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Edge rotation and temperature diagnostic on the National
Spherical Torus Experiment
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A new diagnostic for the National Spherical Torus Experiment is described whose function is to
measure ion rotation and temperature at the plasma edge. The diagnostic is sensitive @a\G

and Hell intrinsic emission, covering a radial region of 15 cm at the extreme edge of the outboard
midplane. Thirteen chords are distributed between toroidal and poloidal views, allowing the toroidal
and poloidal rotation and temperature of the plasma edge to be simultaneously measured with 10 ms
resolution. Combined with the local pressure gradient and EFIT reconstructed magnetic field profile,
the edge flow gives a measure of the local radial electric field.20©4 American Institute of
Physics. [DOI: 10.1063/1.1646740

I. INTRODUCTION Because the intrinsic emission of the ions is used, active
techniques to stimulate emissiofe.g., neutral particle

Plasma rotation has been theoretically and experimerbeams are not necessary, allowing measurements to be made

tally linked with improved stability and confinemeht.In  in essentially all types of NSTX plasma discharges. Since

particular, sufficient flow shear in the plasma edge is exthis edge rotation diagnost{ERD) and the charge exchange

pected to suppress turbulent eddies and induce a transitioRcombination spectroscopyCHERS'? diagnostic both

from low- to high-confinement modé mode-H mode asis  measure the spectra of impurity ions, the techniques compli-

observed in traditional tokamak magnetic confinement dement each other, although CHERS measurements are limited

vices, such as DIll-Band JET* and in spherical tokamaks to plasmas with neutral beam injectédBI) power.

such as MAS¥and the National Spherical Torus Experiment  Since more than one spectral line is observed with the

(NSTX).” It is believed that increased plasma flow is corre-ERD, it is possible to make simultaneous measurements of

lated with an increased radial electric field in the edge, leadmultiple ion species, in multiple charge states, and at mul-

ing to theL—H transition® The radial electric field can be tiple locations in the plasma. The diagnostic described here

calculated from force balance, assuming that the toroidal ant$ sensitive to light from Cii, C v, and Hel intrinsic

poloidal components of the plasma flow are measured, alongmission.

with the magnetic field components and the plasma pressure.

In this article a new diagnostic is presented which measures. THE LIGHT DETECTION SYSTEM

the poloidal and toroidal flow velocities and temperatures in

the edge of NSTX plasmas. lasma, as shown in Figs. 1 and 2, and focused onto a single

o, e e s o+ S Ao gIGe COUped EMGECD) camera, e dspersin by o
ght, and . y . €asap g sihgle spectrometer. Using a single spectrometer and CCD
The intrinsic emission of G impurity light, for example,

. . . : detector to image both poloidal and toroidal views saves cost
rivals the brightness of the Demission from deuterium fu- g P

. . and reduces systematic errors by simplifying calibration.
eled NSTX plasmas. Together, the emission from these lines The collection optics are rigidly mounted outside of the

constitut_es the majo_rity of visible Iight_ that is O.bs.ervab.levacuum vessel. The plasma is viewed poloidally through a
from typical NSTX discharges. Carbon is the main |mpur|ty20 cm vacuum window on the top of the machine at Bay B

in NSTX due to the presence of protective carbon tiIegNhiCh is located abaw a 5 cm gap in theSTX passive '
throughout the machine. L_|ght 1S emitted by exc_lted lons a%tabilizing plates. Toroidally, the plasma is viewed through a
the edge of the plasma primarily from electron impact I0N-1 5 cm vacuum window off the pumping duct at the midplane
ization. Due to the presence of a steep electron temperatufg Bay L, which is shared by the CHERS background view-
gradient at the edge, narrow shells of intrinsic emission arc:r\ng optic's The CHERS background sightlines view toroi-

formed at the edge of the plasma. The intersection of a d'agdally at the midplane of the plasma, and the ERD sightlines

nostic sightline with an edge intrinsic emission shell gives IS parallel to them, but displaced vertically downward by
spatial localization to the spectroscopic measurement. Mul;2_3 cm at the radii of tangency. Shutters are mounted on

Light is collected from multiple sightlines through the

verted to give local measurements and gradierits. There are six poloidal and seven toroidal sightlines,
which utilize essentially identical optical systems to measure

dElectronic mail: thiewer@pppl.gov the light from intrinsic emission of the plasma. For the po-
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light is imaged from the plasma onto fiber optics, which
carry the light from the NSTX machine area into an adjacent
room, where the detection hardware is located. The output
end of the 13 fibers are held vertically in a single column in
front of the spectrometer entrance slit by a precisely ma-
chined mount.

