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A real-time velocity diagnostic for NSTX
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A new system for fast measurements of the plasma toroidal velocity has been installed on the
National Spherical Torus Experiment, NSTX [M. Ono et al., Nucl. Fusion 40, 557 (2000)]. The
diagnostic, based on active charge-exchange recombination spectroscopy, can measure at up to six
radial locations with maximum sampling rate of 5 kHz. The system is interfaced in real time with the
NSTX plasma control system, in order to feed back on plasma velocity by means of actuators such
as neutral beams and external coils. The paper describes the design criteria and implementation of
the diagnostic. Examples from the initial tests of the system during neon glows are also discussed. ©
2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3692752]

. INTRODUCTION

Because of the profound effects of toroidal velocity, v,
on the stability and confinement properties of the plasma
column,'-? some degree of velocity control is highly desirable
in tokamaks. Examples are provided by the JET,® JT-60U,*
and DIII-D tokamaks,” where v data are made available in
real time to the control system. This paper describes the real-
time velocity (RTV) system that has been installed on the Na-
tional Spherical Torus Experiment, NSTX.® to measure the
toroidal velocity, v4(R, t), with high temporal resolution. In-
formation on vy is feed back to the NSTX plasma control
system (PCS) (Ref. 7) for future implementation of real-time
rotation control. NSTX (Fig. 1) is a spherical tokamak with
major and minor radius Ry = 0.85 m and a < 0.65 m. It
produces deuterium and helium plasmas with a toroidal field
~5 kG and plasma current ~1 MA. Densities are 3 — 10
x 10! m~3. Central electron and ion temperature are T, ~ T;
~ 1 keV. Neutral beam (NB) injection is the primary tool for
heating and non-inductive current drive. The available power
is Pyg = 6 MW, with injection energies of 60-90 keV for
deuterium neutrals. Neutral beams are one of the two actua-
tors available on NSTX for vy control. They mostly impart
momentum to the bulk plasma, where the injected fast neu-
trals are deposited. The second actuator is a set of coils, com-
monly used for error field correction, that are capable of slow-
ing down rotation through interaction with the edge plasma.?
Because NB and external coils act on different spatial regions,
information on v4 from both the core and the edge regions is
required to implement velocity control.

Active charge-exchange recombination spectroscopy
(CHERS) is routinely used on NSTX for off-line determina-
tion of plasma rotation.” The main CHERS system consists
of a fixed-wavelength spectrometer'? coupled to a CCD de-
tector with fixed sampling rate of 100 Hz. Density, tempera-
ture, and toroidal rotation of carbon impurity ions are inferred
from intensity, broadening, and wavelength Doppler shift of
the C VI line at ~5291 A (n = 8-7 transition). Two sets of
views are used to separate the charge-exchange (active) C
VI emission that originates in the region intercepting the NB
from the background (passive) contribution (Fig. 1). The lat-
ter set is toroidally displaced with respect to the NB volume.
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Except for cases when the axi-symmetry is lost, e.g., during
plasma disruptions, the use of displaced views provides accu-
rate background measurements without the need of modulat-
ing one or more NB sources, which can then be used for con-
trol purposes. Measurements and parameters of the CHERS
diagnostic were used as a reference to design the RTV
system.

Il. RTV DESIGN CRITERIA AND IMPLEMENTATION

The main requirement for the RTV system is a high sam-
pling rate at which plasma velocity data are analyzed and
made available to the NSTX PCS for implementation of real-
time rotation control. Based on CHERS measurements, v4
typically evolves on time scales ~10 ms, whereas NB and
external coils affect the plasma on time scales ~10-50 ms.
Consequently, the minimum requirement from PCS was de-
fined as 1 frame every 3 ms (frame rate ~330 Hz). The tar-
get sampling rate for the RTV system was set to ~1 kHz,
which is reasonably faster than the v, time scales to imple-
ment flexible control schemes. To meet this target, the amount
of light collected by RTV needs to be increased with respect
to CHERS. For instance, neglecting the different sensitivity
of the two systems, RTV at a frame rate of 1 kHz has to col-
lect a photon flux 10 times larger than CHERS at 100 Hz to
match the CHERS uncertainty in velocity of ~0.5 %. More-
over, a real-time analysis algorithm of the measured spectra
that minimizes the computing time needed to be developed,
see Sec. I1I. Table I compares the main parameters of CHERS
and RTV. The design criteria and the components of the RTV
system are described in more detail here below.

