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Heating and ablation of tokamak graphite by pulsed nanosecond Nd-YAG lasers
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The results on laser heating and ablation of graphite tiles of thermonuclear tokamaks are presented. Two pulsed Nd-YAG lasers (20 Hz repetition rate, 5 ns pulse duration and 10 kHz repetition rate, 100 ns pulse duration) were applied for ablation measurements. The ablation thresholds (1.0 ± 0.5 J/cm 2 for 5 ns and 2.5 ± 0.5 J/cm 2 for 100 ns laser pulses) were determined for the Tore Supra tokamak graphite tiles (backside) non-exposed to plasma. The high repetition rate Nd-YAG laser (10 kHz, 100 ns pulse duration) and the developed pyrometer system were applied for graphite heating measurements. Some unexpected features of laser heating of the graphite surface were observed. They were explained by the presence of a thin surface layer with the properties different from those of the bulk graphite. The theoretical models of laser heating and near-threshold ablation of graphite with imperfectly adhered layer were developed to interpret the experimental results.

I. INTRODUCTION

The excessive tritium trapping in deposited layers on tokamak plasma-facing components is seen as a severe problem for efficient operation of thermonuclear fusion reactors. 1,2,3,4,5,6,7 To detritiate and clean plasmafacing surfaces of the future ITER, the completely optical methods of laser heating [START_REF] Skinner | Tritium Removal by CO 2 Laser Heating[END_REF][START_REF] Skinner | [END_REF]10,11,12 (LH) and laser ablation 13,14,15,16,17,18 (LA) can be suggested. Graphite surface detritiation by continuous wave (CW) lasers in the heating regime with the temperatures up to 2300 K was reported in Ref. 9,10. LH was applied to release hydrogen isotopes from the deposited layer and to make hydrogen concentration measurements, 19 rather than to remove the carbon deposit from the surface. For graphite, LA is observed when the surface temperature reaches the sublimation temperature T S ≈ 4200 K. [START_REF] Ch | Carbon and Graphite Handbook[END_REF][START_REF]Physical Quantities Handbook[END_REF] CW lasers may heat graphite surface up to this sublimation temperature only with the power of 1 kW or above (assuming 1 mm laser spot diameter). Powerful (10 -100 W) pulsed Nd-YAG lasers of a high repetition rate are appropriate for decontamination of plasma-facing components in tokamaks by LA. [START_REF] Semerok | Studies on graphite surfaces detritiation by pulsed repetition rate nanosecond lasers[END_REF][START_REF] Semerok | Studies on tokamak wall surfaces decontamination by pulsed repetition rate lasers[END_REF][START_REF] Semerok | Laser detritiation and co-deposited layer characterisation for future ITER installation[END_REF] Laser beam transport to the cleaning zone by an optical fiber allows to remove the laser system away from the contaminated zone and to perform a remote surface treatment. Personnel safety, reduced waste volume, laser beam accessibility to shadowed areas, and possible complete automation of the process are regarded as attractive advantages of laser decontamination.

To avoid graphite tiles damage during surface detritiation, LA thresholds for graphite and deposited layer a) E-mail: alexandre.semerok@cea.fr b) On leave from RRC "Kurchatov Institute", Kurchatov pl., 123182 Moscow, Russia should be determined. The ablation threshold and rate of a carbon deposit depend on the deposited layer properties (thickness, density, thermal and optical parameters). To our knowledge, these properties are not sufficiently known. They may differ significantly from the corresponding properties of tokamak graphite, which are also not well known. [START_REF] Ch | Carbon and Graphite Handbook[END_REF][START_REF]Physical Quantities Handbook[END_REF][START_REF]Industrial Carbon and Graphite[END_REF][START_REF] Lipa | Development and fabrication of improved CFC-brazed components for the inner first wall of Tore Supra[END_REF][START_REF] Ergun | Optical Studies of Carbon[END_REF]28 To obtain the layer and/or substrate properties, it is necessary to measure the thermal response of the surface to the transient heat pulse. [START_REF] Skiner | [END_REF] To study laser detritiation of tokamak graphite tiles, two experimental laser benches were developed in our laboratory (CEA Saclay, France). The first experimental set-up based on a commercial Q-Switched Nd-YAG laser ("Brilliant" QUANTEL) was designed to study LA with short (4 -10 ns FWHM) laser pulses of a low repetition rate (20 Hz or single pulses). The second set-up was based on a Q-Switched high repetition rate Nd-YAG laser developed in CEA Saclay. It was applied for LA and LH experiments with longer (≈ 100 ns FWHM) pulses of a laser repetition rate (ν L ) up to 10 kHz. Laser radiation at the wavelength (λ L ) of 532 nm provided up to 180 mJ pulse energy with 5 ns pulses at low ν L = 20 Hz and up to 100 W mean power with 100 ns pulses at high ν L = 10 kHz. The 5 ns Gaussian laser beam was homogenized by a diaphragm with imaging the central zone of the beam onto the surface. The 100 ns laser beam was transported to the interaction zone by a multimode optical silica fiber of 15 m length, 1 mm core diameter, and 0.2 numerical aperture. Laser beam intensity distribution was homogeneous at the fiber exit. Thus, the homogenized laser beams of 0.6 -3 mm spot size (depending on focusing) on the irradiated surface were used in the experiments with two benches. Different fluences for 5 ns laser were obtained by varying the laser pulse energy, but keeping the fixed laser spot diameter (1 mm). For 100 ns laser pulses, different laser fluences at the constant laser pulse energy (6 mJ) were obtained by varying the laser spot diameter.

Theoretical models of LH and near-threshold LA of complex surfaces with a layer by periodically repeating nanosecond laser pulses were developed. The models may describe LH and LA both with the temperature-dependent matter parameters and their mean temperature-independent values.

The threedimensional (3D) analytical LH model [START_REF] Fomichev | Modelling of complex surface heating by continuous and pulsed lasers[END_REF][START_REF] Semerok | Surface heating by pulsed repetition rate nanoseconds lasers[END_REF] provides calculations of the heating temperature for any number of applied laser pulses. The one-dimensional (1D) numerical model of LA of sublimating materials (graphite) allows to calculate LA depth with consideration of the temperature dependences (if known) of the surface properties. The intermediate adhesion between the layer and the substrate was applied in both models. The comparative experimental and theoretical studies on LH and LA of graphite samples allowed to characterize a deposited carbon layer and to determine some poorly known properties of tokamak graphite.

