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SUMMARY
Department of Energy: DE-FG02-04ER54777
Plasma Program through DOE Support (2004-2015) at Prairie View A&M University
DR TTIAN-SEN HUANG (PI)*

During recent years (2004-2015), with DOE support, the PVAMU plasma research group
accomplished new instrumentation development, conducted several new plasma experiments,
and is currently poised to advance with standing-wave microwave plasma propulsion research.

On the instrumentation development, the research group completed: (i) building a new plasma
chamber with metal CF flanges, (i1) setting up of a 6k/2450MHz microwave input system as an
additional plasma heating source at our rotamak plasma facility, (iii) installation of one
programmatic Kepco ATE 6-100DMG fast DC current supply system used in rotamak plasma
shape control experiment, built a new microwave, standing-wave experiment chamber and (iv)
established a new plasma lab with field reversal configuration capability utilizing 1 MHz/200kW
RF (radio frequency) wave generator.

Some of the new experiments conducted in this period also include: (i) assessment of improved
magnetic reconnection at field-reversed configuration (FRC) plasma, (ii) introduction of
microwave heating experiments, and (iii) suppression of n = 1 tilt instability by one coil with a
smaller current added inside the rotamak’s central pipe. These experiments led to publications in
Physical Review Letters, Reviews of Scientific Instruments, Division of Plasma Physics (DPP) of
American Physical Society (APS) Reports, Physics of Plasmas Controlled Fusion, and Physics of
Plasmas (between 2004 and 2015).

With these new improvements and advancements, we also initiated and accomplished design and
fabrication of a plasma propulsion system. Currently, we are assembling a plasma propulsion
experimental system that includes a 5kW helicon plasma source, a 25 cm diameter plasma
heating chamber with 1MHz/200kW RF power rotating magnetic field, and a 60 cm diameter
plasma exhaust chamber, and expect to achieve a plasma mass flow of 0.1g/s with 60km/s
ejection. We anticipate several propulsion applications in near future as we advance our
capabilities.

Apart from scientific staff members, several students (more than ten undergraduate students and
two graduate students from several engineering and science disciplines) were supported and
worked on the equipment and experiments during the award period. We also anticipate that these
opportunities with current expansions may result in a graduate program in plasma science and
propulsion engineering disciplines.

*Corresponding Author — Dr. Saganti, Regents Professor and Professor of Physics — pbsaganti@pvamu.edu
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1. Research Accomplishments for the Years 2012 thru 2015
A. Ion Doppler Spectroscopy (IDS) measurements for ion temperature

With the recently installed high resolution ion Doppler spectroscopy, the ion temperature and
plasma flow at Prairie View rotamak plasma have been measured. The IDS measurements are
observed for various impurity emission lines of which carbon lines exhibit stronger intensities.
Furthermore, the diagnostics are examined in an experiment where plasma experiences sudden
disruption and quick recovery. The motorized gear of the monochromator allows spectral
resolution of 0.01 nm. In this case, the IDS measurements show ~130% increase in ion
temperature. Flow measurements are shown to be consistent with plasma rotation (these results
are published as part of Houshmandyar et al., 2012).

B. Active control of plasma shape and poloidal boundary flux

Active control of plasma shape and poloidal boundary flux has been widely studied with the
Prairie View rotamak device. With the introduction of plasma shaping coils, the elongation of
plasma shape and the increase in plasma current have been systematically studied. These
experimental results were very successful (these results were published as part of Yang et al.,
2012).

C. Study of MHD instability in rotamak-ST with an ultra-low A

Magnetohydrodynamics (MHD) instability as aspect ratio 4 (R,/a) approaching 1 has been
studied with the Prairie View rotamak device. Two regimes of rotamak-ST, (routine rotamak
operation and spherical tokamak operation), have been systematically studied. The study
includes two operation regimes: high toroidal magnetic field B, and low toroidal field B; (these
results appeared as part of Yang et al., 2012).

D. Improved magnetic reconnection experiment in FRC plasma

More recently, with experimental facility’s modification the magnetic reconnection experiment
in FRC plasma has been further studied at Prairie View rotamak device [Xu et al., 2014]. By
adding one toroidal current in rotamak’s central axis area, the cutting of one FRC into two FRCs

in the experiment process becomes more obvious.



Newly added toroidal coil is located inside the stainless-steel pipe; the coil has a radius of R=1.8
cm with 20 turns. As a comparison, the magnetic configurations without and with the inner coil

are shown in Figure 1.
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Figure 1. Comparison of the magnetic reconnections in the cases
without the inner coil (left) and with the inner coil (right)
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Figure 2. Variation of the magnetic field strength along the radial

The comparison of the magnetic field changes in the cases with the inner coil (solid lines) and
without the inner coil (dash lines) are shown in Figure 2. The configuration with the inner coil
has greatly increased the gradient of magnetic field in the center part of the chamber, and makes

the field-reversed configuration (FRC) reconnection occurrence in a larger area.



E. Rotamak plasma heat with microwave

Recently, a 6kW 2.45GHz microwave system has been added on Prairie View rotamak. This is
the first time that electromagnetic wave is injected into a rotamak plasma. Electron Bernstein
Waves (EBW) are expected to be excited in the plasma through mode conversion from
electromagnetic waves. A series of microwave experiments have been performed in both O-
mode and X-mode configuration for both FRC and ST modes on Prairie View rotamak. Our
experiments confirmed that the plasma in O-mode configuration doesn’t response to this
2.45GHz microwave. But an effective pre-ionization of plasma has been observed when the

filling pressure of the hydrogen gas is under py=1mTorr.

Though the microwave power is much lower in comparison with the RMF’s several hundreds kW
in the rotamak microwave experiments, clear oscillations of plasma current 7, and magnetic field
Br were excited when microwave was injected into plasma. From plasma current signal,
oscillations with wide frequency range, 0 - 5kHz, can be observed when microwave was injected
into plasma. The magnetic oscillations were identified as n = 1 radial shift mode (the phase shift
between two sets of Mirnov coils is p). According to theoretical study, the radial shift mode is
expected to become unstable at sufficiently small elongation E < 0:7 (E = Zs = R, with Zg and
Rg the separatrix half-length in the axial direction and separatrix radius, respectively). The
microwave may have decreased the elongation of the plasma. Usually excitation of radial shift
mode results in plasma disruption within 1ms. But in the microwave experiments, excitation of

radial shift mode seemed to favor the building of the plasma current.



2. Research Accomplishments for the Years 2009 thru 2011

A. Study of MHD instability in the RMF-driven plasmas

The PV Rotamak with cylindrical chamber is uniquely positioned for such study. The 40 ms
long duration of plasma discharge allows observing global MHD instability modes. Meanwhile
a set of magnetic shaping coils permits to form plasmas with £ < 1 (oblate FRC), E > 1 (prolate
FRC), and doublet-shape configurations with two magnetic axes. In addition, two sets of Mirnov
coil array and a group of flux loop are built to detect the magnetic perturbations and plasma

shape respectively.
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Figure 1. Time evolution of plasma current, MHD oscillation signal, magnitude of n = 0-3

perturbations to Bgr and spectra for (a) By, =25 G; (b) By =28 G; (c) By =30 G.

Measurements from Mirnov magnet array provide the first evidence for » = 1 tilt and radial
shift instabilities in rotamak-FRC plasma. The n = 1 tilt mode is shown in Fig. 1 This mode
usually grows within a period of 1-2 ms, and then becomes saturated during the shot. Depending
on vertical field and filling gas pressure, the oscillation frequency of the mode is between 15 and
19 kHz; the growth time can be up to 10 ms. This tilt mode is non-destructive, but it usually
results in plasma current drop by 10%. As indicated in Fig.1, when B, increases from 25 G to 30
G, the tilt mode starts later, and its frequency and amplitude gradually becomes smaller with

higher B,.



The tilt mode stability is strongly affected by plasma shape. We examined how the plasma
shaping could affect stability of tilt mode in the range of £ ~ 0.7-1.5. The most striking result is
seen when only the middle shaping coil (at Z = 0) is energized, producing doublet-shape FRCs
with an internal figure-of-eight separatrix (with two O-points and an internal X-point on the
midplane). It is seen in Fig. 2(a) that after the middle coil is energized, the n = 1 tilt mode is
completely suppressed. In this shot, the middle coil is energized with I, = 400 4 current during ¢
= 20-40 ms. The change of elongation from E = 0.92 to £ = 1.37 after the middle coil is

energized cannot explain by itself the suppression of the tilt mode.
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Figure 2. Time evolution of plasma current, MHD oscillation signal, magnitude of n = 0-3
perturbations to Br and signals from two sets of Mirnov coils. 7, current is fed to middle coil

during 20-40 ms (a) I, = 400 4; (b) I, = 550 A.

Repeatable discharges demonstrate that the tilt mode can be completely suppressed by
energizing the middle coil with current in the range of I, ~ 250-500 4. When [, current is
higher, 500-600 4, the tilt mode is suppressed, but n = 1 radial shift mode is excited and plasma
is disrupted within 2-3 ms after energizing the coil, as shown in Fig. 2(b). For 7, > 600 4,

plasma is disrupted immediately as the coil is energized.



Over a few decades of rotamak research, this is the first time to observe the tilt/radial shift
mode in rotamak plasma. The detailed description for the experiments has been published in

Physical Review Letters [ Yang et al, 2009].

B. Experiments on active control of poloidal magnetic flux

Poloidal magnetic flux conservation is an important issue for RMF-driven plasmas. To
address this issue, an alternative approach has been studied for the first time at PV Rotamak with
a cylindrical chamber. A hybrid active/passive equilibrium control system was installed. The
passive part consists of four copper rings that serve as a partial flux conserver. The active part
consists of three coils wound over the chamber surface and connected to a programmable current
source. The main purpose of the active coils is to keep the plasma separatrix off the chamber

wall, and to control the plasma shape.

Without active coils and copper rings, the temporal change of the boundary poloidal flux is
shown in Fig. 3(a). The boundary flux drops sharply by 60-80% during first 0.1-0.2 ms of
discharge, then continues to decline during next 1-2 ms. For the rest of 38 ms the boundary flux

remains at approximately zero level for |z| < 7 cm, indicating that the separatrix is resting on

chamber wall.
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Figure 3. Change of the boundary poloidal flux in rotamak-ST discharge (a) without and (b)
with active coils and copper rings. The position of flux loops is indicated by circles. The flux in

vacuum is produced by the vertical magnetic field only.

Based on the measured boundary flux profile and total plasma current, the plasma shape is
reconstructed as displayed in Fig. 4(a). Previously, a direct scan of magnetic field with internal

magnetic probes has shown a similar, nearly spherical shape of flux surfaces.



Further experiments have been conducted with adding four copper rings. The presence of the
rings helps to reduce the initial sharp drop of the flux to only 5-10%, which is then replenished
by the active coils. Our experimental results indicate that the passive copper rings can help
eliminating the fast variations of the boundary magnetic flux but only during plasma forming

stage (within initial 2 ms).
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Figure 4. Change of the boundary poloidal flux in rotamak-ST discharge (a) without and (b)

with active coils.

One paper giving the detailed description for the experiments and a theoretical model has

been published in Physics of Plasmas [Petrov, et al, 2010].

C. The effect of magnetic field shape on plasma current drive efficiency

It was noted in our experiments that when the shaping coil is energized in the FRC regime,
the RMF appears to have a shallower penetration (2 ¢m near the chamber wall), similar to the
property of the higher performance mode observed in TCS when the flux conserving copper
straps are wrapped around the quartz tube. However in our case the plasma current is
substantially boosted while in TCS there is no change. This phenomenon seems to be contrary to
the mechanism of RMF current drive, which requires a good penetration to enhance current
drive. Thus, how the change of magnetic field shape affects plasma current drive efficiency in

both FRC and ST regimes needs to be clarified.



Experiments have been carried out in both regimes with different combinations of shaping
coils being applied at t = 20 ms until end of the discharges. To simplify the comparison, we
discuss only the three cases which include the middle coil: (@) one (middle) coil; (b) three coils

(one middle and two side coils at z = %8 cm); (¢) five coils (one middle and four side coils).

Without energizing magnetic shaping coils, the rotamak-ST and FRC plasmas have a similar
shape as shown in Fig. 5(a), the minor difference is the plasma elongation £ = 1.0 in the ST
regime while £ = 0.9 in the FRC regime. As seen from Fig. 5(a), the closed magnetic surfaces
are quite short along the z-axis, in spite of the fact that the RMF antenna extends to the end of the

chamber.
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Figure 5. Reconstructed plasma shape in the discharge of (a) the ST regime, (b) the ST regime

with one middle coil and four side coils, (c) the FRC regime with one middle coil.
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Figure 6. Time evolution of rotamak-ST plasma current, total coil current, antenna input power,
the effective impedance of the plasma, antenna phase difference, input current and voltage before

and after applying (a) one middle coil, (b) one middle and two side coils (at z =8 cm), and (c)

one middle and four side coils.

For a given rf generator power of 180 kW, in the ST regime, the plasma current can be
boosted by 200% from 2.0 to 6.0 k4 when five shaping coils in series connection are energized
with a total current of 1.2 k4, as shown in Fig. 6(c), the reconstructed plasma shape is seen in
Fig. 5(b). The improvement of current drive efficiency is mainly attributed to the radial
compression and the substantially axial extension of the plasma column; this in turn substantially
improves impedance matching and thus increases antenna input power. In the FRC regime,
plasma current can be boosted by 100% when one middle coil is employed with a total current of
0.55 kA, as shown in Fig. 7(a), the reconstructed plasma shape is seen in Fig. 5(c). It is observed
that more side coils are used less coil current can be applied. Appearance of the radial shift

mode limits the achievable plasma current in FRC regime.
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Detailed explanation of how magnetic field shape affects plasma current and its radial profile

in the regimes with and without toroidal published in Physics of Plasmas [Yang, et al., 2011].
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Figure 7. Time evolution of rotamak-FRC plasma current, total coil current, antenna input
power, the effective impedance of the plasma, antenna phase difference, input current and
voltage before and after applying (a) one middle coil, (b) one middle and two side coils (at z = £8

cm), and (c) one middle and four side coils.

D. The effect of toroidal magnetic field on n = 1 mode stability in rotamak plasmas

One of the advantageous features of the rotamak-ST is its improved stability. However, over
a few decades of rotamak research, there was no report about the effects of toroidal magnetic
field on plasma stability. Furthermore, the MHD stability of the rotamak-ST with an ultralow
aspect ratio is expected to be significantly different from those of conventional tokamaks with

large aspect ratios, but investigation on this topic is lacking as well. These issues are extremely
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crucial in order to achieve high toroidal beta and high toroidal utilization factor (/1) in

rotamak-ST discharges.

