Proceedings of SOFE97 17th IEEE/NPSS Symposium on Fusion Engineering, Oct.6-9th, 1997.Tritium Removal by CO2 Laser Heating*.C. H. Skinner,a H. Kugel,a D. Mueller,a B. L. Doyle,b and W. R. WamplerbaPrinceton Plasma Physics Laboratory, P O Box 451, Princeton, NJ 08543bSandia National Laboratories, Albuquerque, NM 87185Abstract � Efficient techniques for rapid tritium removalwill be necessary for ITER to meet its physics andengineering goals. One potential technique is transientsurface heating by a scanning CO2 or Nd:Yag laser thatwould release tritium without the severe engineeringdifficulties of bulk heating of the vessel. We have modeledthe heat propagation into a surface layer and find that amulti—kW/cm2 flux with a exposure time of order 10 ms issuitable to heat a 50 micron co-deposited layer to 1,000-2,000 degrees. Improved wall conditioning may be asignificant side benefit. We identify remaining issues thatneed to be addressed experimentally.I.˚˚INTRODUCTIONTritium retention has long been an important issue in DTburning fusion devices, particularly those with carbon firstwalls. The magnitude of the problem for ITER was broughthome by recent calculations of co-deposition rates thatpredicted the 1 kg in-vessel tritium inventory limit could bereached in as few as 50 pulses[1]. Surface tritium represents asafety hazard as it can be easily mobilized in the event of anaccident. In addition, a simple comparison of the tritium fuelrequired (0.2-0.3 kg per 1,000 s pulse) and the availablesupply (2-3 kg/year) graphically illustrates the criticalimportance of efficient removal of tritium retained in theITER vessel. The development of efficient methods toremove tritium in co-deposited layers was recognized as anoutstanding issue in the recent FESAC Report[2] andunderlined in a recent review of the tritium inventory in ITERplasma facing components[3]. Ten potential removal methodswere listed in [3], however all of these need R&D to resolvevarious issues before it can be established that they aresuitable for ITER. It is important to note that tritium removalis a critical issue for any fusion reactor concept based onburning DT.Tritium is primarily accumulated by co-deposition withcarbon on the surface of plasma facing components during thedischarge[4]. The amount of tritium retained is a significantfraction of the tritium supplied as fuel[5,6]. In ITERcarbon/tritium layers will accumulate due to sputter erosion ofthe divertor target plate and the subsequent deposition ofsputtered material on the divertor plate and/or plenum. Peakgrowth rates are calculated to be several mm of carbon per1,000 s pulse[3]. For an operational schedule with »10pulses/day we would anticipate co-deposited layers ofthickness of 50 - 100 mm thick after a few day�s operations.In vacuum, temperatures in excess of 1,000 K are required toproduce rapid release of tritium from the crystallites ofgraphite[7]. Tritium is released on exposure to air at lowertemperatures (»570 K) [8,9] but baking in air is consideredunacceptable due to severe deleterious effects on metalsurfaces in the vessel. Unfortunately bulk heating of vacuumvessel components to sufficiently high temperatures fortritium release is not practical for ITER due to excessive waterpressure in the cooling system. A dedicated high temperaturegas or steam baking method would be large, complex andexpensive. However, such bulk heating may be avoided bytransiently heating the co-deposited layers on the surface by ascanning CO2 or Nd:Yag laser. This would enable anelevated surface temperature to be attained without thecomplications of bulk heating.Multi-kW, robotically controlled lasers have long been usedin industrial applications and are an attractive candidate forthe present application. The laser would be external to theITER vacuum vessel and the beam rastered across the plasmafacing components by mirrors on a remotely controlled arm.The laser intensity and exposure duration are key designparameters and these, in turn, are governed by the depth of theco-deposited layer and the desired temperature excursion.Early work has shown substantial release of hydrogen byheating with electron beams and lasers. A 0.8 s, 2 kW/cm2pulse of 8 keV electrons completely purged implanted H fromthin TiB2 coatings[10]. Deuterium implanted in papyexgraphite was released by several 50 ns, 2.8 J/cm2 electronbeam pulses[11]. Hydrogen implanted in TiB2 was removedby 20 ns, 1.5 J/cm2 pulses from a Nd:glass laser[10].Thermal desorption induced by a 30 ns laser pulse has beendeveloped as a tool to analyze hydrogen located at the surfaceof solids[12]. This data are relevant to the present work andwill be further discussed below. The technique was applied toin-situ analysis of TdeV[13] and the TFTR limiter tiles[14].Pulse lengths longer than nanoseconds will be needed to heata thick co-deposited layer. The goal of the present work is toestimate the heat flux and duration needed to transiently heatthe co-deposited region to a temperature sufficient to releasetritium and to explore the associated engineering issues.II.˚˚SURFACE HEATINGThe temperature excursion required to release co-depositedtritium depends on the transport of tritium at elevatedtemperatures, a process complicated by the anisotropicstructure of the codeposited layer and trapping. Tritiumrelease in transient temperature excursions is sensitive to theslowest kinetics such as multistep low activation energydiffusion and it is not always clear how to extrapolate lowtemperature isochronal thermal desorption data to transport on*Work performed under US DOE Contracts: DE-AC02-76CH03073, and DE-AC04-94AL85000