The paper presents the results on near-threshold LA and LH of tokamak graphite (backside non-plasma-facing surfaces of Tore Supra tokamak tiles) by pulsed nanosecond Nd-YAG lasers. Section II analyzes the experimental and simulation results on LA of graphite tiles. Laser absorption coefficient of graphite at λ L = 532 nm is estimated with the help of the LA thresholds determined for two pulse durations (5 ns and 100 ns). Section III presents the results on LH of graphite by high repetition rate pulses. The LH properties of the original surface of manufactured graphite tiles were significantly different from those of the same surface, but pre-processed by LA. The presence of a thin boundary graphite layer is suggested to explain the observed difference in the LH properties. Section IV makes the conclusions. The simulation models for LH and LA are outlined in Appendices A and B, respectively. The discussion on plasma-facing surface of graphite tiles with a deposited carbon layer is beyond the scope of this paper.

II. LASER ABLATION OF TOKAMAK GRAPHITE

A. Experimental results

LA of a non-plasma-facing (backside) surface of Tore Supra graphite was performed with short pulses of τ p = 5 ns at a low ν L = 20 Hz. The LA threshold F th for Tore Supra graphite was 1.0 ± 0.5 J/cm 2 . The crater depth H (per laser pulse) may be approximated by a linear function of laser fluence F up to 5 J/cm 2 (Fig. 1):

H ≈ β(F -F th ) , ( 1 
)
with the coefficient β ≈ 0.033 µm • cm 2 /J. The linear dependence was disturbed at the laser fluence above 5 J/cm 2 . The linearity upset may be explained by the high laser pulse intensity (∼ 1 GW/cm 2 ) which may cause plasma formation during LA. Plasma screening may reduce LA rate and, thus, results in saturation of the crater depth dependence versus the laser fluence. The crater depth (Fig. 2) was a linear function of the number of applied laser pulses (up to 500 shots) when the resulting crater depth was much lower than the crater diameter.

For a low repetition rate heating (20 Hz), thermal energy accumulation by the graphite surface from pulse to pulse was negligible. With each laser pulse, the surface LH re-commenced from the same ambient temperature T 0 (room temperature). The important thermal energy accumulation from pulse to pulse was expected for the high (10 kHz) repetition rate heating. As a result, LA rates were expected to be significantly different for low and high repetition rate pulses of the same du- ration. However, the experimental results obtained with the backside surface of Tore Supra graphite samples did not support these estimations. For 100 ns laser pulses, no important difference in LA rates for ν L of 20 Hz and 10 kHz was observed within the measurements accuracy (Fig. 3). 100 or 1000 pulses were applied to form the craters. For this number of pulses, the accumulated heat was expected close to maximum. For 100 ns laser pulses, the linear dependences of the crater depth from the laser fluence and the number of applied laser pulses were observed for low and high repetition rates. The crater depth dependence on laser fluence can be approximated by a linear function (Eq. 1) with β ≈ 0.028 µm • cm 2 /J (Fig. 3). The LA threshold F th was 2.5 ± 0.5 J/cm 2 for both repetition rates. This threshold was 2.5 times higher than the one of ≈ 1 J/cm 2 for 5 ns laser pulses. The difference in the LA thresholds can be associated with the pulse durations. Amorphous reactor graphite can be referred to the matter with metal-like properties. [START_REF] Ch | Carbon and Graphite Handbook[END_REF][START_REF]Physical Quantities Handbook[END_REF][START_REF]Industrial Carbon and Graphite[END_REF][START_REF] Lipa | Development and fabrication of improved CFC-brazed components for the inner first wall of Tore Supra[END_REF][START_REF] Ergun | Optical Studies of Carbon[END_REF]28 For these samples, the ratio of LA thresholds should be close to the square root from the ratio of the corresponding nanosecond pulse durations, [START_REF] Prokhorov | Laser Heating of Metals[END_REF] that is, approximately 4.5 for our experiments. For Tore Supra graphite, the experimentally obtained threshold ratio of 2.5 can be associated with the sufficiently low laser absorption coefficient (at λ L = 532 nm) in the temperature range between the ambient T 0 and sublimation T S temperatures.

B. Simulations of laser ablation

To simulate LH/LA of a graphite surface, one should know thermal and optical properties of tokamak graphite in the temperature range above the ambient temperature T 0 ≈ 300 K and below the graphite sublimation tem- perature T S ≈ 4200 K. The graphite tiles density of ρ G ≈ 1700 kg/m 3 is typical for manufactured graphite in nuclear industry. [START_REF] Ch | Carbon and Graphite Handbook[END_REF] The natural graphite density is ρ 0 ≈ 2240 kg/m 3 . 20,21 Thus, for tokamak graphite tiles, the mean porosity p G ≈ 25%. [START_REF] Ch | Carbon and Graphite Handbook[END_REF] Mass specific heat of graphite (Fig. 4a) is a temperature dependent parameter. [START_REF] Ch | Carbon and Graphite Handbook[END_REF][START_REF]Physical Quantities Handbook[END_REF][START_REF] Steinbeck | [END_REF] The mean mass specific heat is c 0 ≈ 1500 J/(kg • K). Knowing the graphite tile porosity, the mean volume specific heat of Tore Supra graphite is estimated as