A. General layout

The signal is collected from the plasma through op-
tics with f~number f/1.8 (background views) and f/3.4 (ac-
tive views). The latter optics are shared with the NSTX mo-
tional Stark effect system.!! Light is then transported to a sep-
arate diagnostic room, where the spectrometers are located,
by means of optical fibers'? (approximate length is 35 m).
This allows access to the diagnostics during NSTX operations
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FIG. 1. Top view of NSTX with a layout of the RTV active and background
midplane sightlines (thick lines) with respect to the NB lines (A, B, and C).
The magnetic axis is at R &~ 100 cm. The shaded regions indicate the region of
measurements of the CHERS systems. The table summarizes the main NSTX
parameters.

and minimizes the noise induced on the detectors by neutrons
and gammas from the plasma. A SMA-to-SMA patch-panel
(where SMA indicates the Sub-Miniature version A connec-
tor type) in the diagnostic room is used to terminate avail-
able spare CHERS fibers from the toroidal system along with
newly installed background fibers. It is also used to select the
configuration of active/background channels. For instance, 4
pairs of active and background channels are measured in the
standard configuration, with each channel measured through
8 fibers focused at the same radial location (see below). If the
signal strength is large enough, up to 6 active channels can
be measured by reducing the number of fibers used for each
channel.

B. Number and location of sightlines

The number of radial channels has been chosen as a com-
promise between two requirements, i.e. (i) to minimize the
number of sightlines to reduce the complexity of the system,
and (ii) to provide sufficient information on the evolution of
v4(R, t) for physics studies and feedback control. A first con-
straint on the location of the RTV views comes from the fact
that spare CHERS sightlines are used for the active RTV sig-
nals, thus limiting the choice of available locations. Based on
the number of available actuators, at least 2 measurements are

TABLE 1. Main parameters of the CHERS and RTV systems. Values in
parenthesis refer to the background views.

System CHERS RTV
No. of channels 51 (39) 6 (5)
Fiber diameter (um) 210 (600) 210 (210)
Fibers/channel 2(1) 8(7)
Frame rate 100 Hz <5kHz
Measured quantities vg, nc, Te Vg
Monitored line C VI, 5291 A
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FIG. 2. Example of the radial gradient of the toroidal rotation frequency at
R =130 cm measured by CHERS (triangles). Lines show the gradient recon-
structed through a fit of the radial profile (thick line) and by a two-points lin-
ear interpolation (thin line) based on the simulated RTV data. The inset shows
arotation profile from CHERS (dots) and a fit with a modified gaussian based
on four measurements points (diamonds) to mimic RTV measurements.

required where actuators are more effective, i.e., in the core
(NB) and at the edge (external coils). Additional channels are
desirable to provide estimates of the local vy gradient. The
rotation profile measured by CHERS has been used to further
optimize the number and radial location of the sightlines. The
optimization is based on the observation that the toroidal rota-
tion profile, f;,(R) = v4(R)/2m R, can be modeled reasonably
well on NSTX by fitting the radial profile with a modified
gaussian function,

—log(2) [4 (R—R¢)?

Jfror(R) = fy X exp AR? ] +Af. (1)

In principle, this function has 5 free parameters: amplitude fj,
center radius R, full width at half maximum (FWHM) AR,
and offset Af. A fifth parameter, s, determines the square-
ness of the profile. s varies from s < 1 (triangular shapes) to s
> 1 (square shapes), with s = 1 for a gaussian curve. In prac-
tice, the center radius equals the magnetic axis and does not
vary substantially during a discharge. The offset can also be
approximated by the value of f,,, close to the separatrix, at
R ~ 140-145 cm. The number of free parameters in the fit is
therefore reduced to 3, which sets the minimum number of re-
quired channels. Tests with n, = 3... 6 have been done, using
the error in the reconstructed f},(R, f) and its radial gradient
(and the increased cost and complexity for increasing number
of channels) as metric to define the optimum n;,. It results
that n., = 4 provides a sufficiently accurate reconstruction of
Sior(R, 1), hence of v4(R, 1) (Fig. 2). The nominal locations are
R =108, 125, 135, 140 cm (see inset in Fig. 2), with spare
views at R = 130, 145 cm.

