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Strong toroidal flow is spontaneously generated in a field-reversed configuration (FRC) plasma. It is contin-
uously accelerated during and after the formation phase. The centrifugal force resulting from the toroidal flow
causes deformation of the toroidal cross section, with toroidal mode number n = 2. The radial profile of this self-
generated toroidal flow has previously been described as rigid rotor (RR) in form, i.e., showing uniform angular
velocity. However, the toroidal flow profile observed in these experiments indicates the existence of flow shear.
In this work, reconstruction of such a profile, utilizing a modified Abel inversion technique, has been performed,
and the resulting detailed toroidal flow profile, including time evolution, has been investigated.
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1. Introduction

A field-reversed configuration (FRC) plasma has a
strong self-generated toroidal flow, which is continuously
spun-up during and after the formation phase. This causes
rotational deformation of the toroidal section, with toroidal
mode number n = 2, and this instability eventually termi-
nates the configuration lifetime. Several candidates for the
physical mechanism of this toroidal spin-up have been pro-
posed, such as selective ion loss [1], end-shorting [2], and
flux-decay [3]. A rigid rotor (RR) model [4] has been rec-
ognized as an equilibrium rotation model for FRC which
agrees with the results from experimentally generated FRC
plasma. Recently, a two-point equilibrium (2-PE) model
[5] has also been presented as a more accurate rotation pro-
file model.

In previous experiments performed on the NUCTE
(Nihon University Compact Torus Experiment)-III device,
the toroidal flow profile 7, and its time evolution have been
observed using an ion Doppler spectroscopy (IDS) tech-
nique involving line integrated optical measurement for
the line spectrum of impurity carbon [6]. However, pre-
liminary observation has revealed a profile which does not
agree with the RR model.

Therefore, in this work, radial profile of toroidal flow
vg(r) is reconstructed by modified Abel inversion technique
from the line integrated shifted Gaussian emission profile.
The flow profile of vyg(r) is also reconstructed according to
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the flow profile of the RR model (uniform angular velocity
profile), and is compared with the Abel inversion one to
assess the credibility of the obtained radially non-uniform
angular velocity profile.

Also fluctuations on the time evolution of toroidal
flow are examined to evaluate effectiveness of global mo-
tion of FRC plasma onto the reconstruction and to discuss
the cause of toroidal spin-up.

2. Experimental Device and Diagnos-

tics

The FRC plasma was formed using a field-reversed
theta-pinch (FRTP) method on the NUCTE-III device [7].
The schematic view of the NUCTE-III is shown in Fig. 1.
This device has a transparent fused quartz discharge tube
of 0.256 m in diameter and 2.0 m in length as the main dis-
charge chamber. A 1.5m long one-turn solenoidal theta-
pinch coil surrounds the discharge tube. Each coil element
has a 5.0mm slit at intervals of 50 mm, enabling optical
measurements through a collimator and optical fiber tube.
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Fig. 1 Schematic diagram of the NUCTE-III with diagnostics.
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Fig. 2 Measurement positions of the IDS system on a toroidal
cross section.

This theta-pinch coil consists of a 0.9 m-long center region
with 0.17 m L.D., and two 0.25 m-long end mirror regions
with 0.15m L.D.

The FRC plasma formed by the NUCTE-III has a sep-
aratrix radius of 0.06 m, plasma length of 0.8 m, total tem-
perature of 300¢eV, and electron density of 3x 102! m?. A
magnetic flux loop and magnetic probes are mounted on
the discharge tube surface to measure magnetic flux us-
ing the excluded flux method. Electron density is mea-
sured by a single chord 3.39 um He-Ne laser interferom-
eter. The wobble motion (n = 1 oscillation mode) of
the FRC is tracked by an array of 14 optical collima-
tors arranged along the x and y axes at intervals of 1cm.
The measured wavelength band is selected by an inter-
ference band-pass optical filter with wavelength range of
550 £ 5nm. This bandwidth range has been confirmed in
the NUCTE-III experiments as having no strong line spec-
tra from impurity and deuterium ions and/or neutrals [8].
Therefore, the optical system can observe the x and y pro-
file of Bremsstrahlung. The motion of the center position,
created by the wobble motion is estimated using the ob-
tained profiles.