c G = (1 -p G )ρ 0 c 0 ≈ 2.5 MJ/(m 3 • K).
The graphite thermal conductivity k(T 0 ) at room temperature should be considered as an adjusting parameter due to the scatter in the data on this parameter. [START_REF] Ch | Carbon and Graphite Handbook[END_REF][START_REF]Physical Quantities Handbook[END_REF][START_REF]Industrial Carbon and Graphite[END_REF][START_REF] Lipa | Development and fabrication of improved CFC-brazed components for the inner first wall of Tore Supra[END_REF][START_REF] Ergun | Optical Studies of Carbon[END_REF]28 The temperature dependent relative thermal conductivity k(T )/k(T 0 ) is available from Ref. 20 (Fig. 4b). Thermal conductivity k(T 0 ) of mono-crystal natural graphite at room temperature may vary in 2 -2000 W/(m • K) range for different directions to crystal axes. [START_REF]Physical Quantities Handbook[END_REF] For amorphous Tore Supra tokamak graphite, k(T 0 ) = 120 W/(m • K) was obtained by fitting the LH and LA experimental results with the calculations. The obtained value is in a good agreement with the thermal conductivity of Tore Supra graphite [START_REF] Lipa | Development and fabrication of improved CFC-brazed components for the inner first wall of Tore Supra[END_REF] (CEA Cadarache, France), with the data in Ref. 14, and close to the thermal conductivity of some metals. [START_REF]Physical Quantities Handbook[END_REF] Thus, the mean thermal conductivity of tokamak graphite in 300 -4200 K temperature range is k G ≈ 60 W/(m • K) (Fig. 4b).

Graphite can be referred to semi-metals [START_REF] Ashcroft | Solid State Physics[END_REF] with the noticeable dependence of the laser absorption coefficient on temperature. To our knowledge, the temperature dependences of graphite optical properties are not available in literature. At λ L = 532 nm, laser absorption coefficient and reflectivity of natural dense graphite at room temperatures can be obtained from the experimental data of Ref. 27. The determined absorption coefficient is α 0 (T 0 ) ≈ 34 µm -1 . For porous tokamak graphite, the absorption coefficient can be estimated as

α(T 0 ) = (1 -p G )α 0 (T 0 ) ≈ 25 µm -1
. These values are close to the typical metal absorption coefficients. The reflectivity of natural dense graphite at room temperature is estimated as R 0 ≈ 0.29. The reflectivity R G of the tokamak graphite is low due to porosity. The linear approximation on graphite density for both the refractive index and the absorption coefficient can be applied. Thus, R G ≈ 0.22. Graphite reflectivity does not strongly depend on temperature, as it is mainly determined by polarizability of ion cores, rather than free electrons. [START_REF] Ashcroft | Solid State Physics[END_REF] Heating depth is proportional to (D G τ p ) 1/2 , where

D G = k G /c G ≈ 0.24 cm 2 /
s is the mean thermal diffusivity of graphite, and τ p is pulse duration. For the same laser fluence, the longer the laser pulse duration is, the deeper the heat penetration and the lower the heating temperature. Thus, LA threshold F th should depend on the laser pulse duration as τ 1/2 p , if the heating depth is much higher than the laser absorption length. This threshold dependence is well known for the metal heating by nanosecond laser pulses [START_REF] Prokhorov | Laser Heating of Metals[END_REF] with the surface heating temperature ∆T ≡ T -

T 0 = {2(1 - R G )/(πc G k G ) 1/2 )}F/τ 1/2 p
reached by the end of laser heating pulses (for the rectangular pulse heating model). This is the case of "surface heating regime" (in contrast to "volume heating regime" where ∆T does not depend on τ p [START_REF] Prokhorov | Laser Heating of Metals[END_REF][START_REF] Carslaw | Conduction of Heat in Solids 2nd edition[END_REF][START_REF] Arpaci | Conduction Heat Transfer[END_REF] ). For surface heating regime, the additional condition (D G τ p ) 1/2 r 0 should be satisfied (r 0 is the radius of the laser spot on the surface). This condition was always met in our LA experiments with r 0 ∼ 500 µm.

From the available data on natural graphite, the absorption length at λ L = 532 nm at room temperature is less than 0.1 µm. The heat penetration depth is ∼ 1 µm for laser pulses applied in our experiments. Thus, for 100 ns and 5 ns pulses, the LA thresholds ratio should be close to (100/5) 1/2 ≈ 4.5. This would be true, if the absorption length of laser radiation were much lower than the thermal diffusion length for both pulse durations. The low thresholds ratio of 2.5 obtained in the experiments with Tore Supra graphite can be associated with the increase in the laser absorption length with the temperature increase up to T S . In this case, the strong inequality α -1 G (D G τ p ) 1/2 is violated (mostly for 5 ns pulses). Thus, the square root dependence for surface temperature, that is valid only for "surface heating regime", can not be applied. For the other limiting case with α -1 G (D G τ p ) 1/2 ("volume heating regime"), the surface temperature does not depend on the pulse duration, and the LA thresholds would be the same for both 5 ns and 100 ns laser pulses.

The dependences of LA thresholds and their ratios versus α G (Fig. 5) were calculated by the developed 3D LH model (Appendix A) with mean constant graphite parameters. The LA thresholds were determined for rectangular laser pulses that heated the graphite surface up to the sublimation temperature T S . For 100 ns laser pulses, the laser beam was of 6 mJ pulse energy. Laser fluence was adjusted by varying the laser spot diameter. For 5 ns pulses, with the fixed radius r 0 = 500 µm, laser fluence was adjusted by the pulse energy. For τ p = 100 ns (for both ν L of 20 Hz and 10 kHz) and τ p = 5 ns (for ν L = 20 Hz), the experimentally obtained ablation thresholds and their ratios can be explained theoretically only if we accept the sufficiently low mean absorption coefficient α G = 2 µm -1 of tokamak graphite at λ L = 532 nm. This value is used in our calculations, as it gives the best fit for the experimental results. For dense graphite (with zero porosity), the mean laser absorption coefficient is

α 0 ≈ α G /(1 -p G ) ≈ 2.67 µm -1 .
The difference in the theoretical LA thresholds for graphite at τ p = 100 ns for high (10 kHz) and low (20 Hz) repetition rates (Fig. 5) may be associated with thermal energy accumulation by the surface from pulse to pulse at 10 kHz repetition rate. For a high repetition rate, the surface cooling between two subsequent pulses is not complete. The residual heating temperature is permanently increasing with the number of applied pulses until it reaches the stable value ∆T . Based on the heat equation solution, [START_REF] Carslaw | Conduction of Heat in Solids 2nd edition[END_REF][START_REF] Arpaci | Conduction Heat Transfer[END_REF] the time t required to reach the temperature ∆T is estimated from (D G t ) 1/2 ∼ r 0 . ∆T can be 

estimated from ∆T ≈ 0.5F (1 -R G )r 0 ν L π 1/2 /k G .
This expression corresponds to CW LH with the power equal to the average one of the pulsed laser with the repetition rate ν L . For the heating time t t , LH starts from the surface temperature T 0 + ∆T . For tokamak graphite with the above thermal parameters and r 0 ≈ 522 µm, t corresponds to ≈ 100 laser pulses, and the pre-heating temperature ∆T ≈ 420 K for F = 0.7 J/cm 2 and ν L = 10 kHz is reached with a few hundred laser pulses.