Table 1Examples of thermal coefficients for graphiteMaterialDensityTemperatureHeatcapacityThermalconductivity g/cm3KJ/g-KW/cm-Kpyrolytic perp.2.24001.770.082

�12001.880.018�20001.990.0102D C/C comp perp.1.74001.770.369

�12001.880.19�20001.990.103D C/C isotropic1.964001.771.14

�12001.880.65�20001.990.41 fast time scales at very high temperatures[15]. Fortunatelydata is available from pulsed laser desorption experiments ondeuterium implanted graphite. A 30 ns pulsed ruby laser wasincident on graphite samples containing deuterium implantedin the top 100 nm of the surface[15]. The laser fluence was0.1 mJ/cm2 to 3 J/cm2 and the heating and cooling cycle tookless than 300 ns. The surface temperature, as calculated by afinite difference code, ranged up to the melting temperature of4,300 K. The laser energy density required to desorb thedeuterium decreased with increasing deuterium density in thegraphite, indicating that high order detrapping processes areinvolved in the re-emission process[15]. A surfacetemperature of 2,000 K released 90% of the implanteddeuterium in vitreous carbon and pyrolytic carbon �a� and30% in isotropic and pyrolytic �c�. For the present study wetake 2,000˚K as a target surface temperature. The results canbe easily extrapolated to other temperatures since thetemperature is linearly dependent on the laser power.Continuous wave lasers offer two significant advantages overpulsed lasers. One is that pulsed lasers at high fluence(»˚1˚J/cm2) release particulate matter from the impact of thelaser pulse. The accumulation of particulates in the ITERvessel is a safety concern due to their reactivity. The secondadvantage is that high average powers and laser efficienciesare needed to cover the ITER divertor in a reasonable time(hours) and these are available in CO2 and Nd:Yag lasers.The average power required to heat the surface is estimated asfollows. In ITER the lower half of the divertor target andline-of-sight plenum region opposite the target has an area» 5I105 cm2 and the overnight temperature is expected to be400 K. Using the (temperature dependent) specific heat fromthe database in the HEAT1DS code[16] we estimate 3I107 Jis required to heat a 100 mm surface layer from 400 K to 2000K. This energy corresponds, for example, to the output of a 1kW laser in an overnight tritium clean up lasting 8 hours. Theactual power required will be somewhat higher depending onlaser beam transmission losses, heat lost by radiation and byconduction to deeper layers.The thermal conductivity of co-deposited graphite is a keyparameter in the present study. Graphite is manufactured in avariety of forms and its thermal conductivity varies over awide range depending on the micro structure and crystalliteorientation. Table 1 shows thermal coefficients of three kindsof manufactured graphite at 400, 1,200 and 2,000 K[16]. Themicro structure of co-deposited graphite is unlikemanufactured graphite. Sections of co-deposited layers onTFTR tiles show a wave-like layered structure with a surfacetexture that varies with poloidal location[17]. Unfortunatelythere do not appear to be any thermal coefficients for co-deposited graphite in the literature. However, theconductivity is expected to be low and in the range between0.015 and 0.1 W/cm-K[18]. In the present study we useconductivities from these materials with the expectation thatpyrolytic carbon perp. is likely to be closest to that of co-deposited graphite. �perp.� refers to heat flow in a directionperpendicular to the layer planes. Experimental measurementson co-deposited graphite are needed to resolve this issue.III.˚HEAT PROPAGATIONWe use both analytical and numerical methods to find thedependence of the heat penetration depth on exposure time.This will determine the laser spot size and scanning speed.An initial estimate of the scaling of the heat propagation depthwith exposure time may be obtained using Schmidt�s methodfor unsteady heat flow[19]. A prescribed temperaturedistribution on an equally spaced grid will relax on time scale:

Dt = cr a2 2K

(1)where c is the specific heat, r the density, a the grid spacingand K the thermal conductivity. Using thermal coefficientsfor pyrolytic perp. in Table 1 the temperature of a 100 mmlayer is found to relax on a time scale of 5 ms.Analytic solutions exist for some well defined heat transferproblems. They avoid issues with fine spatial grids,numerical stability and the parametric dependence of thevariables is transparent. Equation (2) describes thetemperature,

q

, vs. depth,

x

, of a semi-infinite solid at zeroinitial temperature under a constant heat flux at

x = 0

beginning at

t = 0

[19]:

q = 2FK ktpÊË ^̄ 12 exp - x24ktÊËÁ ^̄~ - x2 erfc x2 kt ÏÌÔÓÔ ¸Ô̋Ǫ̂

(2)Here �erfc� is the complimentary error function,

K

is thethermal conductivity,

k = K /r c

the thermal diffusivity.The surface temperature is:

qx=0 = 2FK ktpÊË ^̄ 12

(3)We rewrite this as:

F = qK p4ktÊË ^̄ 12

(4)

1E+31E+41E+51E+61E-41E-31E-21E-1

flux (w/cm2)time (s) Pyro perp. C/C perp C/C iso

Fig. 1. Flux necessary to attain a 400 K - 2,000 K surfacetemperature rise for different graphites (4).

4005006007008009001000110012001300140015001600170018001900200000.0050.010.0150.02

Temperature (K)Depth (cm) 12 kw/cm2 for 0.001 s3.8 kw/cm2for 0.01 s1.2 kw/cm2for 0.1 s

4005006007008009001000110012001300140015001600170018001900200000.0050.010.0150.02

Temperature (K)Depth (cm)3.5 kw/cm2for 0.1 s11 kw/cm2for 0.01 s35 kw/cm2for 0.001 s(b) C/C perp(a) Pyro perp.Fig. 2. Temperature vs. depth for two materials immediatelyafter exposure to a constant heat flux of duration sufficient toraise the surface temperature from 400 to 2,000 K (from (2)).where

F

is the flux necessary to raise the surface temperatureby

q

degrees in a time

t

. (see Fig. 1) This approach neglectsthe temperature dependence of the heat capacity and radiationcooling of the surface but does give useful physical insightinto the problem. Black body radiation at 2,000 K is 90W/cm2 and is small compared to the incident flux. A 1Dexpression is appropriate since the laser spot width is likely tobe larger than the depth of the heated layer.We consider a temperature rise from 400 K to 2,000 K (i.e.,from