The IDS system has been employed to measure the
temperature and flow velocity of ions based on Doppler
broadening and shifts in the line spectrum profile. In this
series of experiments, IDS estimates the temperature and
velocity of the impurity carbon (CV: 227.2nm). The sys-
tem consists of a collimator, a quartz optical fiber tube,
a Czerny-Turner monochrometer, and a 16 channel pho-
tomultiplier tube. The wavelength resolution is 0.04 nm
per channel. The measurement position of the IDS on a
toroidal cross section is shown in Fig.2. The IDS scans
over the range from x = -6 to +6 cm at intervals of 1 cm.
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Fig. 3 Time evolution of the toroidal flow ¥, along the chords
parallel to the y axis. Each curve has an oscillation with
a cycle of 3 us.
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Fig. 4 Enlarged time evolution of the toroidal flow, showing os-
cillations with two different frequencies.
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Fig. 5 The wobble (n = 1) motion in the same FRC discharge
as in Fig. 4.

3. Experimental Results

3.1 Time evolution of toroidal flow velocity
Figure 3 shows the time evolution of the toroidal flow
profile 0, (x) evaluated from line-integrated line spectra,
which are measured along the chords parallel to the y axis
at the mid-plane (z = 0). The origin of the x axis is set at the
center of the discharge chamber. The wobble plasma mo-
tion (n = 1) is not compensated for in these results. Each
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curve is generated over multiple FRC discharges under the
same experimental conditions.

We can see a toroidal flow in the paramagnetic direc-
tion just after the formation process, until around 7 = 12 us.
Then, at around ¢ = 15 ps, the rotation direction is reversed
into the diamagnetic direction. Then the flow accelerates
until the end of the configuration lifetime. Eventually, at
around 25 ps, the toroidal flow velocity becomes compara-
ble to the ion diamagnetic velocity.

The toroidal flow reveals major oscillations, with two
different frequencies, as shown in Figs.3 and 4. These
oscillations appear even after noise reduction of the raw
data using the fast Fourier transform (cut-off frequency
of 400kHz) (Fig.3) and moving-average methods (cut-
off frequency of 200 kHz) (Fig. 4). The higher oscillation
shown in Fig.3 (frequency: 250~400kHz) is compara-
ble to the “cycle of torque” possibly caused by an end-
shorting event [9]. Figure 5 shows the time evolution of
wobble plasma motion in the y direction, measured by the
y-collimator array, for the same discharge as in Fig. 4. The
oscillation of the lower frequency (180~200kHz) shown
in Fig. 4 is consistent with the frequency of wobble plasma
motion.

3.2 Radial distribution of toroidal flow

More precise radial distribution of toroidal flow has
been estimated through compensation for the wobble mo-
tion. In this process, the acquired data is averaged over
a time window of 6 us. The displacement of plasma axis
due to the wobble plasma motion along the x axis has been
monitored by the optical fiber tube array. Then the mea-
surement position of x is converted into the impact param-
eter x’ to the plasma axis. The resulting time evolution of
the toroidal flow is shown in Fig. 6. In the formation phase
(8 us), the toroidal flow rotates in a paramagnetic direc-
tion with respect to the main compression field; and then,
at around ¢ = 12 s, it flips into the diamagnetic direction.
Then, until the onset time of rotational mode instability (¢ =
40 us), the diamagnetic rotation continuously accelerates,
with the toroidal flow eventually attaining a speed compa-
rable to the ion diamagnetic drift velocity, at = 28 us.

During this acceleration period, the toroidal flow ve-
locity in the vicinity of separatrix (x ~6cm) is less than
that of the flow in the inner region. This indicates that the
RR model is inapplicable to this experimentally observed
plasma flow.