The 3D analytical model of LH (Appendix A) was applied to calculate the temperature profile for 200 laser pulses (Fig. 6). For a high repetition rate (10 kHz) and a sufficient number of applied laser pulses, the pre-heating effect reduced the LA threshold. For a low repetition rate (ν L = 20 Hz), the pre-heating is negligible. The LA rates of tokamak graphite were calculated with the developed Stefan-like model for LA of sublimating/evaporating materials (Appendix B). The model is based on the numerical solution of the 1D heat equation with the Stefan boundary condition. [START_REF] Prokhorov | Laser Heating of Metals[END_REF][START_REF] Sobol | Phase Transformations and Ablation in Laser-Treated Solids[END_REF] The 1D approach (on a single-shot time scale) is relevant for our experimental conditions. The pre-heating effect may be important for a high repetition rate and a high number of laser shots applied for crater formation. It was incorporated in the LA model phenomenologically. The temperature dependences of specific heat and thermal conductivity of graphite (Fig. 4) were taken into account in the LA model. Other parameters were taken as mean constant values. Mass specific heat of sublimation was taken as 50 MJ/kg from Ref. 20. Figure 7 presents LA rates for the temporal shape of the laser pulse of sin 2 (πt/2τ p ) (0 ≤ t ≤ 2τ p ). The calculated crater depth dependences on laser fluence near the LA thresholds are not linear. This may explain the fact that the theoretical LA threshold is slightly lower than the one defined by the linear fit of the experimental ablation depths. A good agreement between the calculated and experimental LA rates was obtained for 5 ns laser pulses (ν L = 20 Hz) for laser fluences below 3.5 J/cm 2 . For higher laser fluences, the experimental LA rates are lower than the theoretical ones. It may be associated with the plasma screening of 5 ns laser beam. The screening effect was not considered in the LA model, which was developed for threshold determination.

For 100 ns laser pulses, the calculation and experimental results are in agreement only near the LA threshold. For higher laser fluences, the difference between the calculation and experimental results may be associated with the laser beam screening (diffusion) by the ablation products (micro particles). At different repetition rates (20 Hz and 10 kHz), the pronounced difference between the theoretical LA rates (Fig. 7) may be attributed to the different intensity of heat accumulation. Within the measurement accuracy, this difference was not observed experimentally.

The quantitative agreement between the theoretical and experimental results near ablation thresholds for both pulse durations has validated the applicability of the developed LA model to tokamak graphite with the thermal and optical parameters specified above.

III. HIGH REPETITION RATE LASER HEATING OF TORE SUPRA GRAPHITE A. Experimental results

The experimental pyrometer system based on an Impac-Kleiber C-LWL infra-red pyrometer was developed in our laboratory to study high repetition rate LH. The pyrometer system parameters were as follows: 600 -2600 K temperature range, 1.6 -2.2 µm working FIG. 8: (Color online) Panel (a) -experimental results on high repetition rate (10 kHz) LH of the non-plasma-facing surface of Tore Supra graphite by 100 laser pulses at laser fluence F = 0.62 J/cm 2 . Panel (b) -LH measurements at laser fluence F = 0.7 J/cm 2 for the same surface, but pre-processed by LA. Theoretical data for pre-heating and peak heating temperatures (see Fig. 6) are presented by the dash and dot curves, respectively. The surface heating temperature is ∆T = T -T 0 , T 0 is ambient temperature.

wavelength range, 15 µs response time (t 99% ).

The simulation results on LH of graphite surface by 100 ns laser pulses at ν L = 10 kHz and 0.7 J/cm 2 laser fluence (Fig. 6) were taken as the reference point in the pyrometer measurements of tokamak graphite temperature. The measured temperature was expected close to the one of Fig. 6. But the experimental temperatures were quite different (Fig. 8a). For 0.62 J/cm 2 laser fluence, the preheating temperatures were higher than expected. The time t required to reach the pre-heating temperature saturation ∆T was ten times less than the theoretical one estimated from the specified tokamak graphite parameters and was corresponding to ten laser pulses. The pre-heating temperatures were extraordinarily stable from approximately the 15 th laser pulse. A number of LH simulations were made to obtain the experimental temperature profile (Fig. 8a). Nevertheless, the simulation efforts were not successful, even with the significantly modified graphite parameters.

A hypothesis on a thin (micrometer) boundary layer on the graphite surface with the properties different from those of the bulk graphite was suggested to explain the experimental results. During the initial LH by the first ten laser pulses, the surface temperature increases significantly due to the reduced thermal conductivity of the layer. When the heating depth becomes higher than the layer thickness, the bulk graphite properties are the main factors, which slow down the pre-heating temperature increase. The preliminary results on the modelling with this hypothesis in mind are presented in Ref. 30,31. The physical nature of this layer is not yet clear. As the graphite was not exposed to plasma, the layer formation might be due to mechanical cutting in manufacturing tokamak graphite tiles.

