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The National Compact Stellarator ExperiméNCSX) is a stellarator-tokamak hybrid seeking to
combine the good confinement, high beta, and moderate aspect ratio of the tokamak with the
quasi-steady-state operation and good stability properties of the stellarator. A preliminary list of
measurement requirements, intended to satisfy the needs of the phased research plan, provides the
basis for a full complement of plasma diagnostics. It is important to consider this full set, even at
this early stage, to assess the adequacy of the stellarator design for diagnostic port access. The
three-dimensional nature of the plasma is a measurement challenge, as is the necessity for
high-spatial resolution to assess the quality of magnetic surfaces. Other diagnostic requirements
include the need for re-entrant views that penetrate the cryostat, for a convebiesuin probe for

field line mapping, and for a diagnostic neutral beam for active spectroscop008 American
Institute of Physics.[DOI: 10.1063/1.1538364

I. INTRODUCTION the project path leads to first plasma in March 2607.
This article describes the conceptual plan for diagnostic

The mission of the National Compact Stellarator Experi-integration on NCSX. At this early stage, a top priority is to
ment (NCSX) is to use the flexibility of three-dimensional assure adequate diagnostic access is available in the design
(3D) shaping to combine the best features of stellarators andf the core machine. We present a preliminary vision of the
tokamaks. The project seeks to demonstrate conditions fatiagnostic complement needed to satisfy the needs of the
high-beta, disruption-free operation by using externally genanticipated research program, along with an initial evaluation
erated helical fields at low-aspect ratio in a quasiaxisymmetef the diagnostic access available in the current design. Fi-
ric configuration with significant bootstrap current. This con-nally we present short discussions of some challenges/
figuration has three periods witR/{a)=4.4 and(x)=1.8,  opportunities for some specific diagnostic systems.
and is produced by 18 modular coilthree types supple-
mented by dPF) coil set and a weakTF) set for flexibility.  1I. INTEGRATION OF DIAGNOSTICS
A set of external trim coils is planned to suppress=2  WITH RESEARCH PLAN
islands. All coils are cooled to LNtemperature between

shots within a cryostat. Many of these features appear in the A research plan was developed for the conceptual de-
cutaway view of NCSX shown in Fig. 1. sign. (For a complete listing of research topics within each

. : . - hase and many other details of the conceptual design, see
The configuration has been numerically optimized to b y P 9

. . ) . ef. 1) The six phases are listed in Table | along with the
= 0,
passwely stable ap .4'1/0 to- ink, balloo_nlng, vertlcal,. associated measurement needs identified to address the re-
Mercier, and neoclassical-tearing modes, without conductin

. Yearch topics.
milISdgsrig]ie?et);ﬁ:essyi:\eem(szégzlﬁiTyl.t‘clnma{c?::r:r.r?c: dlait7eTi:)uI58 Vacuum and coil system shakedown occurs in the initial
. o eration phase lasting approximately one month, with a
lengths up to 1.2 s and 6—-12 MW of heating, consisting of b b g app y

: S ’ ~goal of achieving a plasma with toroidal current bf
poth tanggnhal neutral beam and h|gh-f|eld launch rf. Fleldgi25 KA. The magnetic diagnostics needed to control the
lines outside the last closed magnetic surface on NCSX a

) X ) slasma would be debugged during this phase, and several
cumulate_ln the tips of the bga_n—shape_d cross secnons, alher diagnostics would be implemented for basic monitor-
for the high-power phases, it is envisioned that tor0|dallying’ as indicated in Table I.

extended “divertor” target plates and baffles will be used in This would be followed by an approximately six month
these regions for power and particle control. NCSX is preering for vacuum-field-mapping studies to verify the quality
d'Cte% tcisacmeve centrale(0), Ti(0)~1.8keV atne~7 4t the magnetic surfaces and identify errors in the design or
X 101. m ", corresponding tg8~4% The conceptual design ,qqemply of the coil systems. A variety of vacuum configu-
for this device was successfully reviewed in May 2002, and4tions would be probed, with the coils first at room tempera-
ture and then cooled to normal operating temperature. In-
¥Electronic mail: djohnson@pppl.gov cluded for funding within the NCSX project are diagnostics
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TABLE I|. Research phases, measurement needs, and diagnostics.