The spectrometer is commercially available from Kaiser
Optical Systems, Int’ It is a modified Holospec model HS-
f/2.2-VIS, and uses a standard camera lens with a focal
length of 85 mm af/1.8 to image the entrance slit. Light is
focused through a high dispersion, holographic transmission
FIG. 1. Toroidal cross section of the NSTX vacuum vessel showing thegrating that is sandwiched between two prisms. The center
toroidal ERD sightlines. wavelength of the grating was selected to be 4650 A, i.e.,

near the Cin triplet. A 58 mm focal length output lens at
loidal sightlines, six fiber optics are held in a precisely ma-f/1.2 has been substituted for the standard output lens. This
chined mount at a fixed distance from a collection lens, andens arrangement demagnifies the image while preserving the
with an angular separation between fibers about the optic&tendue of the system.
axis of the lens. This arrangement results in a fan of sight- Because of the short focal length of the spectrometer,
lines from the collection lens through the plasma. In the pothere is a strong curvature of the image plane unless a curved
loidal direction these sightlines are focused approximatelygntrance slit is used. A linear entrance slit would result in a
1.7 m from the collection lens, i.e., approximately on thestrongly curved image. Hence, by imposing compensating
midplane of the plasma. The images of the 600 diameter  curvature of the proper radius on the entrance slit, the image
fibers are~1.5 cm in diameter and spaced 3—4 cm apart orcan be made linear. This effect is described in detail in Ref.
the midplane. In the toroidal direction, the sightlines are fo-14. The fiber holder was machined such that the fibers de-
cused 1.7 m from the collection lens, i.e., at the point ofscribe an arc with a radius of curvature of 39.22 mm. This
tangency of the sightline to the plasma. The sightlines areurvature is likewise imposed on the entrance slit of the
parallel by design to the outermost sightlines of the CHERSspectrometer, which has a slit width of Z6n and a linear
background diagnostic, and utilize the same collection lensheight of 11.3 mm. The entrance slits were custom made by

The light is collected from the plasma with two standardLenox Laserl:® The diagnostic described here differs from
camera lense@ne toroidally and one poloidally viewingf  that in Ref. 14 in that the ERD uses curved entrance @bits
nominal 85 mm focal length &¥1.8. These lenses are iden- produce a straight imageit operates at a different wave-
tical to the spectrometer input lens, giving optimal couplinglength range and at higher dispersion, and it relies on intrin-
between the collected plasma light and the spectrometer. Thgc emission of light rather than neutral beam excited charge

exchange emissiofwhich allows the ERD to collect data in
T T T Ty TR T . a wider range of experiments
2r ] The CCD detector was once commercially available
from Roper Scientift® (model Pentamax and has a 512
X512 array of 1X15 um pixels, for an active area of 7.68
: X7.68 mm. The well depth of each pixel is *1@lectrons.
1k The detector is thinned and backilluminated, with a quantum
3 efficiency of 68% at 4650 A. The camera can read out at 5
MHz, with 12 bit resolution. With on-chip binnin@}7 bing,
a single frame can be read out in 10 ms. The camera is run
by a dedicated PC, which is controlled by internal macro-
commands and external triggers, communicated via FTP. A
two-tab optical chopper wheel rotating at 50 Hz with a Scitec
Instrument$’ chopper controler is used to shade the CCD
during frame transfer, preventing image smearing. Without
—1r . the chopper, light falling on the face of the CCD during
L F 4 frame readout would result in extraneous photoelectrons
o