To check the boundary layer hypothesis, LH was performed on a surface area, which was pre-processed by LA. A thin layer of 4 ± 2 µm depth was removed from the surface by LA. The pyrometer temperature trace from the pre-processed area (Fig. 8b) did not reproduce the temperature profile of Fig. 8a, but was similar to the theoretical one for the bulk graphite (Fig. 6). The comparison of the theoretical and experimental results was not able to confirm the LH trace of the pre-processed graphite surface (Fig. 8b) due to a long 15 µs response time of the pyrometer, that is, 150 times longer than 100 ns laser pulse duration. Thus, the actual peak heating temperature reached on the pulse duration scale can not be measured by the pyrometer, and it should be higher than the experimental peak temperature. As the low temperature limit of the pyrometer is about 600 K, it is not possible to measure the whole temperature profile for the pre-processed surface. For LH by 100 laser pulses at 0.7 J/cm 2 fluence, the pre-heating temperatures are slightly above 600 K only from the 60 th laser pulse. The pre-heating temperature depends on the adjusting parameter of thermal conductivity coefficient, rather than on laser absorption coefficient. The latter affects only the peak heating temperature. From the comparison of the pyrometer measurements with the theoretical data, the mean thermal conductivity for tokamak bulk graphite was determined as 60 W/(m • K).

B. Simulations of graphite laser heating and characterization of surface layer

The extraordinary stability of the experimental preheating temperature from the 15 th laser pulse (Fig. 8a) may be associated with LA of a thin layer on the surface even at 0.62 J/cm 2 laser fluence. During LA, the peak surface temperature should be the same as the graphite sublimation temperature T S . After each laser pulse ap- plication, the surface cooling starts from this T S . The minimal temperature by the end of cooling (before next pulse application) should be the same for all repetitive laser pulses. Thus, the significant stability of the preheating temperature might be explained by LA.

The upper working temperature limit of the pyrometer is 2600 K. If the surface temperature is above, the correct pyrometer measurements may be disturbed by the pyrometer photocurrent saturation. Thus, only the initial non-saturated part of the LH trace may be referred to compare the experimental and simulation results.

The initial part of the LH trace (before pre-heating temperature stabilization) can be fitted with three adjusting parameters. The pre-heating temperature profile (magnitude and curvature) can be adjusted by two parameters. The third parameter can be used to adjust the cooling curve between two consecutive laser pulses. For a given layer porosity p L , three adjusting parameters are the layer thickness d, the layer thermal conductivity k L , and the heat transfer coefficient h (layer adhesion quality) on the interface between the layer and the bulk graphite (Eq. (A4), Appendix A). The layer heat capacity and the coefficients of layer light absorption and reflection can be obtained from p L and bulk graphite parameters. Figure 9a presents the fit for p L = 25%. The best fit was obtained with d = 8 µm, k L = 0.75 W/(m • K), and h = 140 kW/(m 2 • K).

The heating temperature of a thin layer is determined by the layer heat capacity (per unit of surface) that is proportional to the product of the layer thickness and the layer specific heat, which, in turn, is proportional to the layer density. Thus, the layer heating temperature depends on the product d(1 -p L ). Keeping the product constant, but varying p L , it is possible to obtain a good fit between the calculation and experimental results for other values of d and p L . For example, the agreement between the experiment and calculation data (Fig. 9b) was also obtained with the following parameters: p L = 0, d = 6 µm, k L = 0.75 W/(m • K), and h = 90 kW/(m 2 • K). The layer thermal conductivity k L of 0.75 W/(m • K) is the same as for the case of Fig. 9a. This value was unexpectedly lower than the thermal conductivity of the bulk tokamak graphite, but it was the only one that provided the agreement between the experimental and theoretical results in the cooling curve between two consecutive laser pulses.

To characterize the layer thickness of the backside Tore Supra (Fig. 8a), the layer porosity should be known. If the porosity of the layer and the bulk graphite is the same, the layer thickness should be 8 µm. For p L > 25%, the expected layer thickness would be higher than 8 µm. This layer thickness estimation does not correspond to the measurements of the removed layer thickness (4 ± 2 µm) made with an optical microscope. Only for p L < 25%, the layer depth is 7 ± 1 µm. Thus, p L close to zero should be accepted in the calculations. The graphite tile manufacturing deteriorates the heat coupling of the porous graphite micro crystals on the tile surface, but does not affect the mean graphite density. It might also reduce the layer thermal conductivity. The mechanical cutting of graphite might cause its pulverization. Then, the graphite pores might be filled with submicrometer graphite dust. Figure 10 presents the scanning electron microscopy (SEM) images of the backside surface of Tore Supra graphite tile. A strong roughness of the graphite surface is observed both before and after LA. Nevertheless, some difference in granularity is noticeable. It is smoother for the surface without the laser pre-treatment (Fig. 10a). This can testify to a higher friability of the surface layer.

IV. CONCLUSION

The experimental results on LA and LH of the backside non-plasma-facing surface of tokamak graphite tiles are presented. Two laser benches equipped with the pyrometer system for the temperature measurements were developed for our investigations. For 5 ns and 100 ns laser pulses at λ L = 532 nm, the graphite LA thresholds were determined as 1.0 ± 0.5 J/cm 2 and 2.5 ± 0.5 J/cm 2 , respectively.

The theoretical models of high repetition rate LH and near-threshold LA of complex surface (substrate with an intermediately adhered layer) were developed to simulate the experimental results and to characterize tokamak graphite. The mean thermal conductivity k G = 60 W/(m • K) of tokamak bulk graphite was obtained by comparing the calculated and experimental results on high repetition rate (10 kHz) LH of the graphite surface pre-processed by LA. The experimentally obtained LA thresholds for different pulse durations (5 ns and 100 ns) were applied to determine the graphite absorption coefficient. The absorption coefficient of tokamak graphite (averaged over temperature between T 0 and T S ) at λ L = 532 nm was estimated as 2 µm -1 . This value is unexpectedly low, especially considering the metal-like properties of graphite under normal conditions.

The experimental and calculated LA thresholds and rates of graphite tiles were compared. The good theoretical fit with the experimental results justified the sublimation/evaporation mechanism of nanosecond LA of tokamak graphite.

The high repetition rate LH measurements on the nonplasma-facing surface of Tore Supra graphite were made with the developed pyrometer system. The temperature traces were significantly different from those expected from thermal and optical properties for tokamak bulk graphite. A hypothesis on a micrometer layer on the surface of manufactured graphite was suggested to explain the obtained results. The layer properties were different from those of tokamak bulk graphite. The layer hypothesis was supported by the LH experiments when the layer was removed by LA from the surface. The experimental temperature trace for the ablated graphite surface corresponded to the theoretical one determined for bulk graphite with the properties specified for tokamak graphite. Thus, the surface layer hypothesis was confirmed by this experiment.