C. Number and size of fibers

The target design required that RTV at frame rate of
~1 kHz had a similar signal-to-noise ratio (SNR) as CHERS
at 100 Hz, with uncertainties <0.5 % for operations with
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two NB sources at full power (4 MW total). For the active
channels, obtained from pre-existing spare CHERS views, the
fiber’s core diameter is 210 um. The condition on the SNR
leads to 8 fibers per channel. The small fiber size, along with
the relaxed requirements in accuracy for temperature mea-
surements with respect to CHERS, implies that the spectrom-
eters can operate without an input slit and thus increase the
number of photons collected. Because of the resulting instru-
mental width, only ion temperatures 2300 eV can be inferred.
For the passive views, 5 new channels have been installed.
Each channel is composed by a bundle of 7 fibers with diam-
eter of 210 um. Bundles are packed in circular ferrules on the
machine side to match the radial spread of the active chan-
nels, taking into account the differing magnification between
active and passive lenses.

D. Spectrometer

The RTV system utilizes Holospec spectrometers from
Kaiser Optical Systems.'> Short sections (~7 m) of fibers
from the patch panel are collected on a fiber holder (Fig. 3)
that attaches to the spectrometer input. Fibers are arranged on
the holder in 2 horizontally displaced, curved columns (see
inset in Fig. 3). The curvature is optimized to obtain straight
vertical images on the CCD plane,'? which minimizes the in-
strumental width when the CCD is binned. The 2 columns re-
sult in 2 spectra accommodated on the same row on the CCD.

Light enters the spectrometer through a 85 mm, f/1.8 in-
put lens which collimates the light into a parallel beam. A
band-pass filter'* selects the wavelength range of interest, see
below. The light is diffracted by the grating and collected on
a 50 mm, f/1.2 output lens. A ratio of focal lengths of 85/50
= 1.7 is chosen to de-magnify the image at the output of the
spectrometer and match the CCD size. The use of a chopper
between the output lens and the detector was omitted to allow
more flexible timing. The spectrometer and CCD detector are
mounted on a six-axis stage to align the system and achieve
an optimal focus across the detector.

Output lens
CCD

High-dispersion camera

Input lens

FIG. 3. Main components of the RTV spectrometers. Fibers from NSTX are
arranged in two columns on a curved-slit fiber holder, see inset, attached to
the spectrometer. Light focused in a parallel beam by the f/1.8 input lens is
filtered around the C VI line of interest, diffracted by the grating and re-
focused on a CCD detector by the output f/1.2 lens.
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E. Wavelength range and grating

Toroidal velocities on NSTX are in the range (—120,
+350) km/s, which corresponds to a Doppler shift of the ob-
served C VI line of (—2.1, 6.2) A. The wavelength range for
RTV was defined to be ~5284-5309 A, to measure both the C
VI emission line at 5290.5 A and the Ne I lines at 5298.19 A
and 5304.756 A (Ref. 15) (see Sec. 1V), that are used for
the wavelength calibration of the instruments. These speci-
fications are met by a high-dispersion transmission grating'3
with custom center wavelength of 5297 A.

F. Frame rate, CCD detector

The required frame rate for implementation of v control
was ~330 Hz. Apart from control, higher rates are desirable
to discern transient effects related, for instance, to change in
plasma confinement mode (L-H transition) or to MHD phe-
nomena. The target frame rate, along with a required 16-bit
dynamic range, restricted the choice among available CCD
detectors. The Cascade 128+ cameral!® was finally chosen,
although its CCD size of ~3 x 3 mm requires splitting the 4
pairs of channels across 2 cameras. The maximum frame rate
achievable with vertical binning of the CCD is 5 kHz.

Based on the number and size of fibers and on the choice
of grating and CCD detector, the arrangement of the spectra
on the CCD has been defined, see Fig. 4. The CCD is parti-
tioned into 4 horizontal strips (bins), with the signal for each
channel split over 2 bins. Each bin contains 2 spectra in the
horizontal direction. Pixels from the same bin are added to-
gether in the vertical direction to improve the SNR and reduce
the read-out time. No horizontal binning is used.

Because the camera is operated with neither a chopper
nor an built-in shutter, smearing of the spectra during the
frame shift can occur. To minimize the effects of smearing,
background bins with reduced signal are read out before the
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FIG. 4. Layout of the fiber’s arrangement on the CCD detector. Circles show
the equivalent fiber size on the CCD. Only 7 of the 8 available fibers are
actually used for the background views. Vertical dashed lines are the expected
positions of C VI (dashed) and Ne I (dotted-dashed) lines. Vertical solid lines
delimit the pixel range corresponding to the wavelength range of the bandpass
filter. Two spectra are accommodated on each row of the detector. A typical
vertical binning strategy with 4 vertical bins is illustrated by the rectangular
regions.

