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Abstract

The low aspect ratio andow magnetic fieldof the National Sphericalorus Experiment
(NSTX) create many challenges for plasma diagnostics and controlless\wpportunities for
studying newplasma phenomena. This paper descrilibe diagnostics nev installed for
studies of confinemenstability and edge plasma phenomena and soméhe diagnostic
developments plannedrfthe nea future The design ofthe plasma contradystem and plans
for its development are also presented.
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NSTX Diagnostics and Operation: Status and Plans

The National Sphericalorus Experiment(NSTX), designed for studyingoroidal plasma
confinement at venfow aspect-ratiocan produce plasmasith aspect ratio A =R/a =
0.85m/0.68m ~ 1.25, elongation up to 2.2 and triangularity up to 0.5h#&]low aspect ratio
and lowmagnetic field (B, < 0.6 T onaxis) of NSTX create many challengdsr plasma
diagnostics and control as well as opportunities for studying new plasma phenomena.

Following the achievement of thBrst plasma inFebruary 1999, twamajor experimental
campaigns have been conducted. The plasma current, which was brought to itvalesigi

1 MA in 1999, hagecently (May2001)been increased tb.4 MA. Plasma heating by both
high-harmonic fast wave@HFW) and neutrabeam injection(NBI) has been studied2].
Toroidal currents up to 400 kA have been generated by coaxial helicity injection (CHI) [3].

For determining theequilibrium,NSTX is equipped with a comprehensive set of flux loops
and magnetic field detectors (Mirnov coils) surrounding the pla3imasignals from a subset
of these araused inreal-timefor control of the plasmaurrent, position and shapehile
digitized datafrom the full set isused in off-line analysis dhe plasma equilibriunwith the
EFIT code[4]. In the interval between plasnshots (~10 min)the EFIT analysis provides
both global parametersuch aghe plasmaenergy,internal inductance and ohmpower as
functions of time with a timestep as small as 1 ms, anthtemal flux surface configurations
which are then used to map data from other diagnostics into flux coordinates. InKuietre,
measurements of the components of the plasraasure (p T, etc) will supplement the
magnetic data input to EFIT allowing subsequent analysis of the MHD stability.

The Mirnov coils arealso used ircombination witharrays of ultra-soft x-ray detectors for
characterizingViHD instabilities. Some ofhe Mirnov coils have signal conditioning addta
acquisition capable of measuring fluctuations u@ tdHz in frequency. Fordetecting low
frequency and stationarpagneticperturbations ("lockednodes"), aset of sixexternal large-
area coilshas been installecaroundthe outboard midplane to measuiee perturbedradial
field. The x-ray detector arrays vietwe plasma in 4anseachwith 16 lines of sight through
the plasma poloidal cross-section at two different toroidal angles. Thin filter foils galadeel
over the entrance apertures of the arrays to change the lower limit to the energy réagé so
is possible todiscriminate edge frontentral MHD perturbations.Density fluctuations at
frequencies up to several MHz atetected by &equency-scanning microwaveflectometer
which probes the region of the plasma where the density is in the (Gi@ge 3.1) x 10*°m=,

A second microwaveeflectometer suitabléor densitiescharacteristic of the plasmedge,
views the plasmahroughthe RF coupleffor studies ofthe wave coupling duringHHFW
heating. The spatial structure of density fluctuations at the plasma boundary is being studied by
imaging the visible emission frothe edge regiomwith a fast(10 us exposurel kHz frame
rate) filtered cameralhe emission is produced by a sméitalizedgas puffdirected at the
edge by a line ohozzles, using delium puff for deuteriumplasmas, owice versa to
distinguish the emission resulting from the puff from the background recycling light.

