary orientation of graphite was lost and that blocks of
graphite of a few micrometer size were turned to an arbitrary an-
gle. In this destroyed layer the titanium carbide content was in-
creased compared to sample 9.

Samples 1-6 were covered with deposits consisting of carbon,
oxygen, titanium and impurities (Table 2). In the EDX measure-
ments with 5-30 keV beam it was observed that deposited layer
on sample 3 contained carbon atoms in amount comparable with
boron atoms. The same conclusion follows from EDX studies of
samples 1, 2, 4-6 using 15 keV beam. The most deposition of boron
and carbon occurred on samples 3 and 4. If we assume that B/C de-
posit density is 5 x 10?2 at./cm’, the deposit thicknesses will be
2.6 pum. The minimal deposit thickness is about 1 pm. Besides bor-
on and carbon the deposits contained practically all elements of
constructional materials, which were in line-of-sight with the plas-
ma. The distribution of metals on samples 1-6 was more uniform
than of boron one. The tendency to higher metal deposition was
observed on samples 3-6.

Besides the elements mentioned above, the deposits contained
oxygen and deuterium (Fig. 4). The increased O concentration in
the near-surface layer may be connected with additional oxidation
of deposits in air.

Table 2
Partial thicknesses of deposits on different samples (10'€ at./cm?). EPMA data.
No Element
B Si Cr Fe Ni Cu W
1 83 6 17 44 5 1 4
2 63 1 30 75 9 3 6
3 659 0 45 112 13 3 7
4 646 2 53 139 18 7 6
5 198 8 39 102 13 4 2
6 94 0 45 120 15 5 7
7 1 4 4 14 2 1 0
8 0 11 2 7 0.3 0 0
9 0 5 06 4 02 0 0
100 .
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Fig. 4. Elemental depth distributions in sample 6 as determined from the RBS and
NRA spectra. Label Me indicates the integral concentration of metals Ti, Cr, Fe, Ni,
Cu.

Table 3

D retention in samples 1-8.

No D Deposit thickness D amount in D amount in
concentration  (RBS), 10'° at./ deposit (NRA), sample (TDS),
in deposit, at.% cm? 10'7 D/cm? 10'7 Djcm?

1 2 1.3 3.6 71

2 4 1.5 5.6

3 5 1.9 7.9

4 5 1.5 8.2 16

5 7 1.6 10

6 8 1.4 12

7 0 0 ~0.001 0.32

8 0 0 ~0.001

The deuterium concentration in mixed layers was below 8 at.%.
The deuterium content in mixed layers increases with sample
number. Significantly lower deuterium content was measured in
samples 7 and 8 (Table 3, NRA data). TDS measurements confirmed
the general tendency of increasing D content with sample number
and demonstrated that D concentration in RGTi bulk (after remov-
ing of 100 pm surface layer) turned out to be about 2 x 1073 at.%.
The maximal rate of HD and D, molecules release occurred at
600-900 K that was significantly lower than in the case of deute-
rium release from RGTi bulk [10]. This indicates predominant
retention of deuterium in deposits.

4. Discussion and conclusions

High heat resistance and low chemical erosion of RGTi was con-
firmed in a test-bed experiments and limited tokamak tests per-
formed beforehand [11-13]. In the current investigation of RGTi
behavior practically full area of the tokamak wall interacting with
the plasma was covered by RGTi tiles. Morphological and structural
analysis showed that recrystallized graphite doped by Ti may be
regarded as the adequate material for manufacturing of tokamak
divertor tiles. The tiles are not destroyed under the heat load of
~2 MW/m?. Also it is shown that the layers mixed from different
elements consisting of the in-vessel interior materials are depos-
ited onto the tile surfaces during tokamak operation. Mixed layer
is a potential trap for thermonuclear fuel, i.e. deuterium and tri-
tium and the permitted amount of retained tritium in the reactor
is limited. Taking into account the data of the Table 3, RGTi tiles
area and the total amount of deuterium injected into the plasma,
we can estimate the deuterium (tritium) retention coefficient for
the plasma-facing tiles, which is below 5%. It is a tolerable number
[14], however the analysis of mixed layers deposited in the “shad-
owed” zones (low temperature, or no plasma interaction) is neces-
sary to evaluate the global deuterium (tritium) retention, which is
the subject of future work. Deuterium retention in mixed layers
exhibited weak correlation with the layer thickness. In the bulk
of RGTi tiles (underneath the mixed layers), a small amount of
the retained deuterium has been detected. It has been found that
the PFC tiles 7 and 8 oriented vertically are subjected to erosion
and destruction. The reason of the destruction is unclear yet and
may be due to periodical contact of the tiles with expanding plas-
ma column during initial phase of the discharge and/or in the bom-
bardment by energetic neutral particles (tens of keV energy) as the
distance between vertically oriented tiles and hot plasma body is
short.
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