The simulations of the temperature traces obtained by the high repetition rate LH of the graphite with a surface layer allowed to adjust some unknown layer parameters. The layer parameters (porosity, thickness, thermal conductivity and heat transfer coefficient on the layer/bulk interface) may be determined from the fit of the simulation and experimental results. Thus, the method to characterize the surface layer was developed in our investigations.

The deposited layer LA and LH were also under investigation. A significantly low LA threshold of 0.5 J/cm 2 was obtained for the plasma-facing surface with a thick (several tens of microns) deposited carbon layer (TEX-TOR tokamak tile, Garching, Germany). The deposited layer LA threshold was the same for 5 ns and 100 ns pulses. A 5-fold difference in the 100 ns LA thresholds for the deposited layer and graphite may provide LA cleaning of the contaminated surface with deposited carbon layer without graphite substrate damage. The discussion on the results on the deposited layer LA and LH is beyond the scope of this paper and will be presented somewhere else.

APPENDIX A: 3D LASER HEATING MODEL OF THE SURFACES WITH A LAYER

We suppose the normal incidence of the laser beam on the surface along the z-axis. The heat equations for LH of the surface with a layer for temperature distribution T (t, r) are the following:

c L ∂ T ∂ t = div(k L ∇T ) + Q L (t, r) (0 < z < d) , (A1) c S ∂ T ∂ t = div(k S ∇T ) + Q S (t, r) (z > d) , ( A2 
)
where d is layer thickness, c L (T ) and c S (T ) are volume specific heats and k L (T ) and k S (T ) are coefficients of thermal conductivity of the layer and the substrate, respectively, and Q L (t, r) and Q S (t, r) are LH source terms due to absorption of the laser radiation in the layer and, if occurs, in the substrate. The boundary condition should reflect the continuity of the thermal energy flux through the layer/substrate interface z = d:

-k L ∂ T ∂ z d-0 = -k S ∂ T ∂ z d+0 ≡ q d . (A3)
Extra boundary condition relating the temperature jump and the heat flux on the interface z = d is introduced phenomenologically, with the positive heat transfer coefficient h:

∆T d ≡ T | z=d-0 -T | z=d+0 = q d /h . (A4)
Eq. (A4) reflects the thermal resistance of the contact between the layer and the substrate. In two limiting cases of h → 0 and h → ∞ we obtain either a completely imperfect or completely perfect heat contact, respectively. With nanosecond LH, the convective and radiation losses on external boundary z = 0 can be neglected. Thus, the condition ∂T /∂z| z=0 = 0 was used. The initial condition in Eqs. (A1) -(A2) is taken as T | t=0 = T 0 , where t = 0 is the time of LH onset. The LH source terms Q L (t, r) and Q S (t, r) can be deduced from macroscopic electrodynamics. [START_REF] Landau | Electrodynamics of Continuous Media 2[END_REF] They are proportional to laser intensity space-time distribution I(t, r ⊥ ). Here, r ⊥ means either Cartesian coordinates x and y in the plane z = 0 or polar coordinates r and ϕ. The Cartesian coordinates are preferable for the moving laser beam scanning the surface. Function I(t, r ⊥ ) can be presented in a factorized form as

I(t, r ⊥ ) = I 0 f XY (x -vt, y)f T (t)
, where I 0 is either the steady-state or the peak laser intensity (for continuous or pulsed lasers, respectively), v is laser scanning velocity along the x-axis, and the dependences on r ⊥ and on t are separated with f XY (x, y) and f T (t) functions normalized to unity in the maximum. Consequently, the LH source terms are also separated:

Q L (t, r) = f L Z (z)f XY (x -vt, y)f T (t), Q S (t, r) = f S Z (z)f XY (x -vt, y)f T (t), with f L Z (z) = I 0 ωε L 4c C 2 1 + ε S /ε L 2 e -αLd × e iω √ ε L (z-d)/c + 1-ε S /ε L 1+ ε S /ε L e iω √ ε L (d-z)/c 2 , (A5) f S Z (z) = I 0 ωε S c C 2 e α S (d-z)-α L d , (A6) C = 4 (1 + √ ε L ) 1+ ε S /ε L e -iωdn L /c + (1- √ ε L ) 1-ε S /ε L e iωdn L /c-α L d -1 .
Here, c is the light velocity, ω is the laser frequency, ε L and ε S are the complex dielectric permittivities of the layer and the substrate, respectively, ε L and ε S are their imaginary parts related with respective absorption coefficients by α L = ωε L /cn L and α S = ωε S /cn S , with n L = Re √ ε L and n S = Re √ ε S the refraction coefficients of the laser light in the boundary layer and in the substrate. The light reflection coefficients (R L and R S ) on the interfaces between the corresponding medium and ambient air are expressed through the respective dielectric permittivity. [START_REF] Landau | Electrodynamics of Continuous Media 2[END_REF] If the layer thickness d is higher than the laser wavelength, we can average the source term Q L (t, r) over the laser field spatial oscillations. The averaged source term Q L (t, r) can be expressed as:

f L Z (z) → f L Z (z) = I 0 ωε L 4c C 2 1 + ε S /ε L 2 ×    e -αLz + 1-ε S /ε L 1+ ε S /ε L 2 e αL(z-2d)    . ( A7 
)
As thermal and optical parameters depend on temperature, the direct numerical solution of Eqs. (A1) -(A2) in 3D-space and time for high repetition rate LH becomes a baffling problem even for moderate computers. It was verified and proved that, for graphite, the exact and the approximate analytical solutions are the same within the pyrometer temperature measurements accuracy. This analytical solution with the constant (mean) matter parameters was used. The final result for the heating temperature ∆T (t, r) ≡ T (t, r)-T 0 in the Cartesian coordinates was obtained by the Fourier method. [START_REF] Morse | Methods of Theoretical Physics[END_REF] It can be presented as:

∆T (t, r) = +∞ -∞ dλ x dλ y (2π) 2 Φ(λ x , λ y ) e i (xλx + yλy) ×    +∞ 0 2 dλ z π Θ(λ x , λ y , λ z , t)Ψ(λ r , λ z )Z λ z (z) + N (λr) n=1 Θ n (λ x , λ y , t)Ψ n (λ r )Z χ n (z)    , ( A8 
)
where λ r = λ 2 x + λ 2 y , and Z λ z (z) and Z χ n (z) are eigenfunctions of relevant boundary problem for continuous and discrete spectrum of eigenvalues λ z and χ n , respectively. In Eq. (A8), the different functions are defined as:

Φ(λ x , λ y ) = +∞ -∞ e -i (xλx + yλy) f XY (x, y) dxdy , Θ(λ x , λ y , λ z , t) = t 0 e -ivλ x t f T (t ) e D S (λ 2 r + λ 2 z )(t -t) dt , Θ n (λ x , λ y , t) = t 0 e -ivλ x t f T (t ) e D S (λ 2 r -χ 2 n )(t -t) dt , Ψ(λ r , λ z ) = 1 c S +∞ 0 dz f Z (z) Z λz (z) , Ψ n (λ r ) = 1 c S +∞ 0 dz f Z (z) Z χn (z) .
Here and after, D L = k L /c L and D S = k S /c S are the thermal diffusivity coefficients of the layer and the substrate, respectively, and

f Z (z) = f L Z (z) at 0 < z < d and f Z (z) = f S Z (z) at z > d.
The above integrals might be expressed analytically. Function Φ(λ x , λ y ) is defined by the spatial distribution of the laser intensity. It may be simplified for the Gaussian and homogeneous intensity distributions. In the latter case Φ(λ x , λ y ) = 2πr 0 J 1 (r 0 λ r )/λ r , where r 0 is the radius of a circular laser spot and J 1 (x) is the Bessel function.

Functions Θ(λ x , λ y , λ z , t) and Θ n (λ x , λ y , t) are defined by the time dependence of the laser intensity. They may be simplified both for continuous and pulsed lasers with rectangular pulses or sin 2 -pulses. For rectangular pulses with duration τ p and repetition rate ν L (f T (t) = 1 at m/ν L < t < τ p + m/ν L , m = 0, 1, 2, . . . , otherwise f T (t) = 0), the continuous spectrum Θ -function is expressed as:

Θ(λ x , λ y , λ z , t) = exp (-iλ x vt) ×          (e Λzm/νL -1)(e Λzτp -1)e -Λzt (e Λ z /ν L -1)Λ z + 1 -e Λz(m/νL -t) Λ z , (e Λ z (m+1)/ν L -1)(e Λ z τ p -1)e -Λ z t (e Λz/νL -1)Λ z ,
where Λ z = D S (λ 2 r + λ 2 z ) -ivλ x , upper line corresponds to m/ν L < t < m/ν L + τ p (during the pulses) and lower line corresponds to m/ν L +τ p < t < (m+1)/ν L (between the pulses). The function Θ n (λ x , λ y , t) can be obtained by substitution Λ z → Λ n = D S (λ 2 r -χ 2 n ) -ivλ x . To express explicitly functions Ψ(λ r , λ z ) and Ψ n (λ r ) defined by the z-dependence of the LH source terms, one should know eigenfunctions of the boundary problem, Z λz (z) and Z χn (z). For arbitrary eigenvalue λ z , eigenfunction Z λ z (z) satisfies the equations:

Z λ z = -[(λ 2 r + λ 2 z )D S /D L -λ 2 r ] Z λ z (0 < z < d) , (A9) Z λz = -λ 2 z Z λ z (z > d) , (A10) with the boundary conditions Z λ z | d-0 -Z λ z | d+0 = -(k L /h)Z λ z | d-0 , k L Z λ z | d-0 = k S Z λ z | d+0 , Z λ z | z=0 = 0 .
For the heating of the surface with a layer, the eigenvalue spectrum contains both the continuous and discrete parts. The continuous spectrum corresponds to real values of λ z . In this case, the solution of Eqs. (A9) -(A10) is:

Z λ z (z) = cos(λz) √ A 2 + B 2 (0 < z < d) , Z λz (z > d) = A sin(λ z z) + B cos(λ z z) √ A 2 + B 2 , where λ = (λ 2 r + λ 2 z )D S /D L -λ 2 r , and 
A = p sin(λ z d) - k L λ k S λ z cos(λ z d) sin(λd) , B = p cos(λ z d) + k L λ k S λ z sin(λ z d) sin(λd) ,
with p = cos(λd) -(k L λ/h) sin(λd). For the discrete set of eigenvalues, with pure imaginary values of λ z = iχ (χ > 0), the set of eigenvalues will be defined as χ n with n = 1, 2, . . . . Then, eigenfunctions Z χn (z) of the discrete spectrum have the form:

Z χ n (z) = a n cos (λ n z) (0 < z < d) , Z χ n (z > d) = a n cos(λ n d) - k L λ n h sin(λ n d) e -χn(z-d) ,
where

λ n = (λ 2 r -χ 2 n )D S /D L -λ 2
r , a n is the normalization constant, and the χ n -value should satisfy the equation:

λ n tan (λ n d) = hk S χ n k L (h + k S χ n ) . ( A11 
)
For D S /D L ≤ 1, Eq. (A11) for each value of λ r has no solutions. Thus, the discrete spectrum does not exist. For D S /D L > 1, the discrete spectrum is always present (except for the 1D model, where λ r = 0). For each nonzero λ r the solutions belong to 0 < χ n < λ r 1 -D L /D S , when λ n is real, and the number of solutions increases with increasing λ r . If N (λ r ) ≥ 1 defines the total finite number of solutions of Eq. (A11) for the given λ r , χ n (λ r ) defines the discrete eigenvalue for 1 ≤ n ≤ N (λ r ). By integrating over z, the expressions for functions Ψ(λ r , λ z ) and Ψ n (λ r ) are obtained: where v = 0 should be used in the corresponding expressions for Θ-functions. For homogeneous laser intensity distribution, Φ(λ r ) = r 0 J 1 (r 0 λ r ) should be applied.