Experiments were typically conducted in 40 ms rotamak-FRC discharge with I, = 2 k4, with
the axial current 7, ramping linearly from 20 ms to 40 ms during a shot. There were two series of
ramping experiments: one series with small 7, from 0 to 1.4 k4 as shown in Fig. 8, and another
series with large 7, from 0 to 6 k4 as shown in Fig. 9. The strong stabilizing effect of 7, on the
tilt mode is seen from Fig. 8. The amplitude of the tilt mode is gradually reduced with the
increase of /,, and the tilt mode is completely suppressed when 7, reaches 0.4 kA4 at t = 24 ms.

This value is about 20% of the plasma current. The result agrees well with the finding on TS-3.
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Figure 8. Time evolution of plasma current, axial current, MHD oscillation signals of a left set
coil #1 and #5, and a right set coil #9 and #13. Two coils on same set are at 180° toroidal angle

interval. I, ramps almost linearly to 1.4 k4, ps= 1.1 mTorr.

The most interesting result seen in Fig. 8 is that when 7, ramps above 0.5 kA (Z,/I, = 25%), a

new rotating mode appears soon after the suppression of the tilt mode. This mode grows very
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fast at t = 24.5 ms and saturates within 1 ms. Its amplitude remains maximum when /, is in the
range of 0.6-1.2 k4 (B; = 5-10 G). In contrast to the tilt mode which usually leads to plasma
current drop by 10%, this new mode boosts plasma current by 25% during its saturation period.
Moreover, the magnetic perturbations from the left side Mirnov array (Z = - 4 cm) (Fig. 8(¢), (d))
increase faster than that of the right side array (Z =+ 4 c¢m) (Fig. 8(e), (f)); when this mode stays
saturation stage, the perturbation amplitudes of the left Mirnov array become as twice as that of

the right side array. It is the first time to observe the asymmetric MHD mode in rotamak plasma.
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Figure 9. Time evolution of plasma current, axial current, MHD oscillation signals of a left set
coil #1 and #5, and a right set coil #9 and #13. Two coils on same set are at 180° toroidal angle

interval. I, ramps to 6.0 k4, pr= 1.1 mTorr.

Another series of experiments was conducted with large /, ramping and the tilt mode existing
in the discharge at t = 10 ms before I, ramps at t = 20 ms. As can be seen in Fig. 9, in the region
where the value of 7, is less than 1.5 kA4, the effects of TF on the tilt mode (suppression) and the
new mode (trigger) are basically same as demonstrated in Fig. 8. Since I, ramps fast in this type

of experiments, the tilt mode is suppressed quickly and the new mode saturates immediately after
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being triggered in the discharge. One interesting result shown in Fig. 9 is that when I,
approaches 1.6 k4, the new mode suddenly disappears; the corresponding ratio of /,/I, is around
70%. The discharge is free from any instability mode when 7, is larger than 1.6 k4. Repeated
shots confirm that 7,~ 1.6 k4 is the threshold value to suppress the new mode, presumably due to
the increase of magnetic shear by continuously increasing TF. Since the rotamak-ST regime
typically operates under the condition of /, > 3.0 k4 and the ratio of 1,/I, > 150%, this result

explains why no MHD mode was observed in previous rotamak-ST experiments.

Our paper with the detailed description of the experiments has been accepted for publication

in the Physics of Plasmas [Yang, et al., 2011].

Lab equipment and instrument construction

A. High speed CCD camera system

The new high speed CCD camera system, which consists of a Phantom V710 CCD camera
from Vision Research Inc., a wound fiber optic image bundle (80k channels), and a few lenses,
has been set up on PV rotamak, as shown in Fig. 10. The Phantom V710 CCD camera can get
over 7,500 frames-per-second (fps) at full wide-screen megapixel resolution; at lower

resolutions, it can get even higher frame rates up to 1,400,000 fps.

Figure 10. (a) The Phantom V710 high-speed CCD camera, (b) fiber

optical bundle with C-mount wide-angle lens.
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The new high speed CCD camera system not only gave us clear and direct understanding about
plasma formation, MHD instability modes’ triggering, development, saturation, and suppression,
but also proved our experimental measurements from Mirnov coil array. This new system
significantly increases our diagnostic ability in studying MHD mode instabilities in rotamak
plasmas, as well as the physics process occurring in the magnetic reconnection experiment. Fig.

11 gives some typical images.

o

.ald

Figure 11. (a) Image of stable discharge, (b) and (c) images of disrupted discharge with the

appearance of n =1 radial shift mode.
B. Spectroscopy diagnostic tools

One commercial spectrometer, i-trometer from BWTek inc., has been set up to identify the
impurities in rotamak plasmas. The i-trometer is designed to have a spectral range of 200-1100
nm, with ~1.5 nm wavelength resolution, and minimum integration time of 7 ms. Fig. 12 shows
an example of the recorded spectrum by i-trometer. The major impurities in rotamak plasma are
silicon, oxygen. Fig. 12 also indicates the lack of emission lines below ~350 nm, due to the
Pyrex absorbance. The spectrum of plasma impurity is regarded as a reference for the

diagnostics of ion temperature measurement.

15
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Figure 12. Plasma spectrum recorded with i-trometer during 40 ms discharge.

In order to measure ion temperature during the process of magnetic reconnection, a fast (1 us
time integration) ion Doppler spectroscopy (IDS) is currently under construction. The ISD
system includes a Jarrell-Ash (JA) 5 monochromator, the PMT, a transimpedance amplifier, a
fiber optics with 0.22 NA, and the collection optics which consist of two 3 ¢m long lens tubes,
two plano-convex lenses (with 185-1100 nm spectral response) and an SMA coupler. The
monochromator employs an 1180 Groove per millimeter ruled grating, which allows 0.01 nm
wavelength resolution; this monochromator is calibrated by an Ocean Optics™ HG-1 mercury-
argon calibration lamp. A PCI-5110 board from National Instrument™ (NI) is used to record the

PMT signal.

C. A group of Mirnov coil array with 32 coils

To characterize MHD instability, a non-intrusive diagnostic tool for magnetic field
perturbation, has been built. A group of Mirnov coil arrays locate respectively at z =+4 c¢m and z
= 430 cm along chamber axis. At each Z position, eight Br-oriented coils are mounted around
chamber surface at equal 45° intervals along the toroidal angle.

Measurements from the array of Mirnov coils provided the first evidence for n =1 tilt and
radial shift instabilities in a 40 ms rotamak-FRC discharges, demonstrated the stabilization effect

of magnetic shaping coils and the toroidal magnetic field.
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D. A flux loop array

To study magnetic flux conservation and plasma shape control, a flux loop array which
consists of six flux loops wound over the chamber surface at z = £3.5, £7.5, and £22 cm, has
been built to measure the boundary poloidal flux.

Based on the measured boundary flux profile and total plasma current, the plasma shape can

be reconstructed, as displayed in Fig. 5.

E. A new data acquisition system with 150 channels

With the rapid development of diagnostic tools on rotamak, including the measurements of 8-
channel real time RF power, 6-channel flux loop, 32-channel Mirnov magnet array, and 90-
channel magnetic probe array which was originally from RPPL of University of Washington, a
new data acquisition system is an urgent need to our laboratory. National Instruments’ data
acquisition system with PXlIe-6124, 16-bit, 4MS/s Simultaneous Sampling Multifunction DAQ

has been recently set up.

F. A new cylindrical chamber with conflate flanges

Large amount impurities present in pyrex glass chamber with rubber O-rings flanges, prevent
RMF driving plasmas from achieving a high temperature. In order to obtain high performance
plasma discharges, a new cylindrical chamber with conflate flanges has recently been built. This
modification can allow chamber being baked up to 400° C, as already demonstrated by RPPL of
University of Washington. The construction of other subsystems, such as supporting base and

frame, vacuum, RMF antennae, matching and tuning, will be finished soon.
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3. Research Accomplishments for the Years 2006 thru 2008

A. Building of a cylindrical chamber device

In order to compare the rotamak plasma discharges in the devices with differently shaped
chambers and to conduct the magnetic reconnection experiment with two merging RMF-FRCs, a
cylindrical chamber device was built in 2006. The plasma chamber is a 100 /iter (i.d. =40 cm, L
= 80 cm) Pyrex vessel. Its background vacuum is about 5x107 Torr. One pair of the
equilibrium magnetic field coils set at two ends of the chamber provide a field up to 230 G in the
chamber’s center. There is also a toroidal magnetic field provided by a set of six wires fed
through the central axial stainless steel pipe with o.d. = 4 c¢m, which is covered with a quartz
tube. The total current of six wires can be up to 20 k4. Two pairs of coils around the chamber
form the rf antennas, powered by the same rf generators used in the spherical chamber device, to
produce RMF; the latter drives plasma current. The new device has an additional magnetic coil
in the mid-plane of the chamber would over the surface of the chamber (“middle shaping coil”).
The coil is designed to modify the equilibrium magnetic field during plasma discharge. A

picture of the new device is shown in Figure 1.

Figure 1. Newly built cylindrical chamber device
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B. Constructing of a poloidal magnetic flux control system

The magnetic flux control system is constructed on the cylindrical chamber. The system
consists of a passive part and an active part. The passive apart includes four 0.6 c¢m thick, 2.75
cm wide copper collars. The active part includes the “middle shaping coil” at Z = 0 and two
“side shaping coils at Z = £8 c¢m that are wound on chamber surface; the coils can be energized

by a high precision fast response programmable current source (Kepco ATE6-100ML).

C. Other major instrument improvement

In the current grant period, PVAMU group has also completed a gas puffing system and a
two-component pickup probe for magnetic field scanning. The gas puffing is made with a
piezoelectric valve MV-112 manufactured by MaxTek company. It was installed in the spherical
rotamak device. The valve is triggered by controller E1885 manufactured by PPPL, which
allows to open the valve with shorter than 1 ms reproducibility. In experiments the valve was
actuated for duration of 3 to 4 ms. The opening of the valve was adjusted to add the neutrals’

inventory from 10% to 100%, depending on particular experiment.

The magnetic pickup probe is positioned inside a sealed L-shaped glass tube that can move in
radial direction so it can reach almost any point in poloidal cross section. The signals from the

pickup probe are going to be filtered and numerically integrated.

Achievements in scientific research

A. Comparison of RMF-FRC plasma properties in cylindrical and spherical devices

The information about the effects of chamber shape, f power density, and external magnetic
field on the characteristics of RMF-FRCs is of crucial importance in the direction of scaling
studies for future large devices. For this reason, we conducted a series of RMF-FRC
experiments at the newly built cylindrical chamber device and compared those with the

experiments previously performed at our spherical chamber device.
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Figure 2 shows the schematic of the spherical and cylindrical chambers. In the cylindrical
chamber device, the middle shaping coil placed in the mid-plane can be briefly energized during

plasma shot, so the plasma can be reshaped and pushed away from the chamber’s wall.
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Figure 2. Schematic of the spherical chamber and the cylindrical chamber

The experiments have been conducted in both FRC and ST regimes. The results further
confirm that within certain range of the equilibrium magnetic field By, the plasma current driven
by RMF grows linearly with B, in both FRC and ST discharges. Relatively, the ST regime is

more stable and achieves higher plasma current /,.

In comparison with the experiments conducted in the spherical chamber device, for the same
rf power the plasma current, electron density and temperature in the cylindrical device are lower.
It can be explained as the consequence of lower power density in the cylindrical chamber.
Figure 3 shows the dependences of the plasma current on the vertical magnetic field in the

cylindrical and spherical chamber devices for the total input 7/ power 200 kW.
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Figure 3. Dependences of plasma current on vertical magnetic field in the cylindrical chamber

device (a), and the spherical chamber device (b)

The additional middle magnetic coil is made of 8 wires (2 layers by 4 turns) wound close to
the chamber side surface. For both FRC and ST experiments discussed in this section, the
vertical field was 25 G at chamber center, and the rf power was about 200 £/; in ST case, the

axial current that produces toroidal field was 2.5 k4.
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Figure 4. Increase of plasma current as a function of the applied peak current in the middle coil.

When the current in the middle coil is below the “disruptive” level, the response of plasma

current to the peak value of applied current in the middle coil is summarized in Figure 4. For
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both FRC and ST regimes Al, (= I peak - Ip (15 ms)) grows up monotonously with the increase of
peak current in the middle coil; the increase of plasma current is usually higher in ST regime
than in FRC regime. Depending on the initial conditions, plasma current can be enhanced by up
to 3.1 k4 from 2.1 kA4 to 5.2 kA; the peak plasma current is about 250% of the original plasma
current. When the applied peak current in the middle coil reaches the value of 600 A4, the plasma
current starts to be disrupted, but in ST regime it always re-appears at a higher value after the
current in the middle coil is reduced. The detailed measurements of magnetic field in plasma
show that the field of the middle coil can be effectively used to reshape the plasma and to push it
away from chamber walls, especially in ST regime. This result suggests that an active feedback

system can be used to control equilibrium in RMF-driven plasmas.

Our paper with the detailed description of these experiments appeared in Plasma Physics and

Controlled Fusion [Yang et al., 2008].

B. Study of magnetic field structure evolution in RMF-FRC plasmas

Though extensive studies for the mechanism of RMF current drive have been done, there is
no experimental or theoretical study on how the RMF-driven plasma would respond to a change
of external equilibrium field shape yet. The main problem is: What kind and what range of
changes in the equilibrium magnetic field can keep the plasma away from the chamber wall
without inducing instabilities or ceasing the RMF-driven plasma current? The complication into
the problem is added by the fact that as the outermost magnetic surface of the plasma is pushed
or deformed, the coupling between RMF-antenna and plasma is changed, and so is the driving
torque on electrons, which in turn will change the magnitude of plasma current and its
distribution. The issue is related to the feasibility of an active equilibrium feedback system for
poloidal magnetic flux conservation in RMF-FRC plasmas. In the presently operated short-
pulse-RMF-driven FRCs, the basic equilibrium is provided by a stationary equilibrium ‘vertical’
field and flux conserving rings. For the long-pulse devices, however, an active equilibrium

feedback system, similar to the systems used in modern tokamaks, is needed.
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As the first step in studying this problem, we conducted a set of experiments at our newly
built cylindrical chamber rotamak. In the experiments, the middle shape coil was energized for a
period of 10 ms during 40 ms plasma discharges; magnetic field components inside plasma were
measured directly by magnetic pickup coils. The experiments were performed for two regimes:

Absence and presence of an external toroidal field produced by axial /. current.

