NSTX High Temperature Sensor SystemsH. W. Kugela, B. McCormacka, R. Kaitaa, P. Goransonb, L. Guttadoraa, R. Hatchera,T. Holomana, D. Johnsona, B. Nelsonb, C. Neumeyera, and A. L. RoquemoreaaPrinceton Plasma Physics Laboratory, Princeton University, Princeton NJ 08543-0451 USAbOak Ridge National Laboratory, Oak Ridge TN, 37831-8070 USAABSTRACTThe design of the more than 300 in-vessel sensor systemsfor the National Spherical Torus Experiment (NSTX) hasencountered several challenging fusion reactor diagnosticissues involving high temperatures and space constraints.This has resulted in unique miniature, high temperature in-vessel sensor systems mounted in small spaces behindplasma facing armor tiles, and they are prototypical ofpossible high power reactor first-wall applications. In theCenter Stack, Divertor, Passive Plate, and vessel wallregions, the small magnetic sensors, large magneticsensors, flux loops, Rogowski Coils, thermocouples, andLangmuir Probes are qualified for 600 �C operation. Thisrating will accommodate both peak rear-face graphite tiletemperatures during operations and the 350 �C bake-outconditions. Similar sensor systems including flux loops,on other vacuum vessel regions are qualified for 350 �Coperation. Cabling from the sensors embedded in thegraphite tiles follows narrow routes to exit the vessel. Thedetailed sensor design and installation methods of thesediagnostic systems developed for high-powered SToperation are discussed.I. INTRODUCTIONThe National Spherical Torus Experiment (NSTX) hasunique high temperature in-vessel sensor systems mountedin small spaces behind plasma facing armor tilesprototypical of possible high power reactor first-wallapplications. NSTX is designed to investigate the physicsof Spherical Tori (ST) in a device that can produce non-inductively sustained high-§ discharges in the 1 MA regimeand to explore approaches toward a small, economic, highpower density Volume Neutron Source (VNS) and an STreactor core.[1] Fig.1 shows a partial schematic crosssection of the NSTX. The device capabilities include R =0.85 m, a = 0.68 m, Ip =1 MA, BT= 0.3T, k= 2.0, R/a =1.27 and a 5 sec maximum pulse length. The start-up willemploy Ohmic Heating (OH), Electron CyclotronPreionization (ECP), and Co-Axial Helicity Injection(CHI). Wall stabilization will be provided by close-fitting,Fig.1. Partial schematic cross section of NSTX. The diameter of theCenter Stack at the midplane is 38 cm. The outer diameter of thevessel at the midplane is 341 cm.high conducting 2.5 cm thick copper Passive StabilizerPlates. Auxiliary Heating will be provided by CHI, 6 MWof High Harmonic Fast Wave (HHFW) Radio Frequencyheating, and 5 MW of Neutral beam Injection (NBI).Profile control will be studied using the HHFW, CHI, andNBI systems. The device has Divertors and allows forsingle-null, double null, and inner wall limited discharges.High power densities are expected on the Center Stack andDivertor. During high power, 5 sec long dischargesapplied every 300 sec, e.g., the Center Stack tiles willreceive incident power densities of 7 MW/m2 and reachpeak front face temperatures of about 1200 �C. The temper-

