Diagnostic Development on NSTXD. Johnson, R. Kaita, A. L. Roquemore, and the NSTX TeamPrinceton Plasma Physics LaboratoryP,O, Box 451, Princeton, NJ 08543- are are installed or under active development for the The aspect (R/a1.3) and toroidal (0.1-0.3T) thisdictate adaptations many standard diagnostictechniques. Technical summaries each given, and adaptations, significant, are highlighted. The paper the term for the National Spherical TorusExperiment (NSTX) plasma. It describecurrently installed or It particular emphasis newtechniques, or standard techniques. spherical (ST) is the tokamak, benefits from tokamak diagnosticdevelopment. ST highlighted, other difficulties are eased for the ST.name national effort, the are collaborators. Acomplete listing the diagnostics dgivenTable team institutions The an ultralow-aspect-ratio torusand that are noninductively 1,2 Heating and done with neutral beam (5 and strap, high-harmonic-fast-wave antenna (6 MW). The high-(25-40%), high-bootstrap-fraction In addition, coaxial-helicity-injection (CHI) for noninductive plasma current initiation. Basiccapabilities are IP 1T and k = maximum length 5 Central plasma parameters the range e 19 and TeI 3-4 keV are expected for high heating scenarios. Wall stabilization achieved aconducting passive stabilizer plates. Theoperate in either single or configurations. The divertor center stack (CS) are covered carbon structures are baked and vacuum project in late and first plasma February, an toinstall the divertor and tiles, initial research operations began in September, 1999.The research are characterize achieve plasma initiation and significant plasma heating HHFW. Installation the neutral heating beam late 2000.DIAGNOSTIC ACCESSthere inthe midplane the These ports 12 toroidal rather narrow TF Smaller the and although from areas are limited, the vertical plan machine layout showing many diagnostic that the heating beam and antennas. Since the most midplane port dedicated the beam optimum In addition, specialinto the above and beam trajectory, provide verticalthe beam.The plasma current, shape and determined from magnetic an equilibrium EFIT, contains and currents the there are 64 fl and Fig. 1. Poloidal cross section NSTX, internal components and diagnostic access port sizes.