This study showed that the field of the magnetic coil placed at the mid-plane of plasma
chamber can be used to control effectively the profile of plasma current and the structure of
magnetic configuration in the plasma. The response of the plasma to a brief current in the
middle coil depends strongly on the initial conditions, in particular, on the presence of the

toroidal magnetic field.

If the toroidal field is absent (rotamak-FRC regime), the plasma appears to be very sensitive
to the field of middle coil. If the current in the middle coil reaches a certain threshold level, the
plasma current will be disrupted immediately and drop to near zero, as shown in Figure 5a. The
cease of FRC regime is preceded by development of a negative current density in the region R =

6 — 13 cm, just before the disruptive level is reached, as shown in Figure 5b.
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Figure 5a and 5b. Response of rotamak-FRC plasma current to small (top plot) and large (bottom
plot) current in the middle coil. (5b). Profiles of the plasma current density along Z = 0 chord,
when the current in the middle coil is just started (z = 19 ms), reaches disruptive level of 600 A (¢
=19.7 ms) and then further grows to 850 4 (¢ = 20 ms), when the total plasma current is zero.
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On the other hand, if the toroidal field is present (rotamak-ST regime), the plasma
responds to the middle coil field in a more controllable manner. Even when the middle coil field
is slightly above the disruptive level, the plasma current does not drop to zero, but only reduces
to a smaller value as shown in Figure 6a. There is no trend of generating a negative current
density in the core region of the plasma, as shown in Figure 6b. Instead, the plasma current
splits into two distinctive current rings (‘doublet’ shape). After the current in the middle coil is
relaxed to a magnitude below the disruptive level, the plasma current always returns to its
original magnitude and structure. The experimental results imply that an efficient control of the

shape and position of RMF-driven plasma is feasible in ST regime.

The experimental results that show the changes in magnetic field structure and current
density in the plasma as the middle coil is energized during the 40 ms discharge have been

published [Petrov et al., 2008].

Time (ms)

Figure 6a. Response of rotamak-ST plasma current to small (top plot) and large (bottom plot)

current in the middle coil.
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Figure 6b. Profiles of the plasma current density along Z = 0 chord, when the current in the
middle coil is just started (z = 19 ms), reaches disruptive level of 600 A (¢ = 19.7 ms) and then

further grows to 1080 4 (¢ = 20 ms), when the total plasma current is reduced.
C. Two FRCs magnetic reconnection experiment

Magnetic reconnection experiments in RMF-FRC plasma with the toroidal field, namely the
ST regime, have been successfully performed in the new 80cm/40cm diameter cylindrical
chamber device. In the experiments, RMF produced by two 0.5 MHz rf generators drives a
plasma current about 2 - 3 k4 in the presence of a vertical magnetic field 25 G and the toroidal
field resulted from a axial current of 2.5 k4. During a 40 ms, 200 kW power discharge, a 10 ms
pulse-current 1.1 kA4 is applied to the middle coil to sever the plasma current into two rings and
form two FRCs. When the current in the middle coil drops to zero, the two FRCs merge into one
FRC again. In the experiments, variations in magnetic field profile and H. signal were
measured. Both the magnetic field evolution and the variation of A, signal show the magnetic

reconnection process.

The magnetic field in cross-section of plasma was scanned with pickup probes for the whole
process from one FRC being split into two FRCs to the two being merged as one. Figure 7
shows the measured magnetic field and the plasma current density derived from the magnetic

field at time 19.7 ms, 27.0 ms and 35.1 ms.
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Figure 7. Evolution of magnetic field and plasma current density in the magnetic reconnection

process (the current in the middle coil is added from 19 ms to 30 ms)

Figure 8 shows the cross-chamber-H|, signal taken for z between 4 c¢m and 34 cm. (The

signal has a gap near z = 0 corresponding to the “blind” spot blocked by the middle coil.)

20 N
time (ms) 15 W

Figure 8. Signal variation in the process of magnetic reconnection, scanned at different z

positions
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Details on this experiment have been reported at the 2007 APS/DPP Meeting [ Huang et al.,
2007].

D. Effects of gas puffing in RMF-FRC experiments

To study the particle-power balance in RMF-FRC plasmas, we conducted a series of
experiments with hydrogen gas puffing in the spherical rotamak device [Petrov et al., 2006].
Plasma discharges with puffing undergo few subsequent stages before repeatable shots are
obtained; the number of stages (5-20 shots) depends on puffing parameters and chamber walls’

conditions that become saturated with hydrogen.
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Figure 9. Profiles of plasma temperature and density, puffing is made in shots 3 ~ 9

In the discharges with puffing, the electron density increases from (1.0-1.3)x10"cm™ up to
(4-5)x10"* em™, but the temperature drops from 30 to 15 eV. The profile of density in the shots
with puffing becomes peaked near the center of chamber as shown in Figure 9. For the
temperature, the trend is opposite. The data is consistent with global power balance but a

transport model should be applied to explain the change of profiles.
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An unusual result is a strong response of plasma current to the puffing. By proper choice of
puffing conditions, the value of plasma current driven by RMF can be doubled, as shown in

Figure 10.
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Figure 10. A sequence of shots with puffing. The puffing was started at # = 20 ms for a period

of 3 ms in every shot

A. Experiments on poloidal magnetic flux control and study of MHD instabilities in RMF-FRC

plasmas

Poloidal magnetic flux conservation is an important issue for RMF-FRC devices. As the
plasma current is produced in a non-conductive chamber, the formed FRC is free to expand and
contact chamber walls. When the measured value of polooidal flux at the camber wall drops to

zero, the separatrix magnetic surface contacts the glass wall.

In the short-pulse RMF-FRC devices, the problem could be solved with using flux-
conserving rings made of copper or aluminum and placed outside or inside the chamber. The
magnetic field, however, still diffuses through the rings in a few ms. Even if the rings are made
of superconductive material, the requirement for a spacing gap between the rings for the RMF

penetration would result in a gradual drain of the flux between the rings.

To solve this issue for long pulse RMF-FRC devices, an alternative approach has been

studied at PVAMU Rotamak group with assistance from PPPL’s Offsite University Support
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Program. A hybrid active/passive flux control system is installed in the cylindrical Rotamak.
The passive part consists of four copper rings, 27.5 mm wide/6 mm thick, placed at Z = +5.5 cm
and Z = £23.5 cm just outside the chamber surface. The active part consists of three coils wound
over the chamber surface and connected to a programmable current source Kepco ATE6-100ML
with current rise time ~ 1-2 ms. One coil is located at Z = 0, two other coils at Z = £8 c¢m. The
coils can be briefly energized during the 40 ms plasma shot. Depending on the currents in the
coils, their magnetic fields can be used to change plasma shape and/or push plasma away from

the walls thus preventing the loss of magnetic flux.

Without the flux control system, the poloidal flux at the chamber wall (~ 0.28 mWb for
By(0,0) = 25 G) drops sharply by 60-80% during the first 0.1-0.2 ms of the shot, then
continuously reduces during the following 1--2 ms, as seen in Figure 11, left column For the rest
of 38 ms in the discharge, the poloidal flux at the chamber wall remains at approximately zero

level for |[Z] < 10 cm.
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Figure 11. Change of poloidal magnetic flux at the chamber wall and plasma current in Rotamak-

ST regime.

In contrast, if the central and side coils on the chamber surface are energized from the start of

discharge, the flux is maintained at 0.3 m Wb level during most time of the discharge, as seen in
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Figure 11, right column. The left column shows the case before the copper rings and active coils
are installed; the right column shows the case when four copper rings and three active coils are
installed. The profile of poloidal flux along the Z axis becomes almost uniform after 2-3 ms of
discharge. The copper rings, on the other side, help to reduce the initial sharp drop of the flux to
only 5-10%, which is then replenished by the active coils.

The active/passive system works very well for the rotamak-ST regime, when the external
toroidal field is present. However, for the rotamak-FRC regime, it is found that the presence of
copper rings results in initial drop of plasma current. Also, the use of active coils is far less
efficient than in the ST case. The rotamak-FRC plasma becomes unstable if the magnitude of

current in the active coils exceeds certain level.

As we conducted the study of magnetic flux control in rotamak plasmas, we also studied
MHD instabilities on the same device. MHD instabilities remain a major concern for RMF-FRC
plasmas because of the negligible toroidal magnetic field. Traditional prolate FRCs are predicted
to be unstable to » = 1 internal tilt mode and n > 2 modes; oblate FRCs are also unstable to n =1

radial shift mode and n > 2 modes.

To explore this issue, a series of experiments were conducted in our cylindrical chamber
rotamak with new diagnostics — two sets of Mirnov coils, located at z = + 4 cm. At each z
position, 8 coils are mounted around chamber at equal 45° interval in toroidal direction. The
elongation of plasma is controlled by three active coils described above. When the central coil is
energized only, the elongation of plasma E = Zs/Rs grows from 1.0 up to 1.5; when only the side

coils are energized, the elongation drops below 1.0.

For rotamak-FRC regime, when E ~ 1 (the shaping coils are not energized), the » = 1 mode
appears during discharge; by phase shift between signals from two sets of Mirnov coils (roughly

n/4), we identified it as mostly a tilt mode. It grows in 2 - 4 ms and then becomes saturated.

The instability is fully suppressed when the central shaping coil is energized. However, if

the current in the central coil is too large (resulting in £ ~ 1.5), another mode appears which we
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identify as mostly n = 1 radial shift mode (the phase shift between two sets of Mirnov coils is 7).
Usually excitation of this mode results in plasma disruption within few ms. On the other side, if

the side coils are energized (resulting in £ < 1) the tilt mode could not be suppressed.

For rotamak-ST regime, when the external toroidal field is added, the MHD instabilities are
usually not observed in the same conditions as for rotamak-FRC regime. They can be sometimes
observed for a low gas flow conditions. They are suppressed by central coil field, similar to

rotamak-FRC case.

B. FRC plasma heating with magnetic reconnection

Magnetic reconnection is one fundamental physics process in plasma, important in
astrophysics, space science and fusion plasma physics [ Yamada et al., 2007]. In performing this
task, we will concentrate on achieving magnetic reconnection heating, as well as enhancing the
understanding on magnetic reconnection physics. The experiments will be performed by using
equilibrium control/shaping coils. For measuring electron temperature, we will employ newly
improved Langmuir probe. For measuring ion temperature we plan to build a sensitive scanning

spectrometer system.

G. Flux control and study of MHD instabilities in the process of plasma discharge

We will continue the experiments in rotamak-FRC regime using the equilibrium flux control
system. The main issue is to find why this regime is so sensitive to the field of active shaping
coils resulting in reversal of plasma current in the plasma core, and why the presence of copper
rings leads to an initial drop in plasma current. For rotamak-ST regime, we will focus on
studying the observed plasma bouncing along z direction when the active coils are energized and

on general MHD stability questions.

An important issue for the equilibrium control system is to make magnetic field profile

reconstruction from signals of flux loops and pick-up coils on the chamber surface, which would
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provide better control of plasma shape and position. The final aim is to build a sophisticated flux
control system including active and passive components that would allow sustaining the poloidal

magnetic flux and reducing instabilities in long pulse.

H. Dependence of RMF-current drive efficiency on rf frequency

The RMF current drive is the result of the interaction of the screening current with 7/ field,
which makes a non-zero net current in the toroidal direction. The rf wave frequency determines

the depth of RMF penetration into the plasma and the magnitude of the net electric field.

As expected from the theory, in the rotamak-FRC plasmas the RMF penetration is better at
lower frequency. However, in rotamak-ST plasmas the penetration of RMF is significantly
improved for the same frequency [Zhong et al., 2004], presumably due to whistler excitation.
This fact indicates the possibility of working at higher frequency for rotamak-ST regime. We
plan to modify our present 0.5 MHz/800 kW rf wave generator system able to work at the
frequency 1 MHz, and conduct the current drive experiments with it. One rf power expert from
PPPL has checked our generators, and concluded that the modification of the generators is

practicable, and the cost is not very high.

L Dependence of RMF-current drive efficiency on external magnetic field shape

The experiments for both rotamak-FRC regime and rotamak-ST regime show the magnitude
of RMF-driven plasma current is proportional to the externally applied vertical magnetic field,
with different slopes of the dependence in FRC and ST discharges (see e.g. Figure 3). However,
only very few studies (mostly by our group) had been conducted to show how the plasma

current, including its magnitude and profile, is affected by the shape of the magnetic field.

The Flinders rotamak-ST experiments show that the plasma current density profile has two
peaks in the » direction and the z direction. The University of Washington RMF drive FRC
experiments at its TCS also indicate the appearance of two peaks in the current density profile in

radial direction. Although the mechanism for the inner current peak generation in FRC regime is
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not yet understood, it can be seen [Petrov et. al., 2008] that the magnitude of the inner peak
strongly depends on the shape of equilibrium magnetic field. Some of the UW’s experiments

show an improvement in the plasma stability by shortening the antenna length.

We plan to conduct the experiments in our cylindrical chamber device to find the effects of
changing the external magnetic field shape on the current drive efficiency. In the experiments,
plasma density and temperature, and plasma current density distributions will be measured. For
more effective measurement of the current density distribution, an improved magnetic probe
array system will be applied. The results from this task will increase the understanding on the
mechanism of RMF current drive in FRC plasma, and will be a reference in designing the new

device.

J. Non-invasive formation of the toroidal magnetic field with Proto-sphera technique

It has been confirmed, by experiments conducted in Flinders University and PVAMU
[Huang et al., 2005], that both the plasma current drive and rf penetration in the case with
toroidal magnetic field, named rotamak-ST regime, is much better than those in the case without
toroidal magnetic field, named rotamak-FRC regime. However, the toroidal magnetic field
requests a central column, through that the wires are set, to be added in the chamber. Adding the
central column not only destroys the plasma chamber’s simple hollow structure, but also
eliminates the nature diverters in the device. In order to produce the toroidal magnetic field
without the central column, we propose to use the Proto-sphera technique to build one non-
invasive toroidal magnetic field producer in our spherical chamber rotamak device, and conduct

somehow different rotamk-ST experiments in this device.