Downloaded 25 Jun 2012 to 198.35.1.131. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



033503-4 M. Podesta and R. E. Bell

brighter active bins. Residual effects of smearing will appear
as a frame-rate-dependent enhancement of the background
light in the active spectra, which can be compensated via soft-
ware during the analysis.

lll. DIAGNOSTIC CONTROL AND
REAL-TIME ANALYSIS

A control and analysis algorithm has been implemented
in the C++ language. The use of this relatively low-level
language reduces over-head PC operations and improves the
efficiency and reliability of the system. The software serves
3 main functions, namely (i) diagnostic control and data ac-
quisition, (ii) data analysis, and (iii) communication with
PCS. Each part is discussed below in detail.

A. Control and data acquisition

Each CCD camera is controlled by a multi-processor
computer. For the initial tests, a Windows© operating sys-
tem was used. The latter will be converted to a Unix-based
system for better integration with PCS and to improve sta-
bility and performance of the control and analysis code. The
main settings of the system, such as exposure time and dura-
tion of the acquisition, can be adjusted before a plasma dis-
charge through an IDL-based graphical user interface.!” Syn-
chronization with other NSTX sub-systems is performed by
means of MDSplus events,'® indicating at which point of the
sequence the control PC should perform pre-defined actions
such as arming the CCD cameras, waiting for a trigger and
downloading data after the sequence has completed. The cam-
eras receive a trigger for each frame from a waveform genera-
tor, which can be programmed to deliver variable frame rates
within the same discharge to efficiently exploit the dynamic
range of the instrument. For example, the frame rate could
be reduced during phases with low signal, or increased when
saturation of the CCD is detected. Two schemes can be used
to optimize the frame rate during a discharge, based on (i) a
pre-programmed waveform for the frame rate (e.g., based on
the NB waveform), or (ii) feed-back on the frame rate via the
control software. For the latter option, the response time of
the waveform generator to adapt the frame rate is ~150 ms.
The initial trigger for the generator is provided by the NSTX
clock, controlled by a EPICS system.'” Once the discharge
has terminated, data are uploaded to the MDSplus database
for subsequent, off-line analysis.

B. Real-time data analysis

The real-time analysis is performed after each exposure.
Raw data are first corrected for a pre-defined calibration curve
for each bin (channel). Data from each active/background
pair are re-sampled on a common wavelength basis. A least-
square fit of the resulting spectrum, which contains both
background-only and background plus active components,
is then performed. The spectrum is modeled as two dis-
tinct gaussian peaks, representing the background and active
(charge-exchange only) emission. Free parameters are inten-
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FIG. 5. Toroidal velocity calculated through the standard, post-shot CHERS
analysis (symbols) and through the RTV analysis software (line). The same
CHERS data from (a) the core and (b) the edge are used for both analy-
ses. Negative pulses of coils current (shown in arbitrary units) correspond
to phases of magnetic braking, which results in a decrease of vy over time
scales of 10’s of milliseconds.

sity of active and background lines, their fullwidth at half
maximum and the center wavelength of the peaks. The wave-
length shift of the active peak is finally converted into the
corresponding velocity, which represents the input quantity
for PCS.

A comparison between the standard off-line analysis of
plasma velocity from CHERS data and the results of the RTV
fitting code is shown in Fig. 5. For this particular discharge,
the external coils were used at two different times to slow
down plasma rotation. In spite of its simplified algorithm with
respect to the off-line analysis, the RTV fitting software re-
produces very well the v4(7) evolution. Further optimization
of the fit algorithm will be considered after the initial RTV
operations with NB-heated NSTX plasmas. Possible improve-
ments are (i) including information on the instrumental func-
tion to model the peaks, (ii) modeling deviations of the active
peak from a gaussian shape for large toroidal velocities, and
(iii) accounting for the possible contamination of the back-
ground spectrum by plume emission.?’