13"8"27" passive plates divertorplates 1 m

these sensors are mounted on the centerstack. On the air the there are current 3halo current and radial space of the and the insulation and the inconel On the the there are halo current arranged toroidal and array. These are mounted small the thick protect the OHthese tiles are thermally and during highoperation, they are radiatively It predicted that through the course operation, the tile temperature climb locations. The are made insulated macor mandrels, and hightemperature lead wire runs through channels the the tiles4There are mounted the Coaxial the centerstack electrically (to 5ceramic breaks the and outer Therfore, must carefullyand electronics must The poloidal array above continued outward the pla12additional sensors. Space constraints are not onthe outer plasma facing components, so the outer are larger versions the inner The same the divertor and baked In conjunction fastthe arrays are indicators Mirnov activity.provide poloidal magnetic for equilibrium reconstruction, and derive the currents the and the vacuum array beeninstalled. There are mounted the back similar are arrayed the vacuum and are mounted the outside Nine additional are mounted provide parallel input aplasma Skybolt computerarray input 5hasloop control of the plasma current, and vertical EDGE PROBESFixed Langmuir divertor inner and outer point locations and plasmatemperatures and the divertor Presently there are flush-mount Langmuir probesmounted on the center stack and inner divertor 10additional flush mount are mounted outer divertor region.A pneumatically driven, scanning probe array will installed study the plasma aextending few centimeters inboard and the outer separatrix. probe 6 and toelectron temperature, plasma floating potential fluctuations quantities. The drive has maximum 3m/s. Measurements with ~2 mm spatial resolution and 200kHz bandwidth are verycharacterizing transport and turbulence inand for achieving conditions for optimal RFHHFW heating and current CS tiles have modified and placed at various These after erosion implanted with silicon depthmarkers. the area square, couponscoated ~300 nm carbon. couponsare arrayed the VISIBLE AND IR IMAGING CAMERASthe center column, the proximity the midplane porthe plasma, aangle from midplane afraction (>90%) the plasma can incontrast similar standard tokamaks. intensified, fast framing CCD camera been extremely during the plasma mm FL imaging onto coherent fiber bundle needed to the image magnetic area. The bundle output through an interference filter onto camera, capable and frames, and times short camera complemented standard frame rate camera similar mounted directly behind These cameras provide valuable feedback on plasma shape and position, and the the plasma and wall The fast camera described toturbulence, narrower 7orifice located at displacedappropriately from the camera to provide a can an line during plasma conditions. A or toilluminate turbulence, for confinement During operation, cameras deposition the and divertor regions. ticularly important for components near the midplane, the and the neutral beam armor, calculations that significant heating these areas toprompt ion Current camera capability cameras with operating from cameras have temperature range from frame for monitor conditioning trends, understand impurity quantitative particle balances, and Zeff and spectrometers have been relocated Czerny-Turner instrument spectral from either with midplane the machine, or optical relocatable telSPRED8 spectrometer tunable arange nm midplane Both instruments use 1024 element reticon array detectors withframe time of A channel bolometer array installed amidplane tangential fan ranging from the the CSthe outer plasma The instrument similar toseveral at the 9 (~0.2 mm) illuminating an International Detectors (IRD) data acquired at are mounted on the machine interference monitor D One these monitor at nm, narrow beam acthe midplane into a ACTIVE SPECTROSCOPYThomson ScatteringDetailed e and e measurements for many experiments. It that conventional ECE techniques at the low toroidal further microwave diagnostics section), scattering provide time emeasurements. The for capability tothe choice of similar to many inA currently installed abackscattering geometry, radial the horizontal midplane, with sensitivity and highspatial reat the outer 10 A feature thisthat see the centerstack tiles, or the top or bottom divertor During highoperation, these enough to tive at The DiagnosticPhaseLead111Slow plasma TV1Fast plasma TV11Basic2 mm 1X-ray PHA1111Single channel VB1Filtered 1VB array2EBW radiometer1Thomson scattering22FIR tang interf/polar2UCDToroidal CHERS2MSE (CIF)23MSE (LIF)3MHD1SXR arrays2Fast tang. XR camera2PSIIR Cameras1Fast scanning probe1UCSD1Edge reflectometer1Langmuir probes11SNLFast Edge Imaging1Fast IonsFast ion loss probe2Scanning NPA2Table 1. NSTX Diagnostics currently installed under development, the phasing this and the lead Spectra directed through the machine onthe horizontal midplane It machine duct and out toan The 16diameter and circular aperture cmspherical mirror, which the laser beam curved array The bundlestransport the imaged light to filter polychromators an room near the at the plasma outer 3-4at the magnetic and 8-10 at the inner edge.Initially, there and 10polychromators (spatial positions). upgraded to utilize three and 36 spatial Part of the motivation install the heating beam beam for charge exchange bination measuring impurity ion temperature and and for