L o c a t i o n S e n s o r N o . I n s t a l l (ed)CS-airFlux Loops172/15/99Plasma Rogowski Coils22/15/99Thermocouples242/15/99Subtotal4 3 C S - v a c Thermocouples326/1/99Langmuir probe146/1/99Bz Coils216/1/992D Coils126/1/99Halo Rogowski Coils46/1/99Subtotal8 3 Otr DivFlux Loop Tubes66/1/99Thermocouples206/1/99Langmuir probe106/1/992D Coils146/1/99Neutral Pressure Gauge12/99Subtotal5 1 Sec PPFlux Loop Tubes86/1/99Thermocouples82/00Langmuir probe0CY012D Coils122/00Eddy Current Rog Coils82/00Large 1D Coils122/00Subtotal4 8 Pri PPFlux Loop Tubes86/1/99Thermocouples82/00Langmuir probe0CY011D Coils82/002D Coils162/00Large 2D Coils122/00Eddy Current Rog Coils86/1/99Subtotal6 0 Otr In-VesFlux Loop Tubes46/1/99Thermocouples122/00Large 2D Coils182/00Subtotal3 4 E x - V e s s e l on Vessel Flux Loops128/1/99on PF Coil Flux loops98/1/99Subtotal2 1 T o t a l 3 4 0 Table 1. Vessel Sensor Summary. CS-air ( Center StackAir-side), CS-vac (Center Stack,Vacuum-side), Otr Div(Outer Divertor), Sec PP (Secondary Passive Plates), Pri PP(Primary Passive Plates), Otr In-Ves (Outer Vessel interiorWall ), Ex-Vessel (Vessel air side).-atures at the end of the cool-down after multiple pulses willbe about 540 �C. Analysis indicates that Divertor front facetemperatures could exceed 1200 �C design limit. Sweepingthe strike-points could reduce the peak temperatures. Wallconditioning will be performed with Glow DischargeCleaning, Bake-out to 350 �C, and wall coatings. DuringBake-out, the tiles will be maintained at 350 �C, the view-ports and the signal cable feed through connectors andmost of the vessel will be maintained at 150 �C. Thesensors mounted in the Center stack tiles are qualified for600 �C operation. All other in-vessel tile sensors arequalified for 350 �C Bake-out temperatures.II. OVERVIEW OF IN-VESSEL SENSORSOver 300 sensors either have been installed or arescheduled for installation inside the vacuum vessel or onoutside of the vessel subject to bakeout temperatures. Allsensor fabrication materials and signal cabling are qualifiedfor 600 �C temperatures, and for operation in the NSTXvacuum chamber at base pressures in the 10-8 torr range.Table 1 gives a partial list of these sensors and theirinstallation status. These include small 1-D Mirnov coils,small 2-D Mirnov coils, large 1-D Mirnov coils, interiorFlux Loops, Halo current and Eddy current Rogowski coils,thermocouples, and Langmuir Probes. Outside the vacuumvessel, on the air-side of the Center Stack, are mountedFlux Loops, thermocouples and plasma current Rogowskicoils. In addition, there are Flux Loops on the air-side ofthe vessel, and a Flux Loop mounted on each outer PF coil.

INCONEL PIN

WRENCH ACCESS HOLE

INCONELRADIATIONSHIELD

NUTALLEN HEADDIAGNOSTICCABLESINCONEL RAIL

5/16-18 UNCSTUD

CENTER STACK17.12 cm R

SCALE

2.54 CMRETAINER TILEALLIED SIGNAL CFCSENSOR TILEUNION CARBIDEATJ GRAPHITE

Fig.2. Partial schematic of 1.27 cm (0.5�) thick Center Stack SensorTile and Retainer Tile assemblies. The design of the in-vessel sensor systems encountered therequirements of high temperatures, due to Bakeout and theexpected thermal loads, as well as the small space availablefor embedding in the tiles, and in addition, the small spacesavailable for the exiting signal cables. The wall armor onthe Center Stack consists of 1.27 cm (0.5") thick tilescomposed of alternating columns of Allied Signal C-CComposite tiles and Union Carbide ATJ graphite tilesfastened to the Inconel Center Stack with bolts (refer toFig.2). All sensors on the Center Stack are embedded onthe back-side of the 1.27 cm thick tiles and are separatedfrom the Center stack by a 0.15 cm thick Inconel radiationshield. Each sensor tile has a 1.27 cm wide by 0.317 cm(0.5" x 0.125") deep vertical channel on the backside forthe exiting signal cables.