from bright lines accumulating in other pixels as the data are
© shifted out, across the CCD into the shift register. This effect
is particularly important in CCD cameras which have com-
AN B NN T, parable integration and shift times. To accommodate the
05 1.0 15 240 chopper between the spectrometer and camera bodies, it was
R (m) necessary to replace the standard 4 in. chopper wheel with a
FIG. 2. Poloidal cross section of the NSTX vacuum vessel showing thebalamced 6 in. wheel. The chopper is synchronized at 100 Hz
EFIT reconstruction of Shot 110077 at 313 ms and the poloidal ERD sight{0 the NSTX master clock before the start of the discharge,
lines. along with the camera readout timing.
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Ill. RESULTS optics of first the poloidal, then the toroidal views. This pro-
A. Calibration vided a channel-_to-qhannel, relative sensit?vity calibratipn of
the detector, which is referred to as a “white plate” calibra-
Calibration of the ERD system requires multiple steps.tion. The white plate was crosscalibrated with a Labspiere
The CCD camera must be aligned with the spectrometer. Thglackbody source to get an absolute intensity calibration. The
spatial locations of the diagnostic sightlines must be meatabsphere could not be used to directly calibrate each chan-
sured. The channel-to-channel sensitivity of the sightlinesiel due to physical interference between the Labsphere body
must be taken into account. Finally, the spectral mapping ofnd internal NSTX structures.
the CCD must be carefully calibrated. It is important when measuring the instrument transfer
The alignment of the CCD detector plane to the exitfunction to fill the optics in the same manner as for the ex-
focal plane of the spectrometer is accomplished by micromeperimental measurements. The preferred technique was to
ter adjustments to commercially available translation and rouse the light emitted by a vessel-filling, neon glow discharge.
tation stages affixed to the spectrometer and camera bodieBhis method has the advantage that the calibration is per-
which give six degrees-of-adjustmeititree translational and formed with light that is gathered along the exact sightlines
three rotational This alignment was carried out with an il- of the diagnostic that measurements of rotation and tempera-
luminated slit before the fiber optics were attached to theure are made during plasma shots. A parallel technique done
spectrometer. A spare fiber mount was populated with twan vessel uses the copper hollow cathode lamp with a colli-
test fibers, and attached to the spectrometer. Filling these testating lens to individually fill each fiber. The Cu 4651 A
fibers with white light yields two nominally horizontal bars line and minor neon lines were used to get the spectral cali-
of light on the detector. The rotation of the camera withbration of each detector channel. The dispersion of the sys-
respect to the spectrometer was adjusted until the two lineem is roughly 0.222 A/pixel, though it varies somewhat
of white light were alligned with the CCD rows. Replacing across the CCD. The instrumental temperature-#0 eV,
the white light source with a neon gas filled, copper hollow-which corresponds to an instrumental width-e2.9 pixels.
cathode lamp, gives a spectrum of lines, which can be used
to adjust the translational and other rotational degrees o8, Operation
freedom. The width of the bright Cu 4651 A line was used to , . . . .
adjust the focus of the spectrometer. Fine adjustments to Since this was a new, prototype diagnostic, some adjust-

these settings were later made after the fiber optic burm”@ents to the diagnostic were necessary once initial measure-
ments were made. In the original configuration the ERD suf-

was attached to the spectrometer, using the copper hollow- . .
cathode lamp to fill the input end of the fibers. A neon pen\#ered from §aturated _channels. Adding gddmona! cCcD
readout bing(i.e., less light per binto the brightest sight-

lamp was occasionally used throughout this process, in pla & - 2
of the Cu hollow-cathode lamp. There are many neon Iinec%mes' mitigated some of the problem. Maintaining a 10 ms

wiin he specal fange o s spectometer, whch werd 27 [0 I @ 47 o, maxun The apefre o e
helpful in checking the alignment of different regions of the P

CCD detector, though the neon lines are considerably weaké'rght intensity on the CCD. _Ultlmately, an apertoure i1 .
than the Cu 4651 A line. was deemed necessary, whlqh collects only 2.7% of the light
The spatial locations of the diagnostic sightlines Wereavallable atf/1.8. Even at this reduced aperture, the ERD

found through an in-vessel calibration process with backlitmeasurEES> 10> photoelectrons of G light in 10 ms for a

fibers. A bright, white light source was projected onto thegiven sightline during typical operating conditions. The light
outpu.t end of ,the fibers. By placing a screen inside th collection system described here was originally designed for