A dedicated array of ultra-soft x-ray detectors sensitive to radidoem to ~10 eV irenergy

viewing the plasma tangentially across the midplane is used to measure the power radiated. The
local radiatedoower density iobtained by inversion othe chordaldata. The total radiated

power, which hagenerally remainedmall, typically lessthan25% ofthe totalinput power.
Spectrometers, broad-band bolometers fiteted detectorsspanningaltogether the range

from the near IR to the VUV characterize impurittesl measure the effective ion chargg.Z
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Since the completion of coverage of the plasma facing surfaces by graphite tiles and the routine
application of surfaceoronization, carbon ihe dominant intrinsiempurity, althoughsmall
amounts of metal impurities have beslsserved following HHF\Wheating experiment&hen

the plasmasurface had been positioned close (~ 2cmth#o antenna shield at the outboard
midplane. In generaNSTX now operates with a £ in the range ofl.5 — 2 forreference

0.8 MA deuterium plasmas with an average density><n 2 x 10m™. In high density

helium plasmas, the Zapproaches 2, confirming the reliability of the measurement.

The profiles of the electron temperature and density are measui@achsns oftime in each

shot by a multi-pulse Thomson-scattering system. At present this system measuresiia 10
locations on the midplane of the vacuum vessel with a concentration of measurement points on
the outboard side othe magneticaxis for the normal plasma&onfiguration. TwoNd-YAG

lasers each pulsing at 30 e used andhe two pulse traingan be separated by ke as

0.4 ms for diagnosing reproduciki@nsient phenomenahe very high throughputletection

system, using low-number collectionfiber-optical transmission,interference filters and
avalanche photodiod#etectorsminimizes the statistical uncertainties. Téygstem iscapable

of accurate measurements of the electron temperfitume lessthan 5 eV to greater than

5 keV for plasma densities ranging frolessthan 1x 10*m™ to more than Ix 10°°m®,

Absolute calibration of the density measurenfenteach channel iperformed by Rayleigh
scattering measuremenssituwhile the vacuunvessel idfilled with purified nitrogen gas to

an accurately measured pressure of about 250 Pa. The line-integral of the density measured by
Thomson scatteringpas been confirmed by @ mm microwave interferometer in quiescent
discharges and, more recently, by measurements with the first chortil&fpan far-infrared
multi-chord interferometer and polarimetystem. Highcentral electrontemperatures, J{0)

up to 3.7 keV,have been measured duringating of moderate-density (@) ~ 2x 10*m?)
deuterium plasmas byHFW at power
Ievel_s of _3 -4 MW asseen inFig. 1. 0.093s 105916
Confirmation of the electron temperat ™ 0.110s 7-\=F 7
for selecteddischarges habeen provider < 3—0.127s

by pulse-height analysis dfe soft x-ray
spectrum for J(0) in the range 2 3 keV,
and by measurements with a hi
resolution crystal spectrometer of the ra
of x-ray satellite linesfrom highly-ionizec
argon (ArXV — ArXVIl) for T(O0) in the
range 0.8 — 2 keV.

The profiles ofthe ion temperature and t
toroidal rotation of the plasma are meast
by spectroscopy ofthe emission fromn
intrinsic carbon impurities (C) excited by
charge-exchange witlthe NBI used for
plasma heating(CHERS). The interim
system nowdeployed providesiata at 1<
radial locations. To separatéhe charge
exchange emission  containing

information h igrofiles from
ormation about the spatigirofiles fro Fig. 1. Profiles of theelectron temperaturend density

the intrinsic emission, which comesainly measured byrhomsonscattering during3.4MW HHFW
from near the plasma edge, onetl# three neating of a deuterium plasma, 80.45T, [ = 0.9MA.
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Fig. 2. lon temperaturevs. time fromthe NPA and vs.
radius from CHERS during NBI;B- 0.4T, |, = 1.25MA.

neutral beansources is switched on and
off for 20 ms periods anddifference
spectra are computed. High ion
temperatures, ;[0) up to2.2 keV, and
rapid toroidal rotation, vy, (0) up to
240 km/s, have been measured during
NBI. Both T and vy, profiles have

regions with large spatial gradients
internal

suggesting the creation of

transport barriers. The central ion
temperatures have been confirmed by
measurements of the energy spectrum of
charge-exchange  neutral hydrogen
(present as an intrinsic impurity) and by
the Doppler width of ArXVIl line
emission measured ke x-ray crystal
spectrometer. Examples othe ion
temperatureduring NBI are shown in
Fig. 2. The neutral particle analyzer can
also measure charge-exchange deuterium
in the energy range 10 100 keV which
yields information about the confinement
and thermalization of the energetic
deuterons  from NBI heating.
Complementary data on energetans
lost from the plasma by scattering onto
unconfined orbitsare obtainedrom ion
collection probes outside the plasma.

