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Highlights

The Ion Doppler Spectrometer (IDS)

Biorthogonal Decomposition as a
Noise Filtering Tool

HIT-SI Operations with 80 - 90 kA ITOR at 
14.5 kHz Injector Driving Frequency

Oscillatory Plasma Motion
in the Poloidal Plane

Reduced Toroidal Flow and Oscillations
at Higher Injector Frequency

- Biorthogonal Decomposition is an effective filtering method 
for spectroscopy data

- Near magnetic axis and farther outboard, no toroidal flow 
associated with toroidal current

- Data compared to simulations with limited, qualitative 
agreement

- Velocity fluctuations reduced and profile changes at higher 
HIT-SI injector driving frequency

- One meter focal length, model MC-100

- Wavelength range: 250 - 700 nm

- Focal ratio: f/8.5

- Grating groove density: 1,800 per mm

- Entrance slit width: 80 μm, adjustable

- Phantom v710 high speed camera used as 
detector

- For lower intensity data, micro channel plate 
(MCP) image intensifier can be added

- Two bundles of 36 fiber optics each are routed 
into the IDS and simultaneously recorded

"Micro video lenses" attached to each fiber bundle image up to 36, cone-shaped volumes 
onto individual fibers. The small size of the lens assemblies (< 2 cm diameter) allows use 
inside reentrant ports and on any 1" window.
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Shot: 128585
Shot: 128592
Shot: 128594
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Shot: 128580
Shot: 128581
Shot: 128586
Shot: 128587
Shot: 128588
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Shot: 128596

Positive Toroidal Current
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Shot: 129213
Shot: 129214
Shot: 129215
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The HIT-SI Spheromak
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Left - two configurations for 
IDS viewing chords in the 
toroidal mid plane using 
reentrant ports. 

The red hoop is a 1 cm 
diameter representation of the 
magnetic axis at R = 34 cm. 

HIT-SI's toroidal coordinate system is shown for reference in the left figure, and the 
equivalent Cartesian system in the right figure.

The chords at left span an impact parameter range from -26 to +28 cm. The chords at right 
observe from the geometric axis out to 42 cm.

Right - two configurations in 
the HIT-SI poloidal plane using 
windows on the injector plates. 

A single fiber optic array has 
been oriented to view an 
opposing injector mouth or the 
opposite wall.

Biorthogonal decomposition (BD) isolates coherent spatial and temporal "structures" in 
data without preconceived basis functions or frequency spectra. Data are arranged into a 
2D array with "space" in one direction and "time" in the other. 

For spectroscopy data, each CCD frame is collapsed into a column vector and 
subsequent columns (frames) are concatenated to form the 2D array.

The data matrix is decomposed into "spatial eigenmodes" (topos), "temporal 
eigenmodes" (chronos), and "eigenvalues" (weights) using singular value decomposition 
(SVD). The number of modes, k, is the lesser of i and j. Shown below is the matrix 
representation of the decomposition.

For a limited data set, both fiber bundles faced each other.

These viewing chords intersect the mid plane at major radii ranging from 20 to 53 cm.

The kth mode can be reconstructed by multiplying the kth topo, weight, and chrono 
together. Reconstruting the 1st mode is highlighted in red below.

BD Modes of Shot 129499

Above - first four topos of shot 129499. All modes are orthonormal, but these have been 
scaled by their respective weights and the average, absolute value of their chronos to 
convey an intuitive "magnitude". 

The 1st mode contains the CCD background and part of the "equilibrium" spectral data 
and the second mode contains the bulk of the rest of the equilibrium data.

The 3rd and 4th mode contain smaller deviations from the Gaussian data. The 3rd mode, 
when added to the first two, primarily broadens or shrinks the equilibrium Gaussians, 
which is interpreted as temperature variations.

The 4th mode tends to shift the equilibrium lines, indicating variations in velocity.

Above - weights and the first four chronos corresponding to the above topos. Note the 
1st chrono is nearly constant (hence the 1st topo contains the CCD background) and the 
3rd and 4th oscillate strongly at the HIT-SI injector frequency.

Based on the decay of the weights, the important, coherent data is contained in the first 
~10 modes, with the rest being noise. Thus, reconstructing the first 10 modes yields 
a less noisy version of the original data.

Above - a representative frame showing a comparison before and after BD filtering by 
keeping the 10 strongest modes.

Toroidal current exceeded 90 kA 
for this shot and had a 0.5 ms 
decay.

The X and Y injector currents and 
their quadrature sum.

Current amplification of over 3 
achieved. For higher injector 
frequency but lower current, 
amplification of 3.8 was reached.

With improved feedback control 
of power supplies, nearly 15 MW 
of power was inductively injected 
on this pulse.

Optical emission at 523.5 nm 
(non-spectral) is a measure of 
radiated power loss, which 
steadily increases.

The ratio of C IV to C III 
increases during the current ramp 
indicating heating, but falls during 
the current flat top.

HIT-SI was operated at 14.5, 53.5, and 68.5 kHz injector frequency with IDS collecting data through the 
radial, mid plane, reentrant port (below, right).

Since all the shots have similar current amplification, we 
expect the spheromak and injector fields to occupy similar 
volumes in the flux conserver.

Left - toroidal current, quadrature-
summed injector current, and 
current amplification for a typical 
shot at each frequency. 