- . - he poloidal rotation system on the tokamak fusion test
vacuum vessel, the projection of light indicated where each 4 . :
. T . . reactor* which required high throughput, and was later
fiber was viewing. The position of the backlit spot was mea-

. . o : adapted for use on NSTX. Clearly, the present application
sured at muluple positions along the sightlify moving the would benefit greatly from a faster CCD camera, allowing
screen, with respect to the wall of the vessel through the us

Shigher time resolution data to be measured without sacrific-
of a calibrated FARO measurement afinFitting a line g

through the spot locations of each fiber, gave an accuram?e)the present signal-to-noise ratiby opening the aper

measure of the sightline path. This was done for both the ™

poloidal and toroidal views. While the FARO arm is reliably _

accurate to less than 0.1 mm, and locating the backlit fibeF' Experimental data

centers relative to each other is very precise, locating the The NSTX is a large spherical tokamak with a major

centers relative to the vacuum vessel is less precise. Comnadius of 0.85 m and a minor radius of 0.65 m. The plasma

parisons from successive calibrations suggest that the spatjpbloidal cross section is strongly shaped with high vertical

calibration of the sightline is accurate tel.5 mm. elongation, as can be seen in Fig. 2. Typical pulse lengths of
After the fibers were attached to the spectrometer, spedNSTX discharges are=1 s, with an on-axis toroidal mag-

tral calibrations could be completed with the entire opticalnetic field between 0.3 and 0.6 T. The plasma current is

system in its final configuration. Minor adjustments to thetypically <1.5 MA.

camera/spectrometer orientation were made, as discussed Figure 3 shows sample spectra from two NSTX dis-

earlier. Then, from inside the vacuum vessel, an extendedharges. A full frame of data covers the wavelength range

uniform white light source was used to fill the collection from 4595 to 4705 A. Partial spectra are shown here to high-
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Shot 110077, t=315 ms Shot 110144, t=315 ms

2.0

151 p ] FIG. 3. Sample spectra frorfe) Shot 110077(NBI

| heated D plasma and (b) Shot 110144(radio fre-
N 1 quency heated He plasmahe nonshifted line centers
x i are represented by the vertical solid lif€sin), dashed
}‘ \ ] lines (C 1v), and dotted lingHe ). Error bars indicate

| . |
2r : B 0.5F ‘ \ L X X
d i : the statistical uncertainty in the data.
| /
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>

light the Cii, C v, and Hell lines. The error bars represent flux surface where each sightline is tangéaibove the mid-
the statistical error in the data. The error is small, due to thg@lane) Also shown in Fig. 4 is the radial location of the last
large number of detected photons. TheiGriplet (4647.419, closed flux surfacéLCFS) as calculated from the EFIT equi-
4650.246, and 4651.473)4s from the®Sto P transition?®  librium reconstructiorf> which occurs just outside the peak
The relative amplitude and wavelengths of the three lines ari the Ciii emission. The agreement between the toroidal and
well known?! Each of the lines is from the same lower en- poloidal views(which are toroidally separated by 90f the
ergy state, and the upper energy state should be statisticalymplitude and location of the emission shell is indicative that
populated. Hence, any amplitude variation depends not othe intrinsic emission is isotropic on the flux surfaces.
plasma parameters but on theJ®1)-sum rule of the upper The radial width of the emission shell in this discharge is
energy staté? The line intensity ratios measured here are inon the order of the sightline separation. Hence, the edge ion
agreement with the published ratios. A three Gaussian fit tgelocity (and temperatujecan only be measured for € at
the data is constrained by the relative amplitudes and thene (or possibly two radial locations. Observations show
fixed relative separations of the three spectral lines. Thus, thghat the radius of peak emissivity evolves during discharges
three free parameters which are fit to the data are the overadver the radial range of the diagnostic. Thus, while the radial
amplitude, the line shift of the triplgthe plasma velocity — coverage of the ERD appears apt for a measurement of the
and a single linewidththe ion temperatupe Fitting to all  |ocal velocity (and, hence, radial electric figldthe radial
three lines simultaneously not only increases the amount géesolution may be inadequate to measure gradients in these
signal utilized, but also improves the robustness of the fitquantities for a single charge state in a discharge with a steep
since parasitic linesi.e., non Cii) within the fit range are electron temperature gradient. The radial resolution of the
unlikely to affect the fit. ERD could be improved by replacing the 6@@n diameter
Each sightline gives a line-averaged measure of the infipers with a more closely spaced array of 20® diameter
trinsic emission of a given species in the edge of the plasmaibers. This factor of 10 reduction in gathered light could
By inverting the data, a local measure of the ion spectral lineasily be countered by increasing the aperture of the optics
emissivity, velocity, and temperature can be found. Figurgrom f/11.
4(a) shows typical edge profiles of the @ brightness as Shot 110077 is a double-null,,Oueled discharge, with
measured by the toroidal and poloidal views during Shot plasma current of 1 MA, on-axis toroidal magnetic field of
110077. These data can be inverted to give the local emigy 45 T, and up to 5.1 MW of NBI power. The discharge
sivity of the C i shell?"** as shown in Fig. @). In the  transits into “high confinement mode,” oH-mode begin-
toroidal view, the radii listed are the tangency radii of thening around 240 ms and lasts for roughly 250 ms, until the
sightlines. Since the poloidal cross section is noncircular, th%ischarge terminates. During thé-mode period, there are
radii listed for the poloidal view are the midplane radii of the multiple bursts of edge-localized modé&SLMs), indicated
by spikes in the [) trace shown in Fig. @®). A closer inspec-
110077 tion reveals that there are also ELM-freemode periods,