motional stark effect polarimetry measure qand Er Another fluctuation technique, beam (BES) the technique beingview the beam nearly magnetic pitch on the ST (~50¡ at midplane separatrix for MA), and and time, technique problematic a Charge exchange recombination (CHERS)A tangentially entlyfor installation at the time initial operation, to provide i fshare the same the The geometry tooptimize the spatial resolution at the plasma whereincreasing at the core. The have channels aconcentration channels the outer and the throughput Kaiser spectrometers Princeton Instruments Pentamax cameras formerly the TFTR poloidal rotation 11vertically matched top and bottom to measurements. that the data from both of the radial force equation, can calculate the radial electric Eran important parameter affecting plasma confinement intokamaks through shear turbulence. phenomenon evenstronger aspect ratio ST devices. (Motional Stark Effect Polarimetrynoninductive current initiation sustainment are top research measurements the current J(R) are tomany planned experiments. On tokamaks the standard technique for task stark-effect polarimetry 12,13 recehascritical measurements ErThe the splitting the line into othogonally components. Stark splitting the electric the frame the injected atoms, induced their motion through the magnetic (=vBxDetecting the polarization these components measure local magnetic direction. date, measurements onal techniques are the difficulty polarization On several modifications are planned toadapt the technique 14 First, the broadening the individual components minimized, reducing the spread beam and the aperture. done narrowing the aperture the dimension, and compensate, vertically elongating aperture. Second, narrower bandwidth filter solar and tuning. development is an effective passband width nm, compared nm width interference filters the performance athe new aperture shape and a nm obtains polarization fractions for the central 0 component. Typical operate and, compensate, the throughput the NSTX much larger The beam onto resolution of at and 3.0 cm the core.The collisionally-induced-fluorescence (CIF) arising injected atoms and the plasma. tunable laser have significant advantages. ( On mewhat delayed development path to the MSE above, development underway laser-induced-fluorescence (LIF) MSE. The plan inject aneutral beam coaxial resonant the Doppler shifted H With narrow spectral width, polarization fractions unity are predicted at the Labtests are underway with beam operate at 40keV and 30 mA, with 1cm diameter.The intrisic electric Ercan affect direction the polarization, and fact beenrecently exploited measure both magnetic angle and the radial electric Thismultiple or beam components. the and LIF determination both parameters will It interesting note that the collection for all the active constrained the the TF In these and several others, optimum port configuration have placed the portsdirectly inboard the TF more tangential views.X-RAY DIAGNOSTICSspectra the range keVare measured height analyzer 15 different (measure different ranges photon aresolution The horizontal at midplane the the duct. electron temperature is derived from the x-raycontinuum radiation, and Zeff metals can estimated from line emission.At each two toroidal three arrays area siliconinstalled, activity plasma turbulence. In each the arrays mounted the midplane the and lower the plasma, and a third mounted ontop flange, the plasma from above. The are mounted behind readilypermitting modification the detector Each enclosure area arrayed an arc around a A behind the slot houses several thin The first arrays, installed, configurable multilayer mirrors, for resolution (2�) 16 These for rejection the bright core trying to study MHD and turbulence the periphery. Onea emission at Ti/Cr mirror-diode arrangement, withan estimated background rejection factor A arrays, without multilayer but an identical toinstalled the When the same detector the two array different they couldprovide estimate e(R) from the An spectrometer installed tomeasure core ion temperature, using non-perturbing Ar 17 The Johann and ahorizontal diffraction planeaccommodate either acylindrically-bent or a spherically-bent crystal With latter, and imaging detector, many can simultaneously analyzed. dielectric satellite spectrum Helium-like the Ar ion temperature and electron temperature. This I information from not available, such ohmic and RF-only tangential ray camera system, similar that recently 18imaged pinhole onto ascintillator faceplate, diameter intensifier. Areducer the phosphor output frame rate The 19 each square, withactive area. toframes. The effective frame rate to~500 camera (m~20) to reaccuracy. It that change the order 1% cm kHztime resolution with MICROWAVE and FIR DIAGNOSTICSLine measurements are made interferometer adapted from part TFTR correlation 20The beam radially through midplane reflects carbon CS tiles, and is received through A millimeter reflectometer beinginstalled measure and fluctuations in mode array pairs transmit/receive horns beeninstalled midplane port covering the range 50the range 2x1012 cm.The horns are capable launching arbitrary polarized the large pitch and shear the ST, particularly for b operation, modemixing have significant impact interpretation. Experimental data both and launch compared numerical simulationsimprove understanding in area. The valuable for phenomena the L-Htransitions A reflectometer for studying densitythe scrapeoff layer horns integrated into the