THERMOCOUPLE

TEE-BAR

CABLES

SCALE1.27 CM

CABLE CHANNELFig.3. Partial schematic of typical Divertor or Passive Plate graphitesensor tile design showing thermocouple.The tiles cladding the Divertor and Passive Plate Stabilizerare 2.54 cm (1") thick Union Carbide ATJ graphite, and aremounted to the copper backing plate with Tee-bars withGrafoil, a thermal conductive gasket, between the tiles andthe copper. All sensors cladding the Divertors and PassivePlates are embedded in the backside of the tiles mountedabove the Tee-bars. These tiles are chamfered on the edge toallow an exit channel for the signal cables.III. SIGNAL CABLESThe signal cables must be vacuum compatible with vesselbase pressure in the low 10-8 torr range, qualified for 600 �Cservice (in the most severe case), and allow high qualitytransmission of low level signals in the presence of rapidlyvarying magnetic fields, and high electromagneticinterference. In principle, a twisted pair of conductors,insulated with a suitable silicon based fiber, and protectedwith a 304-SS braid can meet these requirements. However,the physics requirement to minimize the diameter of theCenter Stack results in tiles of minimal thickness with verysmall cable exit channels (1.27 cm x 0.317 cm) on the rearface of the tiles (Fig.2). This small exit channel mustaccommodate not only the signal cable exiting a particulartile but also signal cables from other tiles exiting via thesame channel. This requirement eliminated typicalcommercially available 304-SS braided high temperature(650 �C) twisted pair wire. Thermo Electric Corp. Q-Glassinsulated AWG No. 24 twisted non-jacketed copper-copper(Q/TW-24-) was selected for the sensor cable, and the Type-K version (Q/TW-24-) for the thermocouple wire [2]. Thisis a twisted-pair, No. 24 gauge wire (0.051 cm dia.) with anominal outer width of about 0.2 cm. This wire is typicallyavailable with a polyester silicone enamel saturant forcolor coding and providing mechanical stability duringinstallation. In order to make the wire vacuum compatibleat high temperature, it was air baked at 600 �C for 4 hours.Testing of wire prepared in this manner for out-gassing inhigh vacuum at temperatures up to 600 �C using a ResidualGas Analyzer (RGA) indicated that it was suitable foroperation in the NSTX environment. However, thisprocedure made the quartz-based jacket more fragile, andhence, after air-baking the wire was coated with a dilutemixture of boron nitride [3] and water. This was followedby an air bake at 125 �C for several hours to cure thecoating, and after the final connection to the embeddedsensor, a 4-6 hour 600 �C bake in a vacuum chamber whosebase pressures reached the low 10-6 torr range by the end ofthe bake procedure. This coating of boron nitride providedprotection to the glass fiber insulating jacket of the signalcable and increased its electrical insulating properties. IV. Small 1D and 2D Mirnov CoilsMiniature 1-dimensional (1-D) and 2-dimensional (2D)magnetic pickup coils (�Mirnov Coils�) for sensing fluxchanges in one or two directions were fabricated foroperating in the thin Center Stack tiles at 600 �C. Ceramiccoated wire [4], consisting of AWG No. 36 Kulgrid wire(27% Ni/Cu) and clad with a 0.013 cm (0.0005�) layer of

UNION CARBIDEATJ GRAPHITE

INCONEL RADIATION SHIELD

CABLE

NEXTELCERAMIC CLOTH1D/2D MIRNOV COIL

SCALE2.54 CM(A)(B)

SCALE 1.27 CMEDGEWINDINGTOP WINDING

(C)Fig.4. Partial schematic diagram of (a) miniature 1D/2D magneticsensor coil (Mirnov Coil) installed in 1.27 cm (0.5�) thick CenterStack graphite tile, (b) edge view of 2D coil, (c) plasma facingview. of 2D coil.