8f ' « ] e.g., from 230 to 250 ms, and from 305 to 330 ms. The NBI

power is increased stepwise by 1.7 MW at 60, 160, and 320
ms from 0 to 5.1 MW. Figure ®) shows the time evolution
of the radii of peak toroidal and poloidal i€ emission as the
1 discharge progresses, along with the EFIT calculated loca-

Brt. (10+4 cts)
-

¥ ‘ tion of the LCFS. Figures(6) and d) show the time evo-

g ‘5°§ 35 140 145~ 150 155 180 lution of the apparent temperature and local velocity, respec-

= 1000t AN E tively, for both the toroidal and poloidal views at the radii of

2 s00f E maximum emissivity. The error bars in the plots are indica-
2 o e 3 tive of the propagated statistical error of the measurement.

£ _s00f ] Toroidally, a positive velocity is in the direction of the
135 140 145 150 155 160 plasma current and the neutral beams. Poloidally, a positive

R (em) velocity is downward on the outboard side of the machine.

FIG. 4. Edge profiles of Qi (a) brightness andb) emissivity from the The poloidally and toroidally measured temperatures in
poloidal (dashedl and toroidal(solid) views at 315 ms in Shot 110077. Fig. 5(c) appear unequal at times in the discharge. Close
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110077

£

cm) /LCF‘S— _ 1

0.15 0.20 0.25 0.30 0.35 0.40 0.45
time (s)

FIG. 5. Sample data during Shot 110077, showiagthe plasma current,
neutral beam injected power, and g Bace, and from the @ lines (solid
=toroidal, dashee poloidal), (b) radii of peak emissivity compared to EFIT
calculated LCFSheavy solid, (c) the apparent temperature at the earlier
radii, (d) and the local rotation velocity, an@) E, (vXB),+Vp/Zen
(solid line) from the earlier measurements. T¥i@/Zen (dashed lingcon-
tribution is also plotted separately.

inspection of Fig. &) shows that the radial location of the

two temperatures shown is slightly different. This is one pos

sible source of the apparent anisotropy, sinceHimode

Biewer et al.

the diagnostic, with its present spatial resolution.

From force balanc&,=—(vXB),+Vp/Zen, for each
species. Figure(®) shows the calculation of the radial elec-
tric field, E, . The radial-vXB terms, are calculated from
these measurements and the EFIT reconstruction of the mag-
netic field,B. The Vp/Zen term is also calculated. In this
term T, is measured by the ERD, amyl is calculated from
the measured emissivity profiles using photoemission coeffi-
cients from ADAS* modeling with the Thomson scattering
measuredr, andn, values.
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