q = 0

to

q =1600

K) for the three materials listed inTable 1 and plot equation (4) using the thermal conductivitiesat 1,200 K. The penetration of the heat pulse into the materialwill change with the exposure time. Fig. 2 shows thetemperature profile for two materials after a heat fluxspecified to raise the surface temperature from 400 K to 2,000K. To raise the top 50 mm of pyrolytic perp to a temperatureabove 1,000 K, a flux of 3.8 kW/cm2 and a duration of 10 msis appropriate. For the more conductive 2D C/C perp., ahigher heat flux for a shorter duration (35 kW/cm2 for 1 ms)is necessary to concentrate the heating in the top 50 mm.Numerical solutions were also obtained using the HEAT1DScode[16]. This is a 1D finite difference code which usestemperature dependent thermal conductivities. The spatialgrid was set at 10 mm and time step at 10 ms. The materialdepth was 1 mm and initial temperature 400 K. The front andback surfaces were cooled by radiation with the emissivity setto 0.98. The solution in the region of interest did not changeif the time step size or material depth was decreased by afactor of 2. The calculated surface temperatures were within30% of the analytic solution and the differences consistentwith the temperature variation of the thermal conductivity.Figure 3 shows the temperature profiles under a heat fluxaimed at heating the top 100 microns to a temperature greaterthan 1,000 K. A calculation for 2D C/C perp., but with 10xhigher flux for 1/10 of the duration, yielded a similar heatdeposition profile. In ITER the co-deposited material will layon top of a higher conductivity substrate of carbon, berylliumor tungsten and this is likely to depress the temperatures nearthe interface.IV.˚ENGINEERING ISSUESThe practical realization of this scheme needs research anddevelopment on three scales. Laboratory measurements,guided by the above calculations, are needed on co-depositeddeuterium/carbon layers on tokamak tiles to measure thedependence of gas release on heat flux and duration. Thechange in deuterium content of the tiles would be measuredby nuclear analysis. These experiments would resolve theuncertainty associated with the thermal conductivity of co-deposited graphite. Temperature limits and possible changesin the surface under intense heat would be investigated. Thenext step would be the implementation on a small tokamak.

400500600700800900100011001200130014001500160017001800190020002100220023002400250000.010.020.030.040.05