Shot 129817 is at 14.5 kHz, 
128585 is at 53.5 kHz, and 129213 
is at 68.5 kHz.

14.5 kHz Injector Frequency

53.5 kHz Injector Frequency

68.5 kHz Injector Frequency

Below - IDS viewing chords used 
for the comparisons shown below

Right - velocity from two shots with opposite 
toroidal current, 129499 and 129496, time-
averaged from 1.4 to 2.0 ms. 

Horizontal bars are the standard deviation of 
velocity.

Strong oscillations are seen at the injector driving 
frequency but no net toroidal flow associated with 
toroidal current is observed.

The magnetic axis is at ~33 cm impact parameter.
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Left - IDS velocities in the poloidal plane 
integrated to give plasma displacement. The 
magnetic axis is at a major radius of ~ 33 
cm.

Note the oscillations are in phase across all 
chords, indicating a bulk plasma shift at the 
injector frequency.

If there was oscillatory poloidal flow the 
phase of the oscillations would reverse 
across the magnetic axis.

Right - toroidal current traces for HIT-SI shot 
129499, NIMROD, and PSI-TET simulations 
for the comparisons shown below.

The time windows for the nine plots below are 
between the vertical black lines and are 
aligned by injector current phase.

The comparison time was chosen because all 
three data sets have current amplification 
near 3 and IDS data has a stronger signal 
later in time.

Left - chord-integrated intensity, velocity, and 
temperature from C III emission as measured by 
the IDS.

The data from each fiber (chord) is fit to a 2D 
Gaussian function. The intensity is the area under 
the curve in only the wavelength direction.

The CCD detector was operated at ~ 145 kHz, 
giving ten exposures per injector cycle.

The temperature is more spatially and temporally 
variable and higher than predicted by simulations 
and measured by the Langmuir probe.

Left - intensity, velocity, and temperature 
extracted from a Hall-MHD NIMROD simulation of 
HIT-SI. The NIMROD code evolves single fluid 
density and temperature.

Simulation data is processed as follows: 

At ~1,000 places along each chord the 
Gaussian function is evaluated with the local 
velocity and temperature, and the intensity 
scaled by n2.

All the Gaussians are summed, giving a single 
2D curve for each time and chord.

The resulting data set is equivalent to the 
output from the IDS CCD and is processed 
with the same data analysis codes.

Left - equivalent parameters from a PSI-TET 
simulation of HIT-SI. Detailed simulation output 
was only available for one injector cycle.

Both simulations and HIT-SI data show chord 
averaged temperatures in the range of 40 - 60 eV.

The velocity is qualitatively similar for IDS and 
both simulations, although the amplitude 
produced by PSI-TET is higher.

Likewise, large intensity fluctuations are in phase 
and of similar amplitude for IDS and both 
simulations. 

Right - velocity as a function of impact 
parameter and injector phase for positive 
and negative toroidal current shots.

The fluctuation profiles differ because of 
how the injector fields pass through these 
chords at relatively small impact 
parameter. The lens is at toroidal angle 
71 degrees which is not a symmetry axis.

There is almost no toroidal flow 
associated with current, in agreement 
with the results at left.

However, there is an observed toroidal 
velocity independent of current.

Right - velocity as a function of impact 
parameter and injector phase for positive 
and negative toroidal current shots.

These shots had much weaker emission 
than the 14.5 kHz shots, so data was 
collected at only one injector phase per 
shot with the image intensifier.

Note the lower fluctuation amplitudes and 
toroidal flow for positive and negative 
current shots. At higher injector frequency 
the injectors do not shift the spheromak 
as far.

For positive current shots the fluctuations 
shift toward the center of the flux 
conserver.

Right - velocity profiles for three negative 
toroidal current shots at 68.5 kHz injector 
frequency. No positive current shots are 
available for this analysis.

The velocity fluctuations are even smaller 
than at 53.5 kHz, supporting the trend of 
lower velocity and fluctuations at higher 
injector frequency.

HIT-SI is a "bow tie" spheromak with two 
inductive, helicity injectors on either side 
of the 1 meter diameter flux conserver.

The bow tie cross section can be seen in 
the cutaway CAD drawing. 

Each semitoroidal injector induces 
magnetic flux and a parallel loop voltage, 
thus driving parallel current and injecting 
helicity, analogously to an RFP.

The injectors are oscillated sinusoidally, 
enabling inductive drive indefinitely.

The injector fluxes have n = 1 symmetry and 
initially build up fields with odd symmetry.

A major relaxation event converts these 
fluxes to a toroidally symmetric spheromak 
(represented by the blue streamlines).

The kink-stable spheromak is sustained and 
grown further by dynamo action imposed by 
the injectors.

HIT-SI shut down in July, 2013 and has since 
been upgraded to HIT-SI3.
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Above - total uncertainty from all data sets in this section. Uncertainty includes 
fitting error and statistical variation from combining many independent 
measurements. Colored lines for 14.5 kHz data correspond with colors in plots 
above. The velocity zero point is a best guess and not absolutely calibrated.

NIMROD Comparison

PSI-TET Comparison

For more information on PSI-TET, see Chris Hansen's talk and poster

For more information on NIMROD, see Kyle Morgan's poster

IDS Data, Shot 129499