Phase/Measurement

Diagnostic technique

. Modular 1. Initial operation(150 °C bake, GDT
wllsnr:eﬁral |
[-]

Cryostat —_
Rogowski coils

flux loops-1p
magneti@® EFIT

Cponductivity

Boundary position and shape
Total stored energy diamagnetic loop

Image of plasma/wall video cameras with filters
nel 1 mm interferometer

Vacuum __-

Vessel ——— Plasma

___ PFCoils

Trim Coils —— 2. Field mappingno plasma
vacuum flux surfaces e-beam probe-fluorescent
rod/screen probehigh dyn.
e Bl S oaneort range CCD camera

3. Ohmic(three poloidal limiters

ne profile FIR interfer./polarim.
Thomson scattering
T, profile Thomson scattering
FIG. 1. Cut-away view of the stellarator core assembly. T, profile x-ray crystal spectrometer
Paq profle core foil bolometer array

Low (m,n) MHD modes

. . . . . Magnetic axis position
needed to verify that the core device has met its englneerlng]guriw idemiffcation

goals. These are the diagnostic systems listed for Phasesinpurity concentration
and 2. Zeg profile

Control of plasma position and shape is a primary goaf?ydrogen recycling
of the ohmic phase. The diagnostics listed in Table | woulda. initial auxiliary heating(3 MW NBI, PFCs, 350° bake
also permit an assessment of the effect of three-dimensional. vy, v, profiles DNBttoroidal, poloidal CHERS
(3D) shaping on global confinement, the dependence of tht@ profile DNBFMSE polarim:+ 3D EFIT

. . . . Higher (m,n) MHD modes additional compact SXR arrays

ne and T profiles on iotal, and trim coil current, and the 7 <\ face topology tang. x-ray camer@-D EFIT
impact of plasma contact position on plasma performance. gast ion loss fast ion loss probe, IR camera

The mission elements begin to be addressed more dien energy distribution neutral particle analyzer
rectly in Phase 4, when 3 MW of tangential neutral beamNeutron flux epithermal neutron detector
heating is commissioned from two beamlines. This initial '9"-freduency MHD(<5 MHz) high-frequency Mimov coils

multiple compact SXR arrays
comp. SXR array8D EFIT
visible spectrometer
abs. UV spectroscopy
use Thomson scattering system
filtered 1D CCD camera

First wall temperature

auxiliary heating campaign, which is envisioned to last ap-soL 1, andn,
proximately two years, will explore NCSX flexibility, plasma Edge neutral pressure

compact IR camera
movable Langmuir probe
fast gauges

gonflnement, and stability at mOdera& The dlagnOStICS“ 5. Confinement and beta push MW heating, full divertoy
listed for Phase 4 would permit local transport and stabilitypyertor prad profile divertor bolometer arrays
analysis, in addition to a variety of other topics planned forpivertor plate temperature fast IR camera
this phase. Discharge evolution control to produce currentargetTe, ne plate mounted Langmuir probes
profiles approximating the bootstrap profile will be tested.C0'€7e fluctuation diagnostics TBD
The trim coils will be used for controlled studies of rotation >0 ¢49¢Te andne fast scanning edge probe

. i . - . Core helium density DNBHe CHERS system
damping and neoclassical tearing modes. Fast ion confingyyertor target temperature divertor thermocouples
ment and influence on magnetohydrodynan{i$iD) will Divertor recycling divertor filtered CCD camera
be evaluated. The edge and scrapeoff lay@®L) will be Divertor impurity conc., flows divertor UV spectroscopy
characterized at moderat.e power. ' 6. Long pulse(pumped divertor

The goal of the confinement and high-beta phase is tmivertor T,, n, profiles

extend enhanced confinement regimes and investigate high
beta stability with a full complement of 6 MW from four
sources and/or megawatt-level rf heating. This multiyear

divertor Thomson scattering

phase will also feature divertor target plates for power and'nese upgrades should permit equilibration of the current
particle handling in the natural divertor regions that formprofile to the bootstrap current and documentation of high-

near the banana tips in the=0 cross section. Many of the beta, disruption free operation for longer pulses.
research topics planned for this phase will utilize diagnostics
previously installed. New diagnostics will be needed forimplementation will evolve as the project moves forward

The plan for research topics and associated diagnostic

characterizing the divertor and for studying turbulence, andhrough the detailed design and construction phases. Prelimi-

its role in determining transport.