Proto-sphera is one proposed compact torus device from European fusion community. It is
composed of a spherical torus and a force-free screw pinch. In the proposed device, the metal
centre-post current of spherical tokamaks is replaced with the screw pinch plasma electrode
current. The central current is provided by specially designed electrodes: Water cooled anode

ring and directly heated cathodes ring, shown in Figure 12. The experiments conducted in a pilot
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device, Proto-pinch, have demonstrated the maximum current density at the interface between

the plasma and electrodes in this design can be 100 A/cm’.
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Figure 12. Scheme of annular anode and cathode system in Proto-sphera

Our plan is to remove the central stainless steel column from our spherical rotamak device,
then install a small Proto-sphera electrode set on the two end flanges. The electrodes will
produce 1-2 kA4 central current during plasma discharges. On the design and manufacture of

electrodes, Proto-sphere group will provide support.

Once the non-invasive formation of the toroidal magnetic field is completed, we will conduct
the rotamak-ST plasma experiments in the modified device. We are interested in the comparison
of RMF-Proto-sphera plasma with the rotamak-ST plasma we have studied. The new
experiments may have new plasma configuration because the plasma is expected to self-
reorganize until it achieves a stable state. Once the RMF-Proto-sphera experiment gets success,

we will adopt Proto-sphera technique in the new device.
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4. Research Accomplishments for the Years 2002 thru 2005

A. Establishment of the PVAMU rotamak lab

In September 2002, operation of the rebuilt rotamak device began. The lab consists of three
rooms: rotamak room, 7f generator room, and control room. (There is one shielding cage in each
of the rotamak room and the rf generator room.) In building the rotamak, a new 60 [liter pyrex
plasma chamber and new vertical and toroidal magnetic coils were manufactured. In addition,
with the assistance of PPPL (Princeton Plasma Physics Laboratory) and Oak Ridge National Lab
(ORNL) improvements on the equilibrium magnetic field and rf power output were made. The
maximum vertical and toroidal magnetic fields increased by 50% from the levels used previously
in Australia. The 7f generator output power for rotating magnetic field increased from 400 kW to

600 kW. Figure 1 sketches the structure of the rotamak chamber and a FRC driven by RMF

inside it.
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Figure 1. The schematic of rotamak.

The device has been continually improved. In particular, we have either rebuilt or newly
built various diagnostic instruments and data acquisition system. At the present time, the device
has the diagnostic tools: (a) Hall probes; (b) Magnetic probes; (c) Rogowski coils; (d) Langmuir
probes; (e) Mach probes; (f) Electric field probes; (g) rf current sensors; and (h) rf voltage

probes.
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Also, the data acquisition systems: (a) A PC data acquisition board with two fast channels for
maximum sample rate of 100 MHz; (b) Two digital oscilloscopes, one model Agilent 54622D
and one model Tektronix TDS2014, and (c) A CAMAC system from PPPL having 15 channels

with maximum sample rate 500 kHz, and 32 channels with maximum sample rate 40 kHz .

B. Performance of PVAMU rotamak

After the rotamak was rebuilt, the PVAMU group first worked on the experiments of
measuring general properties of rotamak plasmas in different conditions. The experiments have
been conducted in the cases of zero toroidal field and non-zero toroidal field. The former
corresponds to field reversed configuration (FRC) and the latter corresponds to spherical
tokamak (ST). Steady hydrogen-plasmas with 3 k4 current in FRC and 10 k4 current in ST, both
maintained for 40 ms, have been achieved. A list of the device parameters and plasma

parameters is given in Table 1.

The PVAMU has performed rotamak experiments on three subjects: (i) high harmonic rf
components in rotamak plasmas, (ii) self-generation of toroidal magnetic field in rotamak-FRC
plasmas, and (iii) comparison of rotamak-FRC plasmas with rotamak-ST plasmas. These
experiments have increased the understanding of the mechanism of RMF current drive and the

confinement of rotamak plasmas. A brief summary of the experiments follows:

With TF | Without TF
GENERAL PARAMETERS
Radius of chamber a cm 25 25
RF generator frequency f MHz 0.5 0.5
RMF magnitude in plasma (max) B, Gauss | 16 24
“Vertical’ field (z=0, r=0, vacuum) Byo Gauss 50 25
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Toroidal field (r=12.5 c¢m) By Gauss | 140 0

Total field (z=0,r=a,plasma) B=(B@2+BV2+B¢2)1/ 2 | Gauss 97 42

PLASMA PARAMETERS

Electron density ne cm™ 2.0x10" | 2.0x10"

Electron temperature T, eV 30 20

Ion temperature (estimate) T; eV 5 5

Electron gyro radius in total field B Pe cm 0.2 0.3

Ion gyro radius in total field B o} cm 34 7.7

B for the total field B 8nnkTo/B? 0.22 0.77
Table 1

High-harmonic rf components in rotamak plasmas

In most theoretical and experimental studies, attention has been focused on penetration of the
fundamental harmonic of the rotating field into the plasma. We extended the study to high
harmonics. We measured and analyzed for the first time high harmonic oscillations of the RMF
in discharges with and without a toroidal field. In the case without a toroidal field, B, and B
have large odd order harmonics, as expected by theory. The presence of toroidal field greatly
enhances the even harmonics. The ratio of the second harmonic to the fundamental can be as

high as 45% in this case.

In the experiments, frequency spectra were determined at different radii. The observed
signals and radial profiles of the harmonics of B, and B, components are shown in Figures 2 and
3. Figure 2 gives the probe signals and frequency spectra of rotating magnetic field in plasma.
Figure 3 compares the penetrations of the harmonics into the plasma. The applied toroidal field

dramatically improves the penetration of the RMF into the plasma.
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Figure 4 (a) and (b) show the radial profiles of the self-generated toroidal field in the first and
second rounds of the experiments, respectively. Figure 5 shows the loops of the model toroidal

magnetic field for the two rounds of experiments designated in Figure 4.
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Figure 4. Radial profiles of the self-generated toroidal magnetic field, (a) in the first round of
experiments, and (b) in the second round. The thin lines correspond to the scans at z =—5 cm,
and the bold lines to the scans at z =+5 cm.
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Figure 5. The loops of the model toroidal magnetic field,
(a) in the first round of experiments, and (b) in the second round of experiments.
Solid lines correspond to the positive By (opposite to the plasma current), and dashed — to the
negative By The labels designate the magnitude of B, in Gauss.

A paper “Observation of the self-generated toroidal magnetic field in rotamak™ by Huang,
Petrov and Zhong for the aforementioned work has been submitted to the journal Physics of

Plasmas.
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Comparison of rotamak-FRC and rotamak-ST plasmas

The RMF drive current, and the density and temperature of the plasma had been investigated
for both FRC and ST operations. Most of the experiments previously completed at Flinders
University were reproduced at the rebuilt device. We obtained the radial profiles of vertical
magnetic field, current density, and plasma density and temperature for both the FRC and ST
regimes. Results are similar to those obtained by the Flinders group. New results from our
experiments include the linear relationships of the optimized plasma current with the applied
vertical magnetic field for the two regimes, the relationship of the plasma current with the added
toroidal magnetic field, and correlation of the improvement in RMF penetration with excitation
of Alfven waves. Figure 6 shows the linear relationships of the optimized plasma current with
the applied vertical magnetic field for the two regimes, resulted from our experiments. Figure 7
shows the dependence of plasma current on the toroidal field that is indicated by the axial current

under the condition of fixed vertical magnetic field.
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Figure 6. The dependence of plasma current on the ‘vertical’ magnetic field for

the FRC (circles) and ST regimes. Figure 7. The dependence of plasma current on the axial

current for a fixed magnitude of the ‘vertical’ field.
A paper titled “Comparison of rotamak plasmas in FRC and ST configurations” by Petrov,

Zhong, and Huang, that summarizes the aforementioned work, has been submitted to the journal

Plasma Physics and Controlled Fusion.
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5. Relevant Publications (2004-2015) with Support from DE-FG02-04ER54777

A.

Microwave experiments on Prairie View Rotamak
R. Zhou, M. Xu, and T.S. Huang
Physics of Plasmas 22, 05450, 2015

Improved Magnetic Reconnection Experiment at FRC Device

M. Xu, R. Zhou, D. Vasquez, and T.S. Huang

Abstract Submitted for the DPP14 Meeting of the American Physical Society DPP14-
2014-001073, 2014

High sensitivity, low noise Mirnov coil array on Prairie View Rotamak
X. Yang, S. Houshmandyar, O. Dada, E. Reddic, and T. S. Huang
Review of Scientific Instruments, 83, 10E304, 2012

High resolution ion Doppler spectroscopy at Prairie View Rotamak
S. Houshmandyar, X. Yang, and R.Magee
Review of Scientific Instruments 83, 10D506, 2012

Euler potentials’ discontinuity in the presence of field line-aligned currents

T.S. Huang and D. Wu

SPECIAL ISSUE: Basic Plasma Processes in Solar-Terrestrial Activities April 2012
Vol.57 No.12: 1436 — 1437, 2012

Boost of plasma current with active magnetic field shaping coils in Rotamak
discharges

X. Yang, J. Goss, D. Kalaria, and T.S. Huang

Physics of Plasmas, 18, 080703, 2011

. Effect of toroidal magnetic field on n = 1 mode stability in Rotamak plasmas

X. Yang, J. Goss, D. Kalaria, and T.S. Huang
Physics of Plasmas, 18, 080708, 2011

. Experiments on Rotamak plasma equilibrium and shape control

T.S. Huang, X. Yang, Y. Wang, Y. Petrov
Phys of Plasmas, 17, 012506, 2010

Suppression of n = 1 tilt instability by magnetic shaping coils in Rotamak plasmas
T.S. Huang X. Yang, Y. Petrov
Physical Review Letters, 2009, Lett 102, 255004
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J. Magnetic Field structure evolution in rotating magnetic field plasmas
T.S. Huang X. Yang, Y. Petrov
Physics of Plasmas 15, 072509, 2008

K. Comparison of Rotamak plasma discharges in spherical and cylindrical devices
T.S. Huang X. Yang, Y. Petrov
Plasmas Physics and Controlled Fusion, 50, 085020, 2008

L. The effect of toroidal field on the rotating magnetic field current drive in Rotamak
plasmas
Z Fang-Chuan, T.S. Huang, Y. Petrov
Chinese Physics, Vol 16, 2007

M. Magnetic reconnection of two FRCs driven by rotating magnetic field
Y. Petrov, X. Yang, T.S. Huang
Abstract Submitted for the DPP06 Meeting of the American Physical Society, 2006

N. Comparison of Rotamak plasmas in FRC and ST configurations
T.S. Huang, Y.Petrov, F.C. Zhong
Plasma Physics and Controlled Fusion, 47, 1517, 2005

O. High harmonic fields in a Rotamak plasma
T.S. Huang, Y. Petrov, F. Zhong
Physics of Plasmas 11, L1, 2004

NOTE: For all re-prints of this listing, please see Appendix-C (included in this document)

42



6. Education and Training

During the three year funding period, PVAMU Plasma Research Program has maintained one or
two graduate students and two or three undergraduate students in each semester, from
engineering and science majors, to participate in the project. We trained them with basic
knowledge about plasma physics, how to work with diagnostic tools, and how to use LabView
and Matlab software tools to acquire and process experimental data. The students also worked
on designing and building various electric circuits and diagnostic tools (Langmuir probes,
Mirnov coils, Rogowski coils, and magnetic probe array) and operate plasma device and
diagnostic tools for proposed experiments. Through their participation in the project, the
students not only learned the varying practical skills that they do not receive from their classes
and teaching labs, but also acquired the knowledge of fusion plasma physics. The following is

the listing of the students who participated in the rotamak project during the past three years.

Undergraduate Students:
e Ricky Shaw

e Milan Barnett

e Jermain Goss

e FEzra Sidney

e Ashfaqur Razzaq

e FErick Reddic

e Oluwatomisin Macaulay
e Daniel Isokpunwu

e Samiria Percival

e Amadou Tounkara

e Brandon Woodson

e Elegbede Adetunji.

Graduate Students:

e Samuel Aboagye
e Dhara Klaria
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7. Instrument Development

A. High Speed CCD Camera System

The new high speed charge-coupled device (CCD) camera system, which consists of a Phantom
V710 CCD camera from Vision Research Inc., a wound fiber optic image bundle (80k channels),
and several lenses, has been set up for the Prairie View rotamak. The Phantom V710 CCD
camera can get over 7,500 frames-per-second (fps) at full wide-screen megapixel resolution; at

lower resolutions, it is expected to get even higher frame rates up to 1,400,000 fps.

B. Spectroscopy Diagnostic Tools

One commercial spectrometer, i-trometer from BWTek inc., has been set up to identify the
impurities in rotamak plasmas. The i-trometer is designed to have a spectral range of 200-1100
nm, with ~1.5 nm wavelength resolution, and minimum integration time of 7 ms. The major
impurities in rotamak plasma are silicon, oxygen and we noted that the lack of emission lines is
below ~350 nm, due to the Pyrex absorbance. The spectrum of plasma impurity is regarded as a
reference for the diagnostics of ion temperature measurement.

In order to measure ion temperature during the process of magnetic reconnection, a fast (1 us
time integration) ion Doppler spectroscopy (IDS) was added. The IDS system also includes a
Jarrell-Ash (JA) 5 monochromator, the PMT, a transimpedance amplifier, a fiber optics with
0.22 NA, and the collection optics which consist of two 3 cm long lens tubes, two plano-convex
lenses (with 185-1100 nm spectral response) and an SMA coupler. The monochromator employs
an 1180 Groove per millimeter ruled grating, which allows 0.01 nm wavelength resolution; this
monochromator is calibrated by an Ocean Optics™ HG-1 mercury-argon calibration lamp. A

PCI-5110 board from National Instrument™ (NI) is used to record the PMT signal.

C. A group of Mirnov coil array with 32 coils

To characterize magnetohydrodynamic (MHD) instability, a non-intrusive diagnostic tool for
magnetic field perturbation, has been built. A group of Mirnov coil arrays are located at z = +4
cm and z = £30 c¢m along chamber axis. At each Z position, eight Br-oriented coils are mounted

around chamber surface at equal 45° intervals along the toroidal angle.

44



Measurements from the array of Mirnov coils provided the first evidence for n =1 tilt and radial
shift instabilities in a 40 ms rotamak-FRC discharges, demonstrated the stabilization effect of

magnetic shaping coils and the toroidal magnetic field.

D. A flux loop array

To study magnetic flux conservation and plasma shape control, a flux loop array which consists
of six flux loops wound over the chamber surface at z ==+3.5, £7.5, and 22 cm, has been built to
measure the boundary poloidal flux. Based on the measured boundary flux profile and total

plasma current, the plasma shape are reconstructed.
E. A new data acquisition system with 150 channels

With the rapid development of diagnostic for the rotamak, including the measurements of 8-
channel real time RF power, 6-channel flux loop, 32-channel Mirnov magnet array, and 90-
channel magnetic probe array which was originally from RPPL of University of Washington, a
new data acquisition system is an urgent need to our laboratory. National Instruments’ data
acquisition system with PXIe-6124, 16-bit, 4MS/s Simultaneous Sampling Multifunction DAQ

has been recently set up.