ceramic was wound [5] on a MACOR [6] machineable glassceramic coil form (see Fig.4). The same form was used forboth 1D and 2D coils. The 1D winding coil consists of 2layers No.36 ceramic coated wire with 190 turns per layer,and the 2D coils have an additional side winding of 2 layerswith 14 turns per layer. The fabrication of the 2D Coils, forexample, was particularly challenging due to the smallspace available for the exiting cables. Special fixturesidentical in shape to the rear face of a Center Stackmagnetic sensor tile were fabricated for the assemblyprocedure from commercially available casting material.Each fixture was first covered with a thin layer of standardflexible packaging material (�Saran Wrap�). Two twistedpair Cu-Cu cables baked as described above (Sec. III) wereuntwisted and placed into the channel of the cast. Anassembled 2D Coil was placed over the wires, andOmegabond-700 [7] ceramic adhesive was used to fix thewires and coil. The assembly was then removed from thecoil form for welding of the No. 24 Cu-Cu wires to the No.36 wire wound on the coil form. After welding, the coilwith attached cables was placed into the recess machined inthe rear-face of a Center Stack tile and bonded at 4 pointswith Omegabond-700 ceramic adhesive. Nextel ceramiccloth tape [8], 0.051 cm (0.020") thick was placed overthe coil and bonded to the coil and wires with Omegabond-700 ceramic adhesive [7]. In some instances, if the closetolerances did not permit the use of the Nextel cloth, thenonly a layer of Omegabond-700 was applied. The initialcuring process was performed at room temperature. Thefinal step in the curing process was an air bake at 200 �Cfor about 2 hours. The 2D Mirnov Coils for the thickerinner divertor tiles were fabricated in the same manner.V. ThermocouplesType-K, AWG No. 24, twisted pair, thermocouple wire [2]with 650 �C temperature rating was cut into units 3.7 m(12’) long, stripped of insulation at one for a distance of2.5 cm (1") and welded together to form a thermocouplejunction about 0.102 cm (0.040") in diameter. After

NEXTELCERAMIC CLOTHCABLE

SCALE2.54 CMINCONEL RADIATION SHIELDUNION CARBIDEATJ GRAPHITE

TYPE-K THERMOCOUPLEJUNCTIONCERAMICPLUG

Fig.5. Partial schematic diagram of Type-K thermocouple mountedin 1.27 cm (0.5") thick Center Stack graphite tile.welding, the thermocouple unit was air-baked, and then thejunction was placed into a hole (�well�) machined into therear-face of a Center Stack tile. The thermocouple well is0.318 cm (0.125") inside diameter by 0.318 cm (0.125")deep, which positioned the thermocouple junction 0.635cm (0.25") from the front face of the tile (Fig.5). A smallbend radius was placed in the wire to allow for the 90�transition from the well to the cable channel in a mannerthat provided a small spring tension to press the junctionagainst the base of the well. Omegabond-700 [7], a hightemperature ceramic cement was placed into the well to aheight of about 50% of the well depth. This bonded thethermocouple into the well, and effectively created amolded ceramic plug in situ. Nextel ceramic cloth [8],0.051 cm (0.020") thick by about 2.5-3.18 cm (1-1.3")long was cemented in the cable channel over the exitingthermocouple wires to press the junction into the wellduring the curing process, and to provide strain relief forthe wires. The width of the Nextel cloth was dimensionedso that it followed the contours of the channel but did notprotrude beyond the channel. A weight was placed over theNextel and thermocouple wires during the curing process atroom temperature. The final step in the curing process wasan air bake at 200 �C for about 2 hours. The thermocouplesfor the thicker inner and outer divertor tiles were fabricatedin the same manner.VI. Langmuir ProbesSmall plasma probes (Langmuir Probes) were designed tobe mounted flush to the front face of selected Center Stackand Divertor tiles. Each Langmuir Probe consists of a 2 mmdiameter ATJ graphite probe tip insulated from thesurrounding graphite tile by alumina insulators (Fig.6).Two twisted pair Cu-Cu cables baked as described aboveATJ PLUG3/4-16UNF

SCALE2.54 CMUNION CARBIDEATJ GRAPHITE

ATJ PROBE TIP

ALUMINA

SCREW

CABLE

NEXTELCERAMIC CLOTH

Fig. 6. Partial schematic of a diagram of flush mounted LangmuirProbe in 1.27 cm (0.5") thick Center Stack graphite tile.