nary measurement requirements, which help define the diag-

The long pulse phase features heating system upgrad@sstic needs derived from the research topics, and include
to allow pulse lengths of-1 s, and power up to 12 MW, specifications for spatial/temporal resolution and accuracy,
including possible upgrades of plasma facing componentbave been developed in Ref. 1 for the diagnostics listed in

and divertors for improved power and particle handling.Table I.
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Ill. DIAGNOSTIC ACCESS ISSUES plasmas, such a reconstruction can provide important infor-

. . . . L mation on profiles of plasma pressure and toroidal current
Diagnostic access has been given high priority in thedensity

design of NCSX. In the year between the physics validation There is adequate clearance in the device design to
review and the conceptual design review, significant deSigrﬁwount magnetic sensors. There is a minimum clearance of 50
changes in both the TF coils/supports and the cryostat Were . between the back of the PEC panels and the inner sur-
driven largely by a desire to improve diagnostic access. Po ce of the vessel. The minimum clearance between the out-

extensions permit diagnostic access through the cryostat anflis of the vessel and the modular coils is 25 mm. In most
into the vacuum vessel. In the present design, these exte;

. " . . . . egions around the vacuum vessel, clearances exceed these
sions are positioned on radial planes with their axes a|meg
nominally at the magnetic axis, in locations where they
Would_clear modular coils,_ TF and. PF coils. Positioning t_hev_ VACUUM EIELD MAPPING
TF coils at the mean toroidal position of the modular coils
optimizes the space for the extensions. Along the length of a  The traditional mapping technique involves an electron
particular extension, the position of the vacuum seals wouldeam that lights up a fluorescent mesh or movable fluores-
be outboard of the modular coil support “shell,” but could be cent rod as the beam makes many traverses along a field
inboard of the cryostat boundary. This flexibility is facilitated line.”~* Light is detected by a charge-coupled cam@&D)
by a close-fitting, conformal cryostat featuring removablelocated at a suitable viewing window, with rather inefficient
panels that can be tailored to diagnostic space needs. Th¢gllection of the emitted light. To increase the sensitivity and
will permit some port extensions to be made shorter, and wilfime response, we are investigating other methods, which
open up more space within the cryostat perimeter. Nonethedather more of the light from the mesh or rod by collecting
less, the extension lengths will drive the design of manythe light locally, perhaps with an array of vacuum compat-
diagnostics to compact, re-entrant systems. In addition, bakdble, phosphor-coated fiber optics. The fibers would relay the
out (350 °C for carbon PFCs and 150 °C for vacuum vessellight from the strike points through a window to a high-
and normal operation with coils cooled will subject front-end dynamic-range CCD camera. Design goals include deploy-
assemblies to temperature excursions which may necessitaient of the probe without breaking vacuum, variable elec-
active regulation. tron energy, and a spatial resolution of 2 mm. Careful
The number of ports available for diagnostics appeargnetrology will reference the array to machine coordinates.
adequate. The present design has 96 ports, including four fértrike points will be compared to expectations of a code,
neutral beam injectors. Approximately 60 of these ports arévhich will compute the beam trajectory for given coil cur-
allocated to the diagnostics in Table 1. Additional ports can'ents. Magnetic island structures will be investigated at ref-
accommodate auxiliary systenfsieling, wall conditioning, ~ €rence vacuum configurations, and the influence of trim coil
etc) and future diagnostic needs. The most urgent near-terrgurrents will be assessed.
diagnostic activity is to optimize the orientation of the ports
for some specific critical diagnostic views, perhaps deviating/|: COMPACT SXR ARRAYS

from the constraints that the port axes lie on radial planes  x_ray tomography using a large number of sightlines in
and are directed to the magnetic axis. multiple fan arrays is a powerful technique for investigating
MHD mode structure. Such arrays have been used on both
tokamaks and stellarators, typically with extensive coverage
IV. MAGNETICS in one or two poloidal cross sectiofdn order to achieve
In addition to the vacuum transform, the target NCSXSUCh coverage on NCSX, it will be necessary to insta_ll com-
plasma has a significant poloidal flux contribution from thePact arrays inside the vacuum vessel, between the first wall

bootstrap current, beam-driven current, and ohmic currenf?md the vacuum vessel. One example of such an implemen-

There is little experience controlling the flux evolution of tation is shown in Fig. 2.