F. A new cylindrical chamber with conflate flanges

Large amount impurities present in the pyrex glass chamber with rubber O-rings flanges, prevent
RMF driving plasmas from achieving a high temperature. In order to obtain high performance
plasma discharges, a new cylindrical chamber with conflate flanges has been recently built. This
modification can allow chamber being baked up to 400° C, as already demonstrated by

Redmond Plasma Physics Laboratory (RPPL) of University of Washington.
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8. Other Equipment and Resources

A. Lab Rooms

Rotamak Device Room: 30°x31° =930 sf.; with shielding cage

Control Room: 38°x27° = 1026 sf’

RF Generator Room: 30°x25” = 750 sf.; with shielding cage, chilled water circulation tank
Instrumentation Room: 30°x36” = 1080 sf’

B. Rotamak Devices

Spherical chamber rotamak: 60 / (0.d. = 50 ¢m) and 10 Torr vacuum system,;
Cylindrical chamber rotamak: 100 / (L = 80 cm, o.d. = 40 ¢m) with 5x107 Torr vacuum;
RMF coils with matching and tuning capacitors.

C. Control and data acquisition network

Programmable logic controller (PLC)

Programmable time-delay/pulse generator 8-channel for trigger signals
Interface units

Integrators and filters for measurement

PC data acquisition board NI-PCI-5112 with two fast channels 100 MS/s

PC data acquisition board NI-PCI-6254 with 32 channels 1.25 MS/s

A CAMAC system having 15 channels at 500 kHz, and 32 channels at 40 kHz

D. Diagnostics tools

Langmuir probes

H,, detector

Hall probes

Magnetic probe array

RF voltage and current probes

Rogowski coils

Flux loops (6 loops at Z= =3 cm, £7 cm, and £22 cm)
Mirnov coil array (four sets by 8 coils around chamber)
Mach Probes

Electric field probes

High resolution and fast response lon Doppler Spectroscopy (IDS)
Phantom 710 CCD Camera from Vision Research Inc
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E. Power sources

Two 400 kW, 500 kHz RF generator

20 kV/196 kJ capacitor bank and its charging system

DC power for vertical field: 20 kW/250 A EMHP-80-250 power supply
Capacitor bank and charging system for toroidal field: 146 kJ/1.44 F
Programmable current source Kepco ATE6-100ML (100 4/6 V)
Programmable power supply/amplifier Kepco BOP100-1M (1 4/100 V)

F. Chilled Water Supply: Used for cooling RF generator’s circulation water

G. Compressed air supply: Used for capacitor bank operation
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9. Current Facilities and Future Plans

At Prairie View A&M University, the plasma laboratory system is set up in four major
laboratory rooms: (1) rotamak plasma device system room (930 sgf?), (2) operation-control room
(1026 sqft), (3) radio frequency power generator room with 2x400kW RF power generator room
(800 sgft), and (4) capacitor bank units’ cage (400 sqff). The main equipment and instruments
include: two plasma experiment devices with high-vacuum pump systems, electric-field and
magnetic-field controlling devises, electrical power supply systems with different frequencies
and different voltages, various measurement devices and diagnostic tools, and a control and data
acquisition station.

Rotamak Laboratory Control Room

800k W RF Power Generators Capacitor Bank Units

Microwave technology implementation:

A microwave science and technology facility, with emphasis on large power microwave
standing- wave research, has been set up as a stage for the development of experiments that have
been successfully accomplished recently through the support of DOE.
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In 2014, PVSO’s fusion plasma experiment group conducted a microwave experiment by adding
6kW/2.45GHz microwave through a microwave guide system into the plasma chamber as an
additional energy source. Though the power of the microwave is much smaller relative to the
existing 300kW radio frequency wave, there are several interesting microwave effects observed
in these experiments. The experimental results have been published in the journal, Physics of
Plasmas (Zhou et. al., 2015).

6kW microwave used as additional power Newly built microwave standing-wave
source at PVSO’ rotamak experiment fusion plasma experiment system

In 2015, after completing the fusion plasma experiment, we took the 6kW/2.45GHz microwave
power system off from the fusion plasma experiment facility and used it to build a microwave
standing-wave experiment system as the first major research device of our new high-power
microwave laboratory. The microwave standing wave experiment device is shown in the above
pictures (right).

In 2016, we used the new microwave standing-wave experiment system with a specially
designed mini-fusion plasma chamber system with various electric and magnetic diagnostic tools
and a computer control system to conduct a new-type of nuclear fusion plasma experiment. The
main feature of the experiment is the device with a small volume but having very high energy
density and very high electromagnetic wave frequency (3.45GHz) energy input. The pilot
experiment was successful and very promising for a new direction for fusion plasma research.

Our high power microwave lab will not be limited only to fusion plasma research. We will work
on the studies of microwave’s electric field and magnetic field analysis, and their applications in
wide science and technology areas including, atomic physics, molecular physics, chemical
engineering, and advanced (high frequency) magnetic resonance image studies. We also plan to
add a microwave experimental system with a 915MHz/100kW microwave generator and
associate instruments.
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Plasma propulsion experimental study:

Currently, we are building a large-power plasma propulsion experimental system that includes a
S5kW helicon plasma source, a 25 ¢m diameter plasma heating chamber with 1MHz/200kW RF
power rotating magnetic field, and a 60 c¢m diameter plasma exhaust chamber, as show in the
pictures below. In the new system, a helicon plasma is produced with density n ~ 10"°m™ and
temperature 7, ~ 2eV (20,000°C). The helicon plasma then enters into the rotating-magnetic
field heating chamber where the plasma is expected to be heated to 40el (400,000°C). The
heated plasma then ejects into an exhaust chamber. In the exhaust chamber the ejected plasma’s
impulse will be measured. We expect to have a plasma mass flow of 0.1g/s with 60km/s ejection
and continue to investigate potential propulsion applications.

Propulsion Experiment Table Two RF Power Generators
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Z Fang-Chuan, T.S. Huang, Y. Petrov

Chinese Physics, Vol 16, 2007

Magnetic reconnection of two FRCs driven by rotating magnetic field
Y. Petrov, X. Yang, T.S. Huang
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Microwave experiments on Prairie View Rotamak

R. J. Zhou,"? M. Xu," and Tian-Sen Huang'

"Prairie View A&M University, Prairie View, Texas 77446, USA
2Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China

(Received 6 February 2015; accepted 29 April 2015; published online 14 May 2015)

A 6kW/2.45 GHz microwave system has been added on Prairie View Rotamak, and a series of
experiments with microwave heating in both O-mode and X-mode configurations have been
performed. Effective ionization of hydrogen in the two configurations is observed when filling
pressure of the hydrogen gas is under p; = 0.1 Pa. Clear oscillations in plasma current /, and
magnetic field Bi are excited when microwaves are injected into plasma in the X-mode
configuration. The higher the injected microwave power, the sooner the emergence of the magnetic
oscillations in By, which implies the microwave may have decreased the elongation of the plasma.
In the experiments, the efficiency of the current drive mechanism due to the injected microwave is
about 0.2kA/kW. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921129]

Rotamak is a compact torus configuration having the
feature that the toroidal plasma current is driven by means of
an externally applied rotating magnetic field (RMF). This
plasma current is kept in equilibrium by an externally
applied “vertical” field. If the plasma current is large enough,
the “vertical” field is reversed on the symmetry axis, result-
ing in a typical field-reversed configuration (FRC). When a
steady toroidal magnetic field is added, the Rotamak is able
to operate as a typical spherical tokamak (ST). The Rotamak
scheme retains the basic advantages of the general compact
tours concept, such as FRC and ST, with further offering a
quasi-static formation scheme and the promise of steady-
state operation. For this, and other reasons, the Rotamak has
attracted much attention, and significant progress has been
made in experimental and theoretical studies.'™

Electromagnetic waves are widely used in fusion plasma
experiments to heat plasma via electron cyclotron resonance
heating (ECRH) or drive plasma current via electron
cyclotron current driving (ECCD).**> However, typical elec-
tromagnetic waves in the electron cyclotron range of fre-
quencies (ECRF) are not effective in plasma confinement
devices with low magnetic field, low temperature and high
density (w¢, < wpe, Where w,,, w. are, respectively, the
electron plasma and electron cyclotron frequencies). The
plasma is optically thin for the incident microwave and
the energy transfer at the fundamental resonance becomes
inefficient.® A special kind of electron cyclotron wave is the
electron Bernstein wave (EBW), which is a short wavelength
electrostatic wave in a magnetized plasma. EBW does propa-
gate in this kind of plasma, which has the potential for pro-
viding localized, highly efficient heating or current drive.”*®
The potential of using the EBW for heating such plasmas
was recognized in the theoretical work and experiments. The
effectiveness of both the obliquely launched ordinary mode
(O-mode) and perpendicularly launched extraordinary mode
(X-mode) electromagnetic waves has been clearly
demonstrated.”'”

Microwaves have been used previously on the Rotamak-
E II device as a pre-ionization system.'' Recently, a 6kW

1070-664X/2015/22(5)/054501/4/$30.00
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microwave system was added on Prairie View Rotamak to
study mainly the ECRH and ECCD effects of microwave
on the Rotamak plasma, with w., < 2nf < wp,, where f is
the microwave frequency. Electron Bernstein waves are
expected to be excited in the Rotamak plasma through elec-
tromagnetic wave mode conversion. A series of microwave
experiments in both O-mode and X-mode configurations
have been performed on Prairie View Rotamak for modes
FRC and ST, respectively.

The Prairie View Rotamak is a rebuilt Rotamak based
on the disassembled Flinders apparatus,” with plasma cham-
ber, diagnostic tools, and control system upgrades. It focuses
on the comparison of FRC and ST discharges with regard to
the magnitude of driven plasma current, the study of active
plasma shape control, and investigation of MHD instabilities
and magnetic reconnection. A schematic of the Prairie View
Rotamak is shown in Figure 1. The new chamber is a 0.8 m
long/0.4m diameter Pyrex glass vessel. The background
vacuum in the chamber is maintained at 1.3 x 10~ Pa.
Working gas, which is Hydrogen, is continuously fed
through the chamber at a pressure of pr ~ 2.7 x 1072 Pa.
The RMF is produced by two pairs of coils, which are con-
nected through a matching/tuning network to two 500 kHz/
400kW rf generators with a 90° phase shift between them.

B Rotating
©% [ magnetic 'Vertical'
o| | field field coil
N

65 cm

—>»| |[€<—4cm

Middle coil

|4 107 cm |
|

FIG. 1. The schematic of Prairie View Rotamak.
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The equilibrium magnetic field system consists of two coils
(vertical field coils) with diameter 0.65 m, separated by a dis-
tance of 1.07m. In conducting microwave experiments, the
microwave is injected into plasma through an upper right
window. The setup of the microwave system in O-mode and
X-mode configurations is shown in Figures 2(a) and 2(b),
respectively.

The microwave generator is a complete self-contained
microwave source. It is rated at a maximum 6 kW continuous
power output and operates at the frequency 2.45 GHz
* 15 MHz. The generator uses a water-cooled magnetron to
generate the microwave power from 1.5kW to 6kW. A 3-
port circulator with water load protects the magnetron in the
high-reflected power periods. Also, photoelectric arc detec-
tion is used to protect magnetron and waveguides.

A set of rectangular waveguides are used to transfer
microwave to the plasma. In the waveguide system, two flex-
ible waveguides with maximal insertion loss of 0.02dB are
used to couple with other waveguides. One E-bend corner-
cut waveguide and one straight waveguide are used with
maximal insertion loss of 0.20dB. In addition, one 3-stub
waveguide tuner is used for matching the plasma impedance.
The total insertion loss of this waveguide system should be
less than 6%. A vacuum sealed ceramics placed between the
waveguides and the plasma chamber is used to enable high
microwave power transmission and keep the high vacuum
level in the Rotamak chamber. Copper meshes are used
around the Rotamak chamber to prevent microwave from
leaving the plasma chamber. The size of each mesh is about
0.2m x 0.2m and a thickness of about 0.5 mm, and the dis-
tance between any two meshes is less than S0 mm. Each
mesh is composed of a grid of about 1.5mm spacing,
much smaller than the microwave wavelength (/2.456H;
~122mm). Connecting the meshes to each other would
adversely affect the coupling between RMF and the plasma.
In the experiments, the copper meshes are separated from
each other to reduce this effect.

The dominant mode of the waveguide is TE;p. By
adjusting the 3-stub tuner, the reflected microwave power
can be decreased to 10% during the microwave experiments.
Our experiments have been operated for both the O-mode
and X-mode configuration. In the experiments, the plasma
current is measured with a Rogowski coil, while the plasma
temperature and density are measured with a double floating
Langmuir probe. An array of 32 Mirnov coils installed on
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the outside chamber surface is used to observe magnetic
instabilities during the experiments.

A series of microwave experiments in both O-mode and
X-mode configurations have been performed on Prairie View
Rotamak. In the O-mode configuration, effective ionization
of hydrogen has been observed when the filling pressure of
the hydrogen gas is under p; = 0.1 Pa. However, we cannot
drive plasma current by RMF when the filling pressure of the
hydrogen gas is under p; = 0.1 Pa. Apart ionization, the
plasma does not seem to respond to the injected 2.45 GHz
microwaves in the O-mode configuration.

The density of the Rotamak plasma is high. The cut-off
density of the X-mode is higher than the O-mode, thus the
X-mode can be absorbed more effectively in the Prairie
View Rotamak. Concerning power absorption of the X-mode
microwave in the experiments, two scenarios are possible:
direct absorption of X-mode microwave or direct coupling of
the X-mode to the EBW and subsequent absorption of the
EBW. In the X-mode configuration, effective ionization of
hydrogen can also be observed when the filling pressure of
the hydrogen gas is under py = 0.1 Pa. Also, clear oscilla-
tions of the plasma current /, and magnetic field By are
excited when the microwaves are injected into the plasma in
the X-mode configuration. Figure 3 shows four typical dis-
charges with injected microwave power P,y =0, 1, 2, and
3kW, respectively. These four shots are performed with the
same discharge parameters except for the injected micro-
wave power. Because the microwave power is relatively low
compared to the typical power of the RMF generators, no
obvious change in the plasma temperature and density is
observed in the experiments. But clear oscillations of the
plasma current /, and magnetic field Bg are excited when
microwaves are injected into the plasma.