The fit algorithm is based on the Levenberg-Marquardt
method, implemented in a open-source C-++ library.”! The al-
gorithm has been optimized for distributed operations through
the OpenMP® set of libraries.”> Each of the 4 processors
can execute 2 processes. The total computing time for up to
8 channels is <120 us. After the fit, velocity data for each
channel are sent to a digital-to-analog converter which trans-
lates the digital results into an analog signal, made available
to PCS (see below). An upgrade of this implementation, based
on the presently available PCS hardware, with a fully digital
data transfer scheme is under consideration. The minimum la-
tency in the communication with PCS is 100 us, which is the
inherent delay between frame exposure and end of read out.
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FIG. 6. Neon spectrum measured by two adjacent channels during a neon
glow on NSTX for different RTV frame rates. Vertical lines indicate the rest
wavelength of the Ne I lines that dominate the spectrum and of the expected C
VI line. Because the light during glows is 250 times dimmer than for typical
NSTX plasmas, frame rates quoted in the panels are qualitatively representa-
tive of 50 500 and 5000 Hz frame rates during experiments in terms of counts
on the detector.

At this point, the system is ready for the next frame and the
cycle repeats until the required number of frames is acquired.

C. Communication with PCS

For the initial tests of RTV, the analyzed velocity data
and the associated uncertainties are spooled out to a digital-to-
analog PCI card®® connected to PCS. Each card has four ana-
log output channels with 16 bit resolution. The analog output
is read by PCS every 200 us and converted back into digital
format to process the information on toroidal velocity. Based
on the RTV input, a control scheme can be implemented on
PCS to control rotation by means of the available actuators.

IV. EXAMPLES FROM NEON GLOW DISCHARGES

Examples of spectra measured by RTV during a neon
glow discharge®* are shown in Fig. 6. The two dominant
lines are Ne I lines at 5298.19 A and 5304.756 A. Other
lines, probably originating from molecular emission, are vis-
ible just above the background level. The Ne I lines are used
as reference to calculate the wavelength calibration of the in-
strument. The resulting dispersion is ~0.43 A/pixel. The full
width at half maximum is ~4 pixels, or ~300 eV in terms of
energy, consistently with the design value. Wavelength cali-
bration from neon glows is preferred to calibration with neon
lamps because it ensures the same illumination of the system
as during actual experiments.

The RTV and CHERS spectra are compared in Fig. 7.
CHERS is run at its nominal frame rate for plasma operations
of 100 Hz. Because the light level during the glow is
250 times dimmer than for typical NSTX plasmas, CHERS
calibration data are noisy. (Note that acquisitions for calibra-
tion purposes during Ne glow typically have exposure times
of several minutes). To improve the comparison, CHERS
spectra are summed over 10 frames via software, thus bring-
ing the effective frame rate from 100 Hz to 10 Hz. The com-
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FIG. 7. Comparison of RTV (line) and CHERS (diamonds) spectral data
from a Ne glow discharge from sightlines with tangency radius of 108 cm
(close to the vacuum chamber center). RTV frame rate is 10 Hz. For CHERS,
10 frames are added together to reach an effective rate of 10 Hz.

parison confirms that the RTV system collects much more
light than CHERS, by virtue of the increased number of fibers
per channel (4 in the example shown in Fig. 7), the absence
of chopper and entrance slit on the spectrometer and the im-
proved transmission of the bandpass filter and grating of the
RTV systems. The improved quality of the RTV data can be
quantified by the small uncertainties in the Ne I rest wave-
length inferred from a fit of the Ne peaks (Fig. 8) for multiple
frames. For neon glow data, the standard deviation over 100
frames is 20.012 A for the RTV spectra, that corresponds to
40.7 km/s. For comparison, a fit of the CHERS data gives a
standard deviation of £0.05 A.

In conclusion, a new system for fast measurements of the
plasma toroidal velocity has been implemented on NSTX. De-
pending on the photon flux from the plasma, the velocity can
be measured at 4—6 radial locations at frame rates <5 kHz.
Uncertainties are anticipated to be <5 %. A dedicated soft-
ware for real-time analysis of the spectra has been developed.
Values of velocity from such analysis are transmitted in real
time to the NSTX PCS, which will permit the implementa-
tion of a feedback control on plasma rotation by means of
neutral beams and external coils. Initial tests from neon glow
discharges confirm that the design parameters have been met
or exceeded. The first operation of the RTV system is planned
after the upgrade of the NSTX device is completed.
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FIG. 8. Distribution p(As — Ag) of the spread of Ne I rest wavelength in-
ferred from a fit of Ne I lines, Az, with respect to the nominal Ne I rest wave-
length, X¢. Data refer to 100 spectra measured by RTV (line) and CHERS
(diamonds) under the same conditions as in Fig. 7. The narrower distribution
from RTV data indicates a smaller uncertainty in the inferred wavelength.
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