APPENDIX B: 1D LASER ABLATION MODEL OF SUBLIMATING MATERIALS

One-dimensional approximation is applied to consider LA on nanosecond time scale (for a single laser pulse) with the spot diameter of ∼ 1 mm. Surface pre-heating by previous laser pulses can be taken into account by the initial condition T (t = 0, z) = T 0 + ∆T * n (z), where T 0 is the ambient temperature and ∆T * n (z) is the surface heating temperature just before the n-th laser pulse application. Saturation of the surface pre-heating temperature results from the finite size of the laser spot: ∆T * n (z = 0) → ∆T * at n → +∞. The calculations of ∆T * n (z) are made with the 3D LH model (Appendix A). If the laser fluence F is less than the ablation threshold F th , the temperature field T (t, z) can be described by the one-dimensional version of Eqs. (A1) -(A2). For the laser fluence F above the ablation threshold F th , the surface temperature should be higher than the sublimation temperature T S , if LA is not taken into account. For F > F th , three intervals for the laser beam interaction with the surface may be distinguished.

For 0 < t < t 1 with t 1 < τ p , the surface temperature increases in time up to sublimation temperature, so T (t, z = 0) < T S , with T (t 1 , z = 0) = T S . During LA stage t 1 ≤ t ≤ t 2 , the surface temperature should be set equal to the sublimation temperature T S (t 2 can differ from τ p , depending on the laser pulse shape and difference F -F th ). In accordance with the energy conservation law, [START_REF] Prokhorov | Laser Heating of Metals[END_REF][START_REF] Sobol | Phase Transformations and Ablation in Laser-Treated Solids[END_REF] the Stefan boundary condition on the moving external boundary of the surface is applied:

k L (T S ) ∂T ∂z z=z A (t) = Lρ L v A (t) . (B1)
Here, L is the mass specific heat of sublimation, ρ L is the matter density, and v A (t) = dz A (t)/dt is the speed of LA front. For t > t 2 , the surface temperature is lower than the sublimation temperature, T (t, z = 0) < T S , and the surface is not ablated. The LA depth H for the n-th laser pulse can be calculated through the self-consistently found speed of LA front as: H =
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 122 FIG.1:(Color online) Crater depth (normalized to one laser shot) as a function of laser fluence for a number of laser shots applied for crater formation. Tore Supra graphite, nonplasma-facing surface, λ L = 532 nm, τ p = 5 ns, ν L = 20 Hz. Laser spot diameter is 1 mm.
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 4 FIG.4: Graphite thermal properties: (a) mass specific heat and (b) relative thermal conductivity (with respect to thermal conductivity at T 0 = 300 K).
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 15 FIG. 5: (Color online) Calculated LA thresholds of tokamak graphite for 5 ns (20 Hz repetition rate) and 100 ns laser pulses (20 Hz and 10 KHz repetition rate) and ratio of LA thresholds as a function of the mean absorption coefficient of the graphite.
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 6 FIG. 6: Calculated profile of the surface heating temperature ∆T = T -T 0 of the tokamak graphite (with the above parameters) at heating by 200 laser pulses of 10 kHz repetition rate and 100 ns pulse duration. T0 is ambient temperature. Laser fluence F = 0.7 J/cm 2 .

FIG. 7 :

 7 FIG.7: Calculated and experimental ablation rates of Tore Supra graphite sample versus laser fluence (see Fig.1for experimental results for 5 ns pulses at 20 Hz repetition rate and Fig.3for 100 ns pulses at 20 Hz and 10 kHz repetition rates).

FIG. 9 :

 9 FIG. 9: Calculated high repetition rate (10 kHz) LH of graphite surface with the layer (with the properties different from those of bulk graphite) and experimental results from Fig. 8a for the first twenty laser pulses. Panel (a) -calculated results for p L = 25%, d = 8 µm, k L = 0.75 W/(m • K), and h = 140 kW/(m 2 • K). Panel (b) -calculated results for p L = 0, d = 6 µm, k L = 0.75 W/(m • K), and h = 90 kW/(m 2 • K). Laser fluence F = 0.62 J/cm 2 . The surface heating temperature is ∆T = T -T0, T0 is ambient temperature.

FIG. 10 :

 10 FIG. 10: SEM images of the backside non-plasma-facing surface of Tore Supra graphite tile before (a) and after (b) preprocessing by LA. The measured ablation depth is 4 ± 2 µm.

Ψ 2 1 ± ε S /ε L 2 , b = I 0 ωε S c C 2 .

 222 (λ r , λ z ) = (ã (+) -ã(-) e -2dα L )α L c S (λ 2 + α 2 L ) √ A 2 + B 2 + (ã (+) + ã(-) )λ sin(λd) -(ã (+) -ã(-) )α L cos(λd) e dα L c S (λ 2 + α 2 L ) √ A 2 + B 2 + b {(Aα S -Bλ z ) sin(λ z d) + (Bα S + Aλ z ) cos(λ z d)} e dα L c S (λ 2 z + α 2 S ) √ A 2 + B 2 , Ψ n (λ r ) = a n (ã (+) -ã(-) e -2dα L )α L c S (λ 2 n + α 2 L ) + (ã (+) +ã (-) )λ n sin(λ n d)-(ã (+) -ã (-) )α L cos(λ n d) e dαL c S (λ 2 n + α 2 L )a -1 n + b {cos(λ n d) -(k L λ n /h) sin(λ n d)} e dα L c S (χ n + α S )a -1These expressions present the analytical solution of the LH of the surface with a boundary layer and with intermediate heat contact between the layer and the substrate, in the rectangular geometry for the general case of scanning pulsed laser beam. The simplified version of this solution can be obtained in the cylindrical geometry with circular symmetry of the laser spot and immobile laser beam. In this case, the heating temperature is expressed by:∆T (t, r, z) = +∞ 0 dλ r Φ(λ r )J 0 (rλ r ) × +∞ 0 2 dλ z π Θ(λ r , λ z , t)Ψ(λ r , λ z )Z λ z (z) + N (λ r ) n=1Θ n (λ r , t) Ψ n (λ r ) Z χ n (z) ,
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