Temperature (K) time (s)surface20m50m100m200m

heat pulse Pyro perp.Fig. 3. Numerical calculation of temperature vs. time forpyrolytic perp. under a 3,000 W/cm2 heat flux for 20 ms. Thecurves represent the temperature at the depths indicated below thesurface.Here the issues associated with beam delivery and scanningsystems would be addressed. The temperature excursion up to2,000 K would result in outgassing of hydrocarbons and othercontaminants trapped in the top 100 mm of the graphite andaid plasma density control. Wall conditioning would be amajor potential benefit. Major advances in plasmaperformance have resulted from past improvements in wallconditioning. The technique may also be useful for co-deposited carbon/tritium layers on other materials such astungsten[20]. Pulsed laser-induced desorption has also beenapplied to Si, SiC, and Be[21] (although melting would be anissue with Be). The third step would be an assessment ofengineering feasibility for ITER and comparison to othercandidate methods for tritium removal.Both Nd:Yag and CO2 laser systems are potential candidatesfor this task. Nd:Yag lasers are available with up to 2 kWaverage power and the 1 m m laser wavelength has theadvantage that the beam can be conveyed via fiber optics tothe divertor. For the case of Fig. 3 the beam would beconverted to a line focus 0.1 cm wide and 6 cm long thatwould be swept at 5 cm/s over the surface. Higher fluxescould be achieved with narrower line foci. The fiber opticswould be retracted to a shielded container during plasmaoperations to avoid radiation damage. CO2 lasers have theadvantage of higher efficiencies (wall plug efficiency 10-17%compared to 2% for Nd:Yag) and higher available powers (upto 6 kW). The 10 micron wavelength beam would be directedb y r e f l e c t i v e o p t i c s . A r o b o t i c b o o m o r v e h i c l e w o u l d b e programmed to track the divertor surfaces and a IR camerawould monitor the surface temperature. The camera signalc o u l d b e u s e d t o f e e d b a c k c o n t r o l t h e s c a n s p e e d a n d t e m p e r a t u r e . T o p e r m i t c l e a n i n g i n t h e p r e s e n c e o f t h e m a g n e t i c f i e l d , t h e b o o m o r v e h i c l e w o u l d b e v a c u u m compatible and be fabricated from non-magnetic materials.Significant activation and remote handling issues need to beaddressed for this method to become a routine and frequentoperation.V. CONCLUSIONSWe believe that transient surface heating by a scanning laserbeam merits serious consideration as a candidate for tritiumremoval in ITER. As with all the present schemes there aresome areas that need R&D and we have outlined a gradedapproach to resolve the various issues.ACKNOWLEDGMENTSWe thank M. Ulrickson for the numerical code. We acknow-ledge stimulating discussions with R Causey, G Federici, KOwens and K Wilson.REFERENCES[1]J N Brooks, R Causey, G Federici, D N Rusic, �Assessment of erosionand surface tritium inventory issues for the ITER divertor� J. Nucl.Mater. 241-243, 294 (1997).[2]R W Conn et al. Panel Report to the Fusion Energy Science AdvisoryCommittee, Executive Summary, p.7(1997).[3]G. Federici, et al., �Tritium Inventory in ITER PFC�s, Predictions,Uncertainties, R&D Status and Priority Needs.� in proceedings ofInternational Symposium on Fusion Nuclear Technology, Tokyo April6-11, 1997, Paper L164.[4]A E Pontau et al. �TFTR tritium inventory analysis� Fus. Engin. &Design 10, 365 (1989).[5]C H Skinner, et al., �Measurements of tritium retention and removal onthe Tokamak Fusion Test Reactor� J. Vac. Sci. Technol. A14 , 3267-3274, (1996).[6]P Andrew et al., �Experiments on the release of tritium from the firstwall of JET� Nucl Fus. 33, 1389 (1993).[7]B L Doyle, W R Wampler and D K Brice, �Temperature dependence ofH saturation and isotope exchange� J. Nucl. Mater. 103&104, 513-518(1981).[8]R A Causey, W R Wampler and D Walsch, �Comparison of the thermalstability of the codeposited carbon/hydrogen layer to that of thesaturated implant layer�J. Nucl. Mater. 176&177, 987, (1990).[9]S Chiu and A A Haasz, �Chemical release of inplanted deuterium ingraphite�J. Vac. Sci. Technol. 9, 747, (1991).[10]B L Doyle and F L Vook, �Hydrogen trapping and re-emission in TiB2coatings for tokamaks upon thermal, pulsed electron and laserannealing�J. Nucl. Mater. 85&86, 1019 (1979).[11]S T Picraux and W R Wampler, �Release of H and He from TiC,stainless steel, and graphite by pulsed electron and furnace heating�J .Nucl. Mater. 93&94, 853 (1980).[12]B Terreault, �Modelling of pulsed-laser-induced gas detrapping,chemical reactions, diffusion and desorption�J. Appl. Phys. 62, 152(1986).[13]H Y Guo and B Terreault, �Instantaneous measurement of hydrogenisotope retention in collector probes in the scrape-off layer of a tokamakby pulsed laser desorption�. Rev. Sci. Instrum. 64, 700 (1993).[14]J R Timberlake et al. �Development of Laser Release AnalysisDiagnostic for the TFTR Bumper Limiter� Technical memo (1990),unpublished.[15]D Keroack and B Terreault, �Re-emission of deuterium implanted incarbon by laser desorption�J. Nucl. Mater. 231, 47 (1996).[16]M. Ulrickson, personal communication.[17]B E Mills, D A Buchenauer, A E Pontau, M Ulrickson,�Characterization of deposition and erosion of the TFTR bumper limiterand wall� J. Nucl. Mater. 162-164, 343 (1989).[18]R Causey, personal communication (1997).[19]H S Carslaw and J C Jaeger, Conduction of Heat in Solids, OxfordUniversity Press, Oxford, 2nd ed. (1959).[20]P Franzen, et al., �Hydrogen isotope inventories in the ASDEX Upgradetungsten divertor tiles� Europhysics Conference Abstracts, (Proceedingsof the 24th EPS conference on Controlled Fusion and Plasma Physics,Berchtesgaden, 1997) Geneva, EPS (1997).[21]D Keroack and B Terreault, �Laser desorption study of deuteriumimplanted in silicon carbide� J Vac. Sci. Technol. A14, 3130 (1996).