The measurements of the kingbiofiles (n, T,, T,, P,), the Z; and theEFIT equilibrium,
together with data on the auxiliary heating (NBI and HHFW), are being used in analysis of the
plasma transport witthe TRANSP codeWithin the limitations of the applicable plasma and
heatingmodels, thiscode provides consistency checks fdata from different diagnostics,
particularly between kinetiand magnetic measurements of the plasemergy, aswell as
calculations of the plasma transport coefficients for comparison with theory.

Several diagnostics for the plasma boundary are now in operation. In partleeifast time-
resolved measurements of theatdeposition ontdhe HHFW coupler and théower divertor
tiles have recently beesbtained.The latter will be combinedith datafrom fixed Langmuir
probes in the divertor tiles and high spatial resolution measuremethis déuterium Lyman-
alpha emission on mdial lineacrossthe lower divertortiles to begin characterizing heat and
particle fluxes in the scrape-off plasma, issues critical for the future development of STs.

Planned Diagnostic Upgrades

Within the nextyear, several diagnostics will have channedded, including Thomson
scattering (to 2@hannels)the FIR interferometer/polarimeter (to éhannels)the CHERS
diagnostic for Tand v, (to 75 channels) and th¢SXR arrays(to 80 channels)The neutral
particle analyzer will have 2Bcanning of itdine of sight added and aew detector will be
installed to make energy and pitch-angle resolving measurements of the escaping ions.
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Critical to the assessment of both plasma stability and non-inductive current drive in the ST is
measuring the plasma currgbfile. Currentdrive by boththe HHFW, whenlaunched with

the appropriatgphase velocity, an€HI are activeresearch area®r NSTX. The motional

Stark effect for both collisionally excited impurity fluorescencéCIF) and eventually laser
induced fluorescence (LIF) of injected neutrals will be used to determine bdticah@oloidal
magnetic fieldand the radiaklectric field InNSTX. The latter may play a critical role in
controlling the transport associated with microinstability turbulencthdmextyear, the first

two of 10 eventual channels for the CIF-MSE system will be installed. Development of the LIF
system is now in progress in the laboratory.

A fast reciprocating probe drive will be installémt measuring botlaverage and fluctuating
plasma quantities in the edge asatape-off. Thisdrive will also accommodate @robe to

study the fluctuations accompanyitige "plasmadynamo” procesbelieved to beesponsible

for generation of current on closethgneticsurfaces duringcHI. The present measurements

of edge plasma parameters and fluxes will be supplemented by additional cameras and views.

In the longerterm, diagnostics for measuritige turbulence itself within the plasma core are
being planned and developed, including 2Daging of the density fluctuations with
microwave reflectometry. An ultra-fast (MHzamerafor x-ray imaging of the plasma core
will be installed to study MHD perturbations.

Plasma Control Upgrades

The NSTX plasma control system useal-time digitalprocessing of engineering apthsma
diagnostic measurements to control the coil curréjtsAt presentthe systemutilizes only a
subset of the magnetic measurements and regulates by feedbatkeqgplgsmacurrent,axial
position and the outer gap to the fiwgtll; the plasmahape (elongation, triangularitgic) is
determined by programmed currents in the poloidal fieids. This haseen adequat®r the
initial experiments and enabled us to produce plasmasdwisis high as 25% (=1@<p>/B,,’
where B, is the vacuum toroidal field at the plasmenter). However, in order t@ach its
ultimate objective of stable high-befa ¢ 40%) plasmas for longer than the resistiféusion
timescale (>1s), control of plasma profiles using a variety of tools, including the configuration,
fueling sources, heating and current drive, will be requiredach@evethis, real-timeanalysis

of the plasmaquilibrium, including profiledatafrom diagnostics must be implemented. The
next phase othe control development is to inclu@d magneticdiagnostic datand to use
equilibrium analysis (real-time solution of the Grad-Shafranov equation) for contnaliltple
gaps and shape parameters. This is planned for the 2002 operational period.
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