Figure 7 shows the flow profile directly calculated
from the line-integrated data in comparison with the RR
profile. As the figure indicates, the two profiles are not in
agreement. To evaluate the accuracy of the reconstruction,
an experimentally measured profile of the line spectra is
compared with calculated profiles based on the RR model,
as shown in Fig. 8. Here the shaded area shows the stan-
dard deviation on the experimentally observed profile due
to the repeatability of plasma shots. Experimentally ob-
served spectrum profile has significant difference from the
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Fig. 6 Time evolution of the toroidal flow profile o, with respect
to the x” axis at z = 0.

15[
ey t=32ps
10 TN
sl
% 9
E
=N
=" 5[
----- RR
-0 —— Observed
-5 L L L L ! )
-6 -4 -2 0 2 4 6

x"[em]

Fig. 7 Radial profile of RR (blue dashed line) and experimen-
tally observed (red solid line) toroidal flow.
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Fig. 8 Comparison between the line spectrum profiles with
Doppler shift and broadening for x = 2, 4 and 6cm.
The red line indicates the experimentally observed shifted
spectrum; blue, the RR profile calculated for the experi-
mental conditions; and black, the spectrum shape without
Doppler shift. Red shading denotes the standard devia-
tion.

one for RR profile. Therefore, the obtained line integrated
profile seems to indicate the non-uniform angular velocity
profile.
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Fig. 9 Schematic of the dividing mesh structure for the Abel in-
version.
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Fig. 10 Comparison between toroidal flow profiles calculated
directly from line-integrated spectrum (Observed: red
dashed line) and reconstructed by the Abel inversion (Re-
constructed: blue solid line).

4. Reconstruction of the Spectrum

Profile

A modified Abel inversion technique has been em-
ployed to reconstruct the line spectrum profile. The ob-
served flow profile is based on the line integrated optical
measurement. Therefore, the amount of Doppler shift and
broadening have been attempted to be determined on the
reconstructed spectrum. A schematic diagram of the di-
viding mesh structure for the Abel reconstruction is shown
in Fig. 9.

The reconstruction assumes FRC axisymmetry. Each
cell experiences a different amount of Doppler shift, and
therefore the wavelength profile must be reconstructed
with consideration of this spatial structure of the flow. Pre-
liminarily, the Pearce method has been employed to solve
the system equation. The reconstructed flow profile for the
FRC plasma in an equilibrium phase is shown in Fig. 10.
While the reconstructed flow profile has significant error in
the vicinity of the geometrical axis, it shows larger shear
just inside the separatrix (5cm <r < 6cm).

S. Discussion

Oscillations with two different frequencies have been
found in the time evolution of the toroidal flow, as shown
in Figs. 3 and 4. The oscillation with the lower frequency
is consistent with that of the wobble plasma motion. The
higher frequency oscillation, on the other hand, is in close
agreement with the ‘cycle of torque’ potentially caused by
an end-shorting event.

Toroidal flow profiling using the IDS technique has re-
vealed that the experimentally observed flow profile does
not agree with the RR profile, as shown in Fig.7, where
a significant difference in flow profile is noticeable, espe-
cially in the inner region of the separatrix. Reconstruction
of the radial structure of the shifted Gaussian spectrum has
been attempted. However, this preliminary calculation still
potentially has significant error in the vicinity of the geo-
metrical axis. To increase the accuracy of the reconstruc-
tion, more precise monitoring of the plasma position and
greater precision in the reconstruction calculation must to
be achieved.

6. Summary

Reconstruction of the toroidal flow profile of FRC
plasma has been performed. The results indicate the fol-
lowing three facts. First, the toroidal flow has two dif-
ferent frequency components. The higher may be related
to pulsed torque due to end-shorting. Another component
corresponds to the wobble motion of the plasma column.
Second, the spontaneous FRC toroidal flow begins in the
paramagnetic direction and then accelerates in the diamag-
netic direction. Third, the result of IDS measurement indi-
cates the existence of radial flow shear. In addition, beyond
the separatrix, Mach probe measurement [10] suggests that
the angular velocity of the toroidal flow is non-uniform.
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