(Sec. III) were welded to a head of a small screw. Thus, thescrew head is connected to two wires for redundancy. Thescrew with the attached twisted pair cable was inserted intothe probe tip, and the cable placed into the cable channel.Asmall amount of Omegabond-700 was placed over thewelded junction of the cable and screw for strain relief. Asin the case of the thermocouple assembly described above,Nextel ceramic cloth [8], 0.051 cm (0.020") thick by about2.5-3.18 cm (1-1.3") long was cemented in the cablechannel over the exiting Langmuir Probe wires to providestrain relief for the wires. The width of the Nextel cloth wasdimensioned so that it followed the contours of the channelbut did not protrude beyond the channel. Aweight wasplaced over the Nextel and exiting wires during the curingprocess at room temperature. The final step in the curingprocess was an air bake at 200 �C for about 2 hours. TheLangmuir Probes for the thicker inner divertor tiles werefabricated in the same manner.VIII. Large 1D Mirnov CoilsThere is a Passive Plate section between each of 12 bays(Fig.1). Each section is separated by a 5.08 cm (2") gap. Apoloidal array of large 1-dimensional (1D) magneticsensors (�Mirnov Coils�) was mounted in this gap at onetoroidal location. These Large 1D Mirnov Coils consist oftwo layers of 55 turns each, of AWG No. 26 ceramic wire[4] wound a MACOR [6] mandrel. The outside dimensionsof the mandrel are 4.495 cm x 3.493 cm x 1.270 cm(1.770" x 1.375" x 0.5"). The ceramic wire is coveredNextel-312, 2.54 cm (1") wide ceramic tape [8] bonded tothe coil with Fortafix Fiborclad high temperature adhesivecement [10] and secured with 0.051 cm (0.020�) ceramicthread [11]. Fig.7c show the details of the terminationprocedure for connecting the coil wire to the exit cables.The cables were clad with fiberglass sleeving [9] for thepath to the electrical feedthroughs.IX. Rogowski CoilsRogowski Coils are mounted around a conducting mediumand measure the enclosed current. Inside the NSTX vessel, 4Rogowski Coils are mounted around the Center Stack tomeasure plasma induced halo currents in the Center Stack.In addition, at present, 5 Rogowski Coils are mounted tomeasure the eddy currents induced in the lower Passive Platesupports. These are mounted so as to provide a toroidalarray and a poloidal array at one lower vessel toroidallocation. Eventually, depending on work in progress, theremay be a total of 16 Rogowski Coils, a set of 4 coils, oneon each Passive Plate element, at 4 toroidal locations. Thein-vessel Rogowski Coils required special development inorder to accommodate the required bend radii, small spacelimitations using relatively inflexible ceramic materials. A

(A)NEXTEL CERAMICCLOTH OVER WINDING(NOT SHOWN)

MAGNET WIRE TO FIELD WIREWELD TERMINATION

WINDINGMACOR MANDRELCERAMIC SLEEVING OVER CABLE(C)

(B)TWISTED-PAIRCABLE

3.493 cmSCALE

+ZFig.7. Partial schematic diagram of Large 1D Mirnov Coil magneticsensors, (a) end view, (b) plasma facing view, (c) expanded detailof winding connection to cabling.detailed description of this design is given in an associatedpaper in these Proceedings [12].VII. Toroidal Flux LoopsFlux Loops were installed on the air-side of the CenterStack (Table 1). These consisted of Teflon insulated AWGNo. 22 copper wire (220 �C rated) cemented in place withOmegabond-700 [7]. Inside the vessel (Fig.1 ), there areFlux Loops mounted under the upper and lower divertors,behind the copper Passive Plates, and on the inner outerwall . These Flux Loops consist of the same Cu-Cu twistedpair wire described above and were baked in the samemanner (Sec. III). This twisted pair wire was inserted intothin wall 0.025 cm (0.010"), 304-SS tubing. Hence, forredundancy, each Flux Loop tube has two wires that encirle