such a plasma in 3D, from discharge initiation to the high- Currently, there is not a des'gf‘ aya!lable for the array
beta phase. As part of the preliminary design, detailed modr-nOdUIe that is compact enough to fit within the 50 mm space
eling is planned to ascertain the optimum nur;1ber type anaonstraint between the first wall and the inner vacuum vessel

placement of the sensors needed for equilibrium reconstrué’ya”' It ma;y be n(alpe_sse;:é 0 enlarge theUV(_asseI IoFl:aglyl to
tion and plasma control. The computational tools developf"ccOmmo ate realisti¢SXR) array sizes. Using available

ment to perform this analysis will be funded by the NCSX t€chnology, a minimum clearance 6f110 mm would be
Program, collaborating with other stellarator groups an eeded. It would be preferable to do this in a section near the

building upon existing tools. Rough estimates indicate thaf)blate cross sectionv e 1/2) S!JCh as that n F_|g. 2, 10 take
approximately 100 sensors of several different types will beadvantage of the flux expansion at this location.
required initially.

The magnetic sensors will likely include diamagnetic
loops, flux loops, saddle loops, Rogowski coils, and B-dot Because of the moderate density and relatively low-
coils which will provide signals necessary to determine themagnetic field on NCSX, it will not be possible to use con-
internal magnetic-field geometry using a 3D equilibrium re-ventional (ECE) techniques for measurin@¢(R,t). Thus,
construction code. Because of the strong shaping in NCSXhomson scattering will be a key diagnostic, providing time-

alues.

VIl. THOMSON SCATTERING

Downloaded 17 Feb 2004 to 198.35.3.187. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



1790 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Johnson et al.

DNB Compact
Thomson MSE CHERS .

DNB & laser
F

: -aiz'«vv’v‘ﬁ 1/
~~"~“i‘54‘¢"’ o
7 ‘M‘ X
\w,....il
. "".! ; SN
& TN
AL
RPN
AR
: & ‘\.:.‘A
A /Vertical TS / . ‘,'5'[\\
N laser g\QDQf = 'é\'~ A
Y A/ § w5V F TV RS N l

[ /
S o ‘i FIG. 3. Midplane cut of NCSX showing concepts for viewing geometries
~ % ™ 3
i ¥ ! i /"‘ // for active spectroscopy. To provide suitable views, proposals to shorten and
P~ | b S Vi reorient port extensions are under consideration.
~1 \\ -“\“a_-qi I‘?_ e
] e
~d with a (MSE) polarimeter system viewingi, emission. A

i compact DNB and laser will be used with a second MSE
system using laser-inducédl, fluorescenc&.The two pola-
FIG. 2. Viewing concept for compact in-vessel soft x-ray arrays. rimeters should permit independent determinationd ahd
E, . Figure 3 shows possible views for these active spectros-
resolved profiles forT, and n,. At the same time, high- copy diagnostics. As indicated in the figure, further work is
spatial resolution would also be very useful, for example, toneeded in the definition of port orientations to achieve suit-
characterize island and “filament” structures. The currentable viewing geometries.
concept for this diagnostic uses a Nd:YAG laser system with
a laser repetition rate o100 Hz. Twenty filter polychro- IX. SUMMARY
mators will be used with four spectral channels each. Light At the concept level, the NCSX project has a well-
from three positions in the plasma will be relayed via threearticulated research plan, and has identified a preliminary list
different fiber optic bundle lengths to each polychromator.of diagnostics phased to support these experiments. The de-
Fast transient recordefdx20=80 channels at 1 G9/svill  tajled design is proceeding with an eye to providing adequate
resolve the three time-multiplexed signals from the avagiagnostic access. As this diagnostic plan evolves, it will
lanche photodiodéAPD) detectors, following concepts de- clearly benefit from community input. Diagnostics are entry
veloped for RFX, MAST, and JET®In this way, a 60-point points for establishing collaborative participation in NCSX,
Spatial prOf”e will be recorded for each laser pulse, with ags they have on many other devices. Diagnostic Working
spatial resolution of~1 cm. The laser is fired vertically at groups will be an important component of the NCSX re-
the “banana’ symmetry plane, and imaged with a highsearch forums, which will begin in FY2005, and will serve to

throughput collection system at the outer midplane. identify experts interested in developing diagnostics, and to
seek and encourage new diagnostic development that might
ViIl. ACTIVE SPECTROSCOPY benefit NCSX.
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