Shot 1 is a reference discharge without input microwave
power. The plasma current is about /, ~ 1.3kA, with plasma
density n, ~ 5 x 10 m™ and temperature T, ~ 11.5¢V.
There are no obvious magnetic instabilities in this discharge
condition. When microwaves are injected into plasma, clear
oscillations in plasma current /, and magnetic field By are
excited, which can be seen in shots 2, 3, and 4.

Microwaves are injected into plasma during the entire
discharge period, and oscillations in plasma current exist
during the entire discharge period. The time-frequency spec-
tra of the oscillations from plasma current signal in shot 1
and shot 2 are shown in Figures 4(a) and 4(b), respectively.

FIG. 2. Setup of the microwave system
in (a) O-mode and (b) X-mode
configurations.
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FIG. 3. Four typical discharges with
injected microwave power
Puyw=0kW in shot 1, Py =1kW in

shot 2, Pyw=2kW in shot 3, and
Prw=3kW in shot 4.
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In the figures, the observed oscillation at 8 kHz is noise,
which comes from the vertical field’s power supply system.
This noise can also be observed during shot 1. In comparison
with shot 1 when no microwaves are injected into plasma,
oscillations with a wide frequency range of 0-5 kHz can be
observed when microwaves are injected into plasma. This
implies that the oscillations in plasma current resulted from
the injected microwaves.

Figure 5 shows the time evolution of /, and Bg, along
with the By spectra from the Mirnov coils during shot 2.
Oscillations in magnetic field Bg have much wider frequency
range below 20 kHz and only emerged after a few millisec-
onds during the discharges. The higher the injected micro-
wave power, the sooner the emergence of the magnetic
oscillations in Bg. Those magnetic oscillations are identified
as n=1 radial shift mode (the phase shift between two sets
of Mirnov coils is 7). According to theory, the radial shift
mode is expected to become unstable at sufficiently small
elongation E < 0.7 (E = Zg/Rs, with Zg and Ry the separatrix
half-length in the axial direction and separatrix radius,
respectively).'? This implies that the injected microwave
may have decreased the elongation of the plasma. When the
microwave power is higher, it can decrease the elongation of
the plasma sooner to the threshold value. Then the radial
shift mode emerges. Usually excitation of radial shift mode
results in plasma disruption within 1 ms.'? But as seen from
Figure 3, it is difficult to build a flat plasma current at the be-
ginning of those discharges until the emergence of the mag-
netic oscillations in Bg. So, it implies the excitation of radial

shift mode seems to favor the building of the flat plasma cur-
rent in our microwave experiments. We will further study
this phenomenon in our future work.

Comparing the flat top phase of plasma current in shots
2, 3, and 4, it shows plasma current /, ~ 0.9, 1.1, and 1.3kA
when injected microwave power Pyy ~ 1, 2, and 3kW,
respectively. The plasma current in flat top phase is higher
when the injected microwave power is larger. It seems the
microwave system is operating as a plasma current driving
mechanism rather than a plasma heating mechanism. The ef-
ficiency of current driving of the microwave system is about
0.2kA/kW in our experiments.

In summary, a microwave power injection system has
been added on Prairie View Rotamak. The water-cooled
microwave generator is rated at a maximum 6 kW continu-
ous power output and operates at a frequency of 2.45 GHz.
The total insertion loss of the waveguide system is less than
6%. By adjusting a 3-stub tuner, the reflected microwave
power can be decreased to 10% with copper meshes sur-
rounding the Rotamak chamber. Depending on the direction
of the waveguide system with respect to the Rotamak’s verti-
cal field, the microwave can be launched into the plasma in
O-mode or X-mode configuration.

A series of microwave experiments have been per-
formed in both O-mode and X-mode configurations.
Effective ionization of hydrogen is observed when the filling
pressure of the hydrogen gas is under py = 0.1 Pa in both O-
mode and X-mode configurations. Oscillations in plasma
current /, and magnetic field By are excited when the
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FIG. 5. Time evolution of /,, Bg, spectra for By, and signals from two sets of
Mirnov coils during shot 2.

microwave is injected into plasma in the X-mode configura-
tion. The excited magnetic oscillations are identified as the
n=1 radial shift mode. The higher the injected microwave
power, the sooner the emergence of the magnetic oscillations
in Bg, which implies that the microwaves may have
decreased the elongation of the plasma. The efficiency of the

Phys. Plasmas 22, 054501 (2015)

current drive mechanism due to the injected microwave is
about 0.2 kA/KW in the microwave experiments.

In further work, an upgraded microwave generator with
higher power will be considered to get larger plasma temper-
ature increase.

The authors wish to acknowledge Dr. Gavin Weir of
University of Wisconsin-Madison for useful discussions.
This work was supported by (U.S.) Department of Energy
(DOE) under Contract No. DF-FG02-04ER54777.

'T. R. Jones and W. N. Hugrass, J. Plasma Phys. 26, 441 (1981).

’LR. Jones, Phys. Plasmas 6, 1950 (1999).

3T.S. Huang, Y. Petrov, and F. Zhong, Plasma Phys. Controlled Fusion 47,
1517 (2005).

M. Sato, O. Motojima, S. Sudo, T. Mutoh, H. Zushi, K. Kondo, S.
Besshou, H. Kaneko, T. Mizuuchi, and K. Hanatani, Nucl. Fusion 23,
1333 (1983).

V. Erckmann and U. Gasparino, Plasma Phys. Controlled Fusion 36, 1869
(1994).

°A. Kohn, G. Birkenmeier, E. Holzhauer, M. Ramisch, and U. Stroth,
Plasma Phys. Controlled Fusion 52, 035003 (2010).

C. Forest, P. Chattopadhyay, R. Harvey, and A. Smirnov, Phys. Plasmas 7,
1352 (2000).

8p. Chattopadhyay, J. Anderson, T. Biewer, D. Craig, C. Forest, R. Harvey,
and A. Smirnov, Phys. Plasmas 9, 752 (2002).

°H. Sugai, Phys. Rev. Lett. 47, 1899 (1981).

104, p. Laqua, Plasma Phys. Controlled Fusion 49, R1 (2007).

Y Kuhnapfel, A. Stampa, R. Tabersky, and H. Tuczek, Plasma Phys.
Controlled Fusion 29, 1501 (1987).

2E, Belova, S. Jardin, H. Ji, M. Yamada, and R. Kulsrud, Phys. Plasmas 8,
1267 (2001).

13x. Yang, S. Houshmandyar, O. Dada, E. Reddic, and T. S. Huang, Rev.
Sci. Instrum. 83, 10E304 (2012).


http://dx.doi.org/10.1017/S0022377800010837
http://dx.doi.org/10.1063/1.873452
http://dx.doi.org/10.1088/0741-3335/47/9/010
http://dx.doi.org/10.1088/0029-5515/23/10/008
http://dx.doi.org/10.1088/0741-3335/36/12/001
http://dx.doi.org/10.1088/0741-3335/52/3/035003
http://dx.doi.org/10.1063/1.873951
http://dx.doi.org/10.1063/1.1447253
http://dx.doi.org/10.1103/PhysRevLett.47.1899
http://dx.doi.org/10.1088/0741-3335/49/4/R01
http://dx.doi.org/10.1088/0741-3335/29/10B/003
http://dx.doi.org/10.1088/0741-3335/29/10B/003
http://dx.doi.org/10.1063/1.1355027
http://dx.doi.org/10.1063/1.4729675
http://dx.doi.org/10.1063/1.4729675

DPP14-2014-001073
Abstract Submitted
for the DPP14 Meeting of
The American Physical Society
Sorting Category: 6.27 (E)

Improved Magnetic Reconnection Experiment at FRC
Device! MING XU, RULJIE ZHOU, DANIEL VASQUEZ, TIAN-SEN
HUANG, Prairie View AM University, PRAIRIE VIEW SOLAR OB-
SERVATORY TEAM — With experimental facility’s improvement,
magnetic reconnection has been further studied at Prairie View rotamak
device. By adding one toroidal current in the central part of the rotamak
device, the cutting of one magnetic field reverse configuration (FRC) as
two FRCs in the experiment process becomes more obvious. Differing
from the magnetic reconnection experiments conducted at other labs,
where magnetic reconnection is formed with two ware-coiled currents
buried in a chamber with large scale magnetic field, in our magnetic
reconnection experiment the main source of the magnetic field is plasma
current. Thus, the magnetic reconnection experiments conducted at ro-
tamak device are closer to the one occurring in the space and on the
sun. At the present stage, our experiments focus on the study of the
change in electron temperature during the magnetic reconnection pro-
cess. Furthermore, the ion temperature and plasma flow can be easily
achieved from fast ion Doppler spectroscopy (IDS) diagnostic system [1],
which makes the magnetic reconnection process more clearly. 1. Petrov,
Y., X. Yang, et al., Physics of Plasmas, 15(7): 072509-072508 (2008)
2. Houshmandyar, S., X. Yang, et al., Review of Scientific Instruments
83(10): 10D506 (2012)

Tmproved Magnetic Reconnection Experiment at FRC Device

Ming Xu

mixu@pvamu.edu

D Prefer Oral Session Prairie View A
Prefer Poster Session M University

Date submitted: 11 Jul 2014 Electronic form version 1.4



REVIEW OF SCIENTIFIC INSTRUMENTS 83, 10E304 (2012)

High sensitivity, low noise Mirnov coil array on Prairie View rotamak®?

X. Yang,? S. Houshmandyar, O. Dada, E. Reddic, and T. S. Huang
Plasma Physics Lab, Prairie View A&M University, Prairie View, Texas 77446, USA

(Presented 9 May 2012; received 4 May 2012; accepted 29 May 2012;

published online 19 June 2012)

An array of 32 Mirnov coils with novel features of high sensitivity and low noise has been in-
stalled on the outside chamber surface of Prairie View rotamak. This Bg-oriented coil array has
proven to be very reliable in the plasma driven by rotating magnetic field; it can resolve mag-
netic perturbation signals of 0.1 G. With this new diagnostic, the n = 1 tilt, radial shift, and kink
modes are observed for the first time in rotamak plasmas. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4729675]

I. INTRODUCTION

Rotamak is a compact torus configuration having the dis-
tinctive feature that the toroidal plasma current is driven in a
steady state, noninductive fashion by means of an externally
applied rotating magnetic field (RMF).! The experiments
have proven that with this method, a sufficiently large plasma
current can be generated to reverse the external equilibrium
magnetic field on the symmetry axis so that a field-reversed
configuration (FRC) is formed.>* Rotamak can operate in
two regimes: the FRC (without external toroidal field) and
the spherical tokamak configuration when a steady toroidal
magnetic field (provided by an axial current /,) is added. One
of the most important issues about the FRC plasma is its sta-
bility to low-n (n is the toroidal number) MHD modes. This
issue is extremely crucial when the rotamak is extrapolated
to a fusion reactor. However, although rotamak research has
been conducted theoretically and experimentally at Flinders
University for more than two decades, the study on MHD in-
stability was lacked because research interests were focused
on the mechanism of RMF current drive.> Nevertheless, the
investigation of MHD instability is one of the important tasks
on Prairie View (PV) rotamak.*

To conduct the experimental study of MHD instability,
there is a need to develop nonperturbing diagnostics to de-
tect the possible low-# instability modes in rotamak plasma.
Mirnov coil array, which has been widely used in toroidal
machines such as tokamak and spherical tokamak, has never
been attempted on rotamaks and other machines>® in which
the plasma current is driven by RMF. The previous concern
of using Mirnov coil array for RMF-driven plasmas is that
the magnetic perturbation signals might be too small to be de-
tected, because (a) the MHD theory predicts that the presence
of Hall current can provide additional stabilization for the tilt
mode,’ (b) the instability modes observed with side-on inter-
ferometer on translation, confinement, and sustainment ma-
chine are relatively far from the chamber wall,’ (c) the RMF
has stabilization effect on some low-n modes.’ Therefore, it

3)Contributed paper, published as part of the Proceedings of the 19th
Topical Conference on High-Temperature Plasma Diagnostics, Monterey,
California, May 2012.

b) Author to whom correspondence should be addressed. Electronic mail:
xyang @pvamu.edu.
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is a challenge to observe instability modes in the RMF-driven
plasmas with Mirnov coil array. In this paper, the Mirnov coil
array installed on PV rotamak is reported; three instability
modes detected with the array are also presented.

Il. MIRNOV ARRAY SYSTEM

Due to the unique property of rotamak plasma, high
sensitivity, and shield against 1f interference are special con-
siderations when Mirnov coil array is designed. Installation
of Mirnov coils around the chamber surface requires accurate
orientation (Bg or By) and alignment. Traditional rotamak
uses a small spherical glass chamber; this makes it difficult to
keep coil’s accurate orientation and alignment on two sides of
the mid-plane. The new PV rotamak, as illustrated in Fig. 1,
is the first rotamak that has a cylindrical chamber. This cham-
ber’s modification makes coil’s accurate installation easier
than before. Different from those Mirnov array systems®’
which usually use By coils, we choose Bk over By because the
RMF has a small By but a large By component; in addition,
rotamak FRC plasma has a relatively large self-generated
By component. With Bg-oriented coils, the magnetic per-
turbations can be easily detected as a difference from small
signals; thus, coil’s sensitivity is increased. There are four
sets of coils being installed, respectively, at Z = £ 4 and
= 30 cm along the axis of cylindrical chamber. At each z po-
sition, eight By coils are mounted around the outside chamber
surface (R = 20 cm) at an equal interval of 45° toroidal angle.

The method to increase coil’s pick-up sensitivity is to de-
sign coils with more turns. Each coil installed on PV rotamak
consists of 1000 turns (38 gauge magnet wires) on a form with
a square of 0.5 cm x 0.5 cm and a length of 0.6 cm; the coil
sensitivity is 250 cm?, or 2.5 x 1073 Vs/G. The digitizer has a
sensitivity of 1.12 mV/bit, therefore the array system can de-
tect the changes in magnetic field around 500 G/s, and it can
resolve magnetic perturbation signals of 0.1 G.

There are two types of rf sources used on PV rotamak: a
600 W, 13.56 MHz rf generator to preionize plasma and two
400 kW, 500 kHz generators to produce RMFs. Thus, atten-
tions have been put on shielding rf interference and filtering
rf signals. The twisted leads from each coil are covered by
copper tubing; the outer braid of each triax cable and the con-
nection box are wrapped with thick copper foil. After many

© 2012 American Institute of Physics
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FIG. 1. The schematic of the PV rotamak.

trials for effective shielding, the array system can provide al-
most noise-free signals. Since the oscillating magnetic signals
detected by Mirnov coils are often in the range 10-20 kHz, a
low pass filter bank (below 50 kHz, for 32 channel coil sig-
nals) is used, thus the rf signals from generators are filtered.