TO FEEDTHROUGHSS-304TUBING TEE

FLUX LOOP TUBE START

FLUX LOOP TUBE RETURN

ABCFig.8. Partial schematic diagram of Flux Loop Tee-section whichjoins the ends of the flux loop and provides a conduit to the electricalfeedthrough. The main toroidal tube (a and c) is 0.476 cm (3/16")O.D. and the conduit to the feed through (c) is 0.635 cm (1/4") O. D.for the Passive Plate Flux Loops. the torus and are individually connected to electricalfeedthroughs. In the case of the Flux Loops mounted on theinside of the outer wall, the tubing outside diameter is0.635 cm (0.25"). The tubing for all of the other interiorFlux Loops had a smaller outside diameter of 0.476 cm(0.188�) due to space limitations. Standard 304-SS tubingTees were used to join the ends of each Flux Loop C-sectionand provide an exit channel for the cabling to the electricalfeedthroughs. The output of a particular Tee unit wascoupled to either another 304-SS tube which served as aconduit for the exiting cable, or depending onaccessibility, a 650 �C Markel Thermoflex-1200 fiberglasssleeving [9] was used.X. Electrical FeedthroughsThe vessel internal hardware will be bakeable to 350 �C.The outer vessel port covers will be cooled during bakeoutto 150 �C. The electrical feedthroughs must accommodatethe 150 �C temperature of the port flange and anyadditional radiative heating from nearby hardware at ahigher temperature. The feedthroughs used for the CenterStack sensors are standard 19 pin double ended Ceramaseal[13] connectors for the Cu-Cu cables, or 10 pinthermocouple double ended connectors as required. Thefeedthroughs used for the outer vessel sensors are standard32 pin double ended Ceramaseal [13] connectors for the Cu-Cu cables, or 20 pin thermocouple double ended connectorsas required. The cables are stressed relieved at the CenterStack feedthroughs by enclosing the cables in a sleevingfabricated from Nextel-312 [7] and fastened with ceramicthread [11]. The cables are stress relieved at the outer vesselfeedthroughs using ceramic thread to fasten the cables to a304-SS rod protruding into the vessel from the inside faceof the port flange near the feedthrough.XI. ConclusionsThe design of the more than 300 in-vessel sensor systemsfor the National Spherical Torus Experiment (NSTX) hasencountered several challenging fusion reactor diagnosticissues involving high temperatures and space constraints.This has resulted in unique miniature, high temperature in-vessel sensor systems mounted in small spaces behindplasma facing armor tiles, and they are prototypical ofpossible high power reactor first-wall applications.AcknowledgmentsWe acknowledge the technical contributions of M.Anderson, J. Bartzak, W. Derry, S. Edwards, G. Gibilisco,K. Gilton, S. Jurcznski, P. Kivler, R. Knolls, G. Rossi, F.Simmons Jr., S. Vinson, and J. Winston. Work Supportedby USDOE Contract No. DE-AC02-76-CHO3073References1. S. M. Kaye et al., �Physics Design of the nationalSpherical Torus Experiment�, Fus. Technol. 36(1), 16(1999).2. Thermo Electric Co., 100 North Fifth Street, SaddleBrook, NJ, USA.3. Carborundum Co., Boron Nitride Division, AudubonIndustrial Park, Amherst NY 14228-2027, USA.4. Ceramawire, P.O. Box 2597, Elizabeth City, NC 27908-2597, USA.5. Airex Corp., Route 108, Dover, NH 03820, USA.6. MACOR, Corning Materials Business, Corning GlassWorks, Corning, NY, 14830, USA.7. OMEGA Engineering Corp., One Omega Drive, P. O.Box 4047, Stamford, CT 06907-0047, USA.8. Nextel (Trade Mark, 3M Co.) Fiber Materiaals, Inc. 5Morin Street, Biddeford, ME 04005-4497, USA.9. Markel Corp. P.O. Box 752, Norristown, PA, USA.10. Fortafix Inc. First Drove, Fengate, Peterborough, PE15 BJ, England.11. Cotronics Corp., 3379 Shore Parkway, Brooklyn, NY,11235, USA. #391T-10 ceramic thread12. B. McCormack, et al., �Rogowski Loop Designs forNSTX�, in these Proceedings.13. Cermaseal, Inc., P.O. Box 260, Route 20, NewLebanon, NY 1215, USA.