HHFW antennas. This range 3-36GHzThe fast aidavoiding problems with density fluctuations in thisOnce again, cylindrical are the machine, and the polarization can tomatch to pitch angle. This tooptimize antenna coupling the plasma.Electron cyclotron (ECE) radiometry hastokamaks, providingtemporally and spatially measurements electron temperature. On NSTX, the toroidal enough that w, and electromagnetic radiation not generated for the first several cyclotron harmonics. Radiation at higher harmonics propagate, however, itcondition monitor electron A development for electron temperature inplasma confinement electron (EBW) 21 For conditions, EBWpropagate the plasma and meet the criterion. conrecently operating at T, tunable device operating initial edata, an averaging time .An antenna is mounted outside a quartz gharmonic converted tolayout and sightlines

tangentialbolometerSXR arrayUSXR arrayVB arrayscanning NPA

neutral heating beamrf power systemSPRED/VIPS sightline

TS viewing optics

FIR retroreflector

MSE/CHERS opticsTS laser 2 mminterferometer

reflectometers

fast camera

IR camera

FIR interferometerpolarimeter

x-ray crystal spectrometerRGA

VIPSspectrometerSPREDspectrometer

PHA sightline

SOL reflectometerTS beam dump

electromagnetic radiation at the upper near the plasma installed make similar measurements on underway for a channel, tangential, FIRpolarimeter for 22 Fullyimplemented, the diagnostic circular polarizations, and a third operating at m. Phase shiftsbetween the are the Faraday effect, and information the toroidal The average phase shiftrelative the reference beam measure refractive information on the With spatial inversion, e(R,t) and BT(can obtained time resolution Core Faraday rotation. The have llent minimum are predicted and the low toroidal the the vacuum toroidal the core diamagnetism predicted for hib deviation represents Faraday rotation, and should Thismeasurement provide valuable constraints equilibrium reconstruction retroreflectors the vacuum, the Thomson FAST ION DIAGNOSTICS the magnetic the existence rich variety energetic phenomena, high energetic particle beta, largepopulation of Alfv�nic ions, large Larmor radii orbit population trapped induced prompt or counter-going and/or RF-driven and significant energetic particles Measurements of the ion distribution in pitch angle charge exchange neutral analyzer (NPA) can provide information toevaluation these effects.The charge exchange for an NPA for 23.The spectrometer an range £A(amu)E(keV)˚ and for the spectra H and Dsimultaneously during discharge. detector large-area microchannel plate whichrectangular, i-continuous area each the detection H and D Each channels and has an dynamic range E/Emin = The resolution resolution, facilitate measurements noted above, the the supportstructure for the NPA horizontal and scanning capability map the ion distribution inspace and pitch angle.Predictions indicate that the beam heating power moderate-to-high MA the orbit width Larmor radius prompt keVbeam ion loss rates indicate that the 2 (~10 mA/cm2near theouter plasma the neutral beam armor the antennas. camera these map out resulting surface heating. A ion probe measure the time behavior the fast Fast ion currents thin metal alternating metal/insulator film collector provide resolution. For example, vacuum-deposited Al and SiO2 several hundred � thick collector mounted behind a probe tip withdrive that radially scannable at the midplane betweenA national team broad array for the ,have techniques tokamak research are adaptable spherical However, the low toroidal and the low aspect ratio the ST dictate standard techniques development of techniques, whichhave highlighted. the research continues mature, and future diagnosticdevelopment component the leading to The authors wish the Program Director, the Director, Ono, and the Operations contract

1362 M. Ono, et al., paper OC1-3, this conference3 B. McCormack, et al., paper PA5-9, this conference4Kugel, et al., paper PA5-8, this conference5 C. Neumeyer, et al., paper PA5-3, this conference6Instrum., 70, 2997 (1999)7, private communication.8Instrum., 57, 2053 (1986)9Instrum., 7010Instrum., 7011Instrum., 7012Levinton, Rev. Instrum., 7013Instrum., 7014Levinton, private communication.15Instrum., 16Stutman, et al., Rev. Sci. Instrum., 7017Instrum., 7018Instrum., 7019 Under development by Princeton ScientificInstruments, 7 Deer Park Drive, Monmouth Junction, NJunder DOE SBIR contract.20Mazzucato, et al., Rev. Instrum., 63, 4657 (1992)21Instrum., 70, 1019 (1999)22Instrum., 70, 710 (1999)23Instrum. 69, 2651 (1998)