From the beginning, one data acquisition board of NI
PXI-6254 (32-channel) with 1 MHz sampling rate and 16 bit
resolution was used. But in each plasma shot, this board can
be used for maximum 16 coils because its sampling rate is not
enough for all 32 coils. Now this board has been replaced by
two NI PXIE-6368, which has 16 simultaneous analog inputs
at 2 MS/s/Ch with 16 bit resolution. All signals from the coils
are passively integrated and digitized at 1 s intervals.

The off-line analysis described in the reference 8 is used
to process the By signals from the coils at four z locations.
First, a numerical method is used to subtract the B, back-
ground by comparing the measurements of a B, probe at the
same position and condition. After that, the Fourier analysis
is used to obtain the amplitudes and the phases of instability
modes with toroidal number n = 0, 1, 2, and 3, and to sepa-
rate the axially even and odd components of the modes. Thus,
MHD mode structure has been determined though Fourier
analysis.

lll. EXPERIMENTAL MEASUREMENTS

Experiments were typically conducted in 40 ms rotamak-
FRC discharge with plasma current /, ~ 2.0 kA. As shown in
Fig. 2(a), the n = 1 mode is the dominant one that often ap-
pears in rotamak-FRC plasma discharge. Judging by the small
phase shift between signals from two sets of Mirnov coils
(Z = —4 cm and +4 cm), it is identified as a tilt mode. This
mode rotates in electron direction; it usually grows within
a period of 1-2 ms and then becomes saturated during the
shot. Depending on the value of equilibrium magnetic field
(“vertical field,” By) and filling gas pressure, the oscillation
frequency of tilt mode is between 12 and 20 kHz; the growth
time can be up to 10 ms (about 2000 of Alfven transit time).
This tilt mode is non-destructive, but it usually results in
plasma current drop by 10%. As indicated in Fig. 2(a) and
2(b), when B, is increased from 25 G to 28 G, the tilt mode
starts later and grows more slowly, and its frequency and am-
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plitude gradually becomes smaller with higher B,. When B,
is slightly larger than 30 G, tilt mode disappears, but another
mode with oscillation frequency around 10 kHz appears. This
mode is identified as n = 1 radial shift mode (the phase shift
between two sets of Mirnov coils is 7). Usually excitation
of radial shift mode triggers plasma disruption within 1 ms
as shown in Fig. 2(c). This result clearly demonstrates that
the current termination observed in previous experiments'?
due to the excitation of radial shift mode when vertical field is
above a critical value. Radial shift mode limits the achievable
plasma current in rotamak-FRC discharges.

In experiments it is observed that the filling gas pressure
has effect on tilt mode. As shown in Fig. 3, when hydro-
gen gas pressure increases, the tilt mode appears late in the
discharge, its amplitude reduces and its oscillating frequency
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Downloaded 18 Jan 2013 to 129.207.122.21. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



10E304-3 Yang et al.

20 ‘ ‘ "
4 Z )
- 10 __ (interpolated)

£

& of ]
«

" =, |

-20¢ ‘\ ‘ ]

-40 -20 40

FIG. 4. Two-dimensional distribution of electron density in typical rotamak
discharge.

downshifts. At higher gas pressure, the tilt mode disappears
but plasma discharge becomes difficult to start as shown in
Fig. 3(c) at t = 0-2 ms. Therefore, gas pressure is one of the
important factors in the study of MHD instability in rotamak-
FRC plasma.

It is also noted that the signals detected by the coils lo-
cated at Z = £ 30 cm are too small to distinguish the perturba-
tions of magnetic field. Two factors can explain this result: as
shown in Fig. 4, the rotamak plasma is located mainly within
the area of Izl < 15 cm, the position of maximum density is
at z = 0 cm/r = 15 cm; those two sets of coils are far from
the middle plane due to the limitation of accessible space in
rotamak machine. Under this situation, only two sets of coils
located at Z = £ 4 cm can provide useful information regard-
ing MHD activities. Therefore, the coils at Z = %+ 30 cm are
not frequently used for the study of MHD instability, unless
the magnetic shaping coils are applied to extend plasma shape
along the axial direction.'!

The transition experiments are conducted by ramping
axial current 7 at t = O ms until end of discharge, while keep-
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FIG. 6. MHD mode spectra detected by left side (Z = —4 cm) coil #1 and
#5 and right side (Z = +4 cm) coil #9 and #13.

ing other parameters same as in the standard FRC discharge.
As shown in Fig. 5, the discharge is free from any instability
mode when I, is below 0.5 kA. When I, ramps above 0.5 kA,
the n = 1 kink mode appears at t = 6.5 ms, grows quickly
and almost saturates within 1 ms. The signal’s amplitudes de-
tected by the left side (Z = —4 cm) coils are about twice of the
right side (Z = —4 cm) coils; here only two coil signals from
each array are shown. This measurement result shows that
kink mode has a strongly asymmetric perturbation structure
along the middle plane. As seen from Fig. 6, kink mode has
almost the same frequency as tilt mode, but with a wider fre-
quency band. Kink mode continues to present in the discharge
when I, is in the range of 0.5-1.4 kA; it suddenly disappears
when I, is larger than a threshold value around 1.5 kA, as seen
in Fig. 5. The transition experiment clearly demonstrates that
the stability of kink mode strongly depends on toroidal mag-
netic field, or magnetic shear. In contrast to tilt mode which
usually results in plasma current drop by 10%, kink mode
can boost plasma current by 25% as long as it appears in the
discharge.
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High resolution ion Doppler spectroscopy at Prairie View Rotamak®?
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A fast ion Doppler spectroscopy (IDS) diagnostic system is installed on the Prairie View Rotamak
to measure ion temperature and plasma flow. The diagnostic employs a single channel photomul-
tiplier tube and a Jarrell-Ash 50 monochromator with a diffraction grating line density of 1180
lines/mm, which allows for first order spectra of 200—600 nm. The motorized gear of the monochro-
mator allows spectral resolution of 0.01 nm. Equal IDS measurements are observed for various
impurity emission lines of which carbon lines exhibit stronger intensities. Furthermore, the diag-
nostics is examined in an experiment where plasma experiences sudden disruption and quick re-
covery. In this case, the IDS measurements show ~130% increase in ion temperature. Flow mea-
surements are shown to be consistent with plasma rotation. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4728091]

. INTRODUCTION

Spectroscopy techniques based on Doppler broadening
and Doppler shift of the emission lines are widely used
for ion temperature and flow measurements in low tempera-
ture plasmas,'= edge of fusion devices,* and core tokamak
measurements.” Ion Doppler spectroscopy (IDS) is a rou-
tinely used plasma diagnostic that is based on line of sight
average measurements and it has been well described in the
literature.® The fast response of the IDS systems has made
them suitable diagnostics where ion heating is expected, e.g.,
magnetic reconnection experiments in spheromaks’-® and re-
versed field pinch devices.” IDS has also been used for mea-
surements of supersonic toroidal E x B flow at Maryland
Centrifugal Experiment,'? radially sheared axial flow at ZaP
experiment,'! and magnetic relaxations of helicity injections
in compact torus experiment.'?

As a limitation, IDS measurements rely on the radiation
from impurity emission lines, rather than the majority species.
Therefore, the ion temperature (a proxy) and flow must be
inferred from these measurements. Nevertheless, it has been
shown that the IDS measurements are consistent with other
majority species temperature measurements.

This paper describes the newly developed system of IDS
diagnostic and some preliminary results on the Prairie View
(PV) Rotamak. As a new diagnostics, the IDS system can pro-
vide useful information about the radial and toroidal flows
and ion temperature measurements in magnetohydrodynamic
(MHD) instability studies and plasma shape control via exter-
nal feedback system, as well as magnetic reconnection.

) Contributed paper, published as part of the Proceedings of the 19th
Topical Conference on High-Temperature Plasma Diagnostics, Monterey,
California, May 2012.

b) Author to whom correspondence should be addressed. Electronic mail:
houshmandyar @ gmail.com.
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Il. EXPERIMENTAL SETUP

The PV-Rotamak is a compact torus configuration that
can operate in field reversed configuration (FRC) or spherical
tokamak (ST) regimes. Its toroidal plasma current is driven by
a distinct feature which employs two pairs of external rotating
magnetic field (RMF) in a non-inductive fashion. The RMF is
produced by two 90°-dephased f generators. Each generator
can feed up to 400 kW of power (P;) to one pair of coils at
frequency of 500 kHz. Another two coils provide a maximum
external equilibrium (vertical) magnetic field (By) of 230 G
(at the vessel’s center). The RMF and vertical magnetic field
windings embrace a cylindrical chamber. The chamber is an
80-cm long Pyrex™ vessel with 40 cm ID. A KF-25 quartz
window was installed on the feedthrough port at z = 15 cm.
Fig. 1 shows the schematic of the PV-Rotamak. A Pfeifer
Balzers TPU 510 turbo pump maintains a background pres-
sure of ~10~7 Torr. In the ST configuration (which is the case
for the experiments reported here), a steady toroidal magnetic
field (Bg) is produced by an axial current, /;, and it is mea-
sured by a Rogowski coil. This axial current is produced by
discharging a capacitor bank through six wires that are pulled
through the central axial stainless steel pipe, which is covered
with a quartz tube. The RMF is applied for a 40 ms period;

_ BRMF —
g 1 ..... f T 1 By Coill] A
TO'D/RMF Coil S
P i e 7 W W2 Ml e L 2
z /1_- %y" _;"\j -_\ ¢ 8 r=20cm
I 77%
S T ®
Z RMF Coil ; Z_
(a) -15 (.) 15 40 5‘3.5 z‘:m)

FIG. 1. (a) Schematic and (b) midplane (z = 0) cross section of the PV-
Rotamak; the angle represents the chord direction as explained in Sec. IV.
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during this period, B, and By remain constant within 5%. A
650 W/13.56 rf generator pre-ionizes the hydrogen gas (flow-
ing continuously into the chamber at filling pressure of 1.1
mTorr) for 13 ms; it has 7 ms overlap with the RMF. Five
sets of magnetic shape control coils are wound close to the
chamber’s surface, of which the one at z = 0 (eight turns)
is used for these experiments.'?> A Kepco ATE-6-100M pro-
vides a maximum current of 800 A to the middle coil. The
plasma current (I,) was measured by a Rogowski coil, which
is pulled through the central pipe around the poloidal cross
section. Electron temperature (7,) and density (N,) are mea-
sured with a double floating Langmuir probe. For the experi-
ments reported here, P,y = 150 kW, By = 25 G, and I, = 250
A. Shown in Fig. 2 are the typical 1, T,, and N, measurements
at PV-Rotamak, when the middle coil was charged at r = 10
ms, for the rest of the discharge period.'?

The IDS system used in this report includes a Jarrell-Ash
50 monochromator (JA) with a ruled diffraction grating of
1180 lines/mm. A telescope was built to collect collimated
light with the ability of pivoting to perform measurements
for different plasma chords. Another optics was designed to
have an optimum light coupled into the monochromator. A
fiber optics connects the two optics, which conveys the light
from the plasma to the monochromator. The lenses inside of
the two optics and the fiber optics material were chosen such
that the combination can analyze the spectral lines from UV
through visible. However, the Pyrex™ chamber blocks the
UV spectrum. Therefore, the quartz window was used for
the spectral lines below 380 nm. A high gain, single chan-
nel photomultiplier tube (PMT) was mounted on the exit slit
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FIG. 2. Middle coil current (a), plasma current (b), electron density (c), and
electron temperature (d) at midplane. The IDS measurements for ion temper-
ature (e) and flow (f) with 1 ms integration time are performed through the
quartz window at z = 15 cm.
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FIG. 3. Lineshape for C III impurity emission lines at 229.687 nm and
464.743 nm at t = 35.538 ms. The Gaussian fitting for temperature and flow
derivations shows 4.05 eV and 11.74 km/s, and 4.28 eV and 10.7 km/s, re-
spectively.

of the monochromator. A transimpedance amplifier was used
to amplify the PMT signal with a gain of 10* V/mA. It was
then recorded by a PCI-5112 NI-Scope at 100 MHz digitation
rate, and (5-50) x 10° record length. Hence, a spectrum (e.g.,
Fig. 3) is built up over several discharges. An HC-1 Hg-Ar
calibration lamp was used for the monochromator calibra-
tions. The motorized gears of the monochromator allowed
wavelength resolution of 0.01 nm. The instrument tempera-
ture for carbon lines was measured to be 1.34 eV.

lll. IDS MEASUREMENTS WITH DIFFERENT
IMPURITY LINES

Carbon, oxygen, and silicon impurity emission lines were
observed in plasmas discharges at PV-Rotamak. IDS measure-
ments with O V at 278.101 nm, O V at 278.699 nm, Si II at
290.569 nm, C III at 229.687 nm, C III at 464.742, and C III
at 465.025 nm showed equal temperature and flow measure-
ments within 15% and 8% uncertainties, respectively. Fig. 3
shows lineshape comparison of two carbon lines at 229.687
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FIG. 4. Middle coil current (a), plasma current (b), electron density (c), and
electron temperature (d). The middle coil was charged at r = 20 ms, for a 3
ms period.
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nm and 464.742 nm at 35.538 ms. These measurements were
performed through the quartz window. As the plasmas pro-
duced in PV-Rotamak are mostly located at midplane (z = 0),
there was not enough light to be collected from the plasma.
Thus, the middle coil was charged to elongate the plasma to
higher axial extents.!® Figs. 2(e) and 2(f) show comparisons
between measurements for temperature and flow for two dif-
ferent emission lines; the measurements are performed with 1
ms integration time.

IV. FAST IDS MEASUREMENTS

The IDS diagnostic installed on the PV-Rotamak has a
minimum temporal resolution of 0.1 us. This resolution al-
lows fast ion temperature variation investigations in plasma
shape control experiments and ion heating observations for
future magnetic reconnection experiments. In order to exam-
ine this high temporal resolution, IDS measurements were
performed for a case in which the middle coil was charged
to 250 A at t = 20 ms, for a 3 ms period. As a result, the
plasma was severely disrupted (almost terminated) and then
(surprisingly) recovered to its conditions prior to the disrup-
tion. Shown in Fig. 4 are the plots of middle coil current (,,),
plasma current (/,,), electron density (NV,), and electron tem-
perature (7,) as functions of time. Here the IDS measurements
were performed at the midplane (through the Pyrex™), for
the carbon line at 464.742 nm. Shown in Fig. 5 are the plots of
ion temperature measurements with 1 us temporal resolution,
for plasma chords of +40°, +20°, 0° (on-axis view), —40°
and —20°; the angles and their signs are with respect to the
on-axis view (Fig. 1(b)). These measurements show increase
in the temperature up to ~90%, before and after the disruption
(e.g., 21 or 25 ms) for all of the chords except the 0° chord in
which the ion heating (~130%) occurs in a very short period,
right before the plasma termination and after the plasma re-
construction, i.e., ~23.1 and 23.25 ms. This behavior is yet to

=NWwAO
Tt T
~
)
~
I D 1|

=2NwWwhO

T T et Y

i T
hu,
s
¢

~

(=1

-~

I I

— 5
% 1 1 1 3 ]
g 5[ T T T Z .. 4—((:)_
® g' mavzms 23.3 :
g S0 mbilih
s 1
E : : : : :
= (@
o 3[ ]
- S 4
1 =
: : : ' :
2r ()
3 =
2 o
AL 2
1 1 1 1 1
0 10 20 30 40

Time (ms)

FIG. 5. Ton temperature measurements for +40° (a), +20° (b), 0° (c), —20°
(d), and —40° (e) chords, with 1 us temporal resolution. The zoom-in panel
shows a At = 350 pus span.
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FIG. 6. Flow measurements for +40° (a), +20° (b), 0° (c), —20° (d), and
—40° (e) chords, with 1 s temporal resolution.

be investigated with higher time resolution. Shown in Fig. 6
are the plots of flow measurements with 1 us temporal resolu-
tion, for plasma chords of +40°, 4-20°, 0°, —40°, and —20°,
before and after the disruption. The direction of the flow (pos-
itive or negative sign) is consistent with the chords’ direction
and thus the plasma rotation.

V. SUMMARY

Here we report the first ion temperature measurements
at the PV-Rotamak by installing a newly developed, high
temporal resolution (0.1 us) ion Doppler spectroscopy (IDS)
system. Equal temperature and flow measurements are mea-
sured for different impurity emission lines. The high tempo-
ral resolution of the diagnostics was examined for a case of
plasma disruption and recovery, which exhibits ion heating
up to ~130%.
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Since their use in the study of charged particle motion in the 1960s, Euler potentials (e, f) have been widely employed as mag-
netic field coordinates in both space plasma and fusion plasma studies. People related them to magnetic vector potential A via the
relation A = aV f3, subject to gauge condition A - B = 0 (B is the magnetic induction). For a given magnetic field, the Euler poten-
tials are often constructed with the relation B - AS = AeAf on a surface that crosses the field lines, where AS is the area-element
surrounding by two line-elements corresponding to the changes in « and £, then mapping the values of « and £ along field lines
into space. In this short paper, we show that in the presence of field line-aligned currents, the mapping does not work and the or-

thogonality gauge condition is not satisfied.

plasmas, space physics, Euler potential, drift motion
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By representing magnetic field as B = VaxV g, Grad [1]
was the first to use two scalar functions « and £ as the field
line coordinates, and referred to them as Euler potentials [2].
In Northrop and Teller’s famous paper [3], the (¢, f) coor-
dinates were used in proving the second adiabatic invariant
and deriving the dynamic equations of a charged particle:

@=—2K =LK

q0p q 0a
where ¢ is the particle’s charge and K is sum of the parti-
cle’s kinetic energy and electric potential energy plus a
quantity ga83/0t . Euler potentials have since been widely
employed in studying space plasma physics (e.g. [4-6]).
The potentials are also used in the study of fusion plasma
physics under the name of Clebsch coordinates [7]. The
applicability of Euler potentials as magnetic field coordi-
nates has been presented [4,8], but no strict proof has been
presented. Below, we give an example to show that in the

*Corresponding author (email: tshuang @pvamu.edu)
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presence of field line-aligned current, the Euler potentials
are discontinuous whereas the magnetic field B and the
vector potential A have no discontinuity.

1 Some concerns about the application of Euler
potentials

In his mathematics text book [9], Phillips showed that a
solenoidal and continuously differentiable vector function,
such as a magnetic field B can be expressed as a cross-
product of two gradients, B = VaxV . Northrop [8] gave
one simple argument for the introduction of « and S as
magnetic field line coordinates; that is roughly the same as
Phillips’ proof. Both Phillips’ proof and Northrop’s argu-
ment invoked the assumption that all magnetic tubes in the
magnetic field maintain their integrity as they extends along
the field lines, i.e. there exist two families of surfaces, a(x,
v, z) = ¢; and f(x, y, z) = ¢, for which surface intersections
give all field lines. However, the assumption is not true in

csb.scichina.com  www.springer.com/scp
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general (see the following section). In a strictly mathemati-
cal sense, setting the relationship B = VaxVfor A = aVfis
dubious, although it is true for the simpler magnetic fields.

It is worth noting that for a given magnetic field, people
often use the relation B - AS = AaAf to establish an o-f grid
on a surface S that crosses the field lines, then map the val-
ues of o and S on the surface along the field lines into the
space. We note that in doing so the relation A = @Af might
not be explicitly considered.

Unlike Northrop and Teller’s paper [3], in which Euler
potentials were used for time-dependent magnetic field, the
magnetic fields in most studies applying Euler potentials are
time-independent. People start with setting A = &V f3, intro-
ducing A-B = 0 as a new gauge (e.g. [4,5]). However, no
one imposes the restricted gauge transformation condition,
such as those associated with the Lorentz gauge or Coulomb
gauge.

We also note another related question that, if the vector
potential A can be represented by Euler potentials « and /5,
then an electromagnetic field would be described with just
three parameters ¢, f and ¢ instead of the four parameters
A,, A,, A, and ¢. The physics of this seems unclear.

2 An example where a and g are inapplicable
in the presence of field line-aligned current

In the presence of field line-aligned currents, a magnetic
field might be divided into several zones, and the field lines
in different zones could spiral in different ways. Across the
boundary surfaces of contiguous zones, the Euler potentials
could be discontinuous, although the vector potential and
magnetic field might not have discontinuities on those sur-
faces.

One example is shown in Figure 1. Three distinct fami-
lies of field lines that define three disjoint zones result from
the fields of two straight currents / and 2/ embedded in a
uniform background field By oriented in the same direction
as the current. On the boundary surfaces between the con-
tiguous zones, the field lines either side make contact but
spiral upward in distinct ways. Hence, the field lines in each
of the different zones must be defined by different Euler
potential systems. Another similar result can be drawn for
two currents flowing in opposing directions.

The discontinuity in Euler potential discussed above has
major consequences on charged particle’s drift motion. For
the sake of simplicity, the magnetic field showed in Figure
1 is one non-confinement to the charged particle motion. In
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Figure 1 (Color online) Three families of field lines resulting from two
straight current in a uniform B field.

the charged particle-confinement field, the Euler potential
discontinuity such as one occurred in magnetic reconnection
events makes particle drift complicated: the motion of parti-
cles limited inside each field line zone maintains relative
independence, but particles drifting across the boundaries
between the zones could lead to interactions of the plasmas
located in these zones.
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Basic Research Program of China (2011CB811402).

1 Grad H. Private communication to C. S. Gardner. Phys Rev, 1959,
115: 791-794

2 Grad H. Mathematical problems in magneto-fluid dynamics and
plasma physics. In: Proceedings of the International Congress of
Mathematicians, Stockholm, 1962. Djursholm: Institut Mittag-Leffler,
1963. 560-583

3 Northrop T G, Teller E. Stability of the adiabatic motion of charged
particles in the Earth’s field. Phys Rev, 1960, 117: 215-225

4 Ray E C. On the motion of charged particles in the geomagnetic field.
Ann Phys, 1963, 24: 1-18

5 Stern D P. Euler potentials. Am J Phys, 1970, 4: 494-501

6 Le Sager P, Huang T S. Ionospheric currents and field-aligned cur-
rents generated by dynamo action in an asymmetric Earth magnetic
field. J Geophys Res, 2002, 107: 1025-1038

7 D’Haeseleer W D, Hitchon W N G, Callen J D, et al. Flux Coordi-
nates and Magnetic Field Structure. New York: Springer-Verlag,
1991. 241

8 Northrop T G. Adiabatic Motion of Charged Particles. New York:
Intersciences Publishers Inc, 1963. 9

9  Phillips H B. Vector Analysis. New York: John Wiley & Sons Inc,
1933. 104-106

Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.



PHYSICS OF PLASMAS 18, 080703 (2011)

Boost of plasma current with active magnetic field shaping coils

in rotamak discharges
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A set of magnetic shaping coils is installed on the Prairie View (PV) rotamak for the study of
active plasma shape control in the regimes with and without toroidal field (TF). In the spherical
tokamak regime (with TF), plasma current /, can be boosted by 200% when all five shaping coils
(connected in series) are energized. The enhancement of current drive efficiency is mainly
attributed to the radial compression and the substantially axial extension of the plasma column; this
in turn improves the impedance matching and thus increases antenna input power. In the field-
reversed configuration (without TF), plasma current can be boosted by 100% when one middle coil
is used; the appearance of radial shift mode limits the achievable value of I,. The experiments
clearly demonstrate that the plasma shape control plays a role in effectively driving plasma current
in rotamaks. © 2011 American Institute of Physics. [doi:10.1063/1.3622206]

The rotating magnetic field (RMF) was used in a com-
pact torus device called Rotamak' to drive a steady state,
non-inductive plasma current. The RMF-driven plasmas are
typically formed as a spherical compact torus,>™ or an elon-
gated field-reversed configuration (FRC),>® mainly depend-
ing on the geometry of the equilibrium field coils and the
confinement coils. It might be more difficult to implement
the equilibrium field control system in RMF-driven plasmas,
because the change of magnetic shape not only changes the
value of B in the J,xB force acting on plasma but also
changes the power coupling from the rf antenna to the
plasma. This in turn will change the magnitude of plasma
current and its profile J,.

The study of active plasma shape control has been con-
ducted recently on Prairie View (PV) rotamak. The prelimi-
nary experiments used three shaping coils and four copper
rings, some interesting results were obtained, and a model
was presented to explain the change in plasma shape and
pressure.” However, the initial experiments were not success-
ful in the FRC regime due to the appearance of radial shift
mode when more coils were used. Furthermore, the model
could not explain the significant response of plasma current
to the shape change.

Meanwhile, it has been noted in our experiments that when
the shaping coil is energized in the FRC regime, the RMF
appears to have a shallower penetration (2 cm near the chamber
wall), similar to the property of the higher performance mode
observed in the Translation, Confinement, and Sustainment
(TCS) facility when the flux conserving copper straps are
wrapped around the quartz tube.® However, in our case, the
plasma current is substantially boosted while in TCS there is no
change. This phenomenon seems to be contrary to the mecha-
nism of RMF current drive, which requires a good penetration
to enhance current drive. Thus, the study of how the shaping
coil affects the profile of current density is also needed.

To clarify those issues, we experimentally compare how
the change of external magnetic shape affects plasma current
in two operational scenarios: the FRC regime, which has no
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toroidal field (TF), and the spherical tokamak (ST) regime,
which has an added TF. Experimental results clearly indicate
that the response of plasma to the change of magnetic field
shape is substantially different in ST and FRC regime.

The cylindrical chamber PV Rotamak is illustrated sche-
matically in Ref. 9. In the experiments discussed here, the ra-
dial and toroidal components of RMF are B, ~ 5 — 10 G and
By ~ 10 — 20 G at the chamber edge. The equilibrium field
is produced by two “vertical” field coils. In these experi-
ments, the vacuum field at the chamber center is set to 25 G
and keeps the same value in both regimes. In the ST dis-
charge, the toroidal field (25 G at the chamber edge) is added
by feeding a 2.5 kA axial current I, through the central stain-
less-steel pipe.

The recent system modification includes five magnetic
shaping coils for plasma shape control. The shaping coils are
wound close to the chamber surface and connected to a pro-
grammable current source with current-rise-time 1-2 ms.
One “middle” coil (eight turns) is located at z=0 and four
“side” coils (four turns each) at z= *8 cm and z= *30 cm.
The boundary poloidal flux is measured with six flux loops
wound over the chamber surface at z=*3.5 cm, =7.5 cm,
and £22 cm. In addition, the new real time rf power mea-
surement allows us to trace the total antenna input power and
to calculate the effective impedance of the plasma (R.¢) seen
by the rf amplifiers.

Experiments have been carried out in both regimes with
different combinations of shaping coils being applied at
t=20 ms until end of the discharges. It is observed that the
response of the plasma current to the change of magnetic
field depends strongly on the coils’ position and total current
in the coils (oo = ifecd X Meum). Moreover, the discharge
appears to be less stable in the FRC regime when only side
coils are used (middle coil being disconnected). Therefore,
to simplify the comparison, in this report, we discuss only
the three cases which include the middle coil: (a) one (mid-
dle) coil; (b) three coils (one middle and two side coils at
z= %8 cm); (c) five coils (one middle and four side coils).

© 2011 American Institute of Physics
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FIG. 1. Reconstructed plasma shape in the discharge of (a) the ST regime,
(b) the ST regime with one middle coil and four side coils, and (c) the FRC
regime with one middle coil.

Based on the measurements of the boundary poloidal
flux profile and the total plasma current, we use the recon-
struction process’ to plot the plasma shape. The plasma cur-
rent I, is represented by ten current loops; the radial and
axial positions of the loops are adjusted until the boundary
flux profile matches the experimental measurements. Fig.
1(a) shows the reconstructed plasma shape in the ST regime
without the shaping coils. This plasma shape is confirmed by
both an electron density scan with a Langmuir probe® and a
direct scan of the magnetic field with an internal magnetic
probe.* It is noted that the rotamak-ST and FRC plasmas
have a similar shape, the minor difference is the plasma elon-
gation (the ratio of the separatrix half-length to its radial
extension) £=1.0 in the ST regime while £=0.9 in the
FRC regime. As seen from Fig. 1(a), the closed magnetic
surfaces are quite short along the z-axis, in spite of the fact
that the RMF antenna extends to the end of the chamber. The
power measurements show that the antenna input power is
around 130-140 kW, which accounts for 70-80% of the gen-
erator output power.

In rotamak-ST experiments, plasma discharges are
remarkably stable when shaping coils are applied. No insta-
bility modes have been detected by Mirnov coils. In the three
cases with the middle coil, the coil current is gradually
increased shot by shot until the discharges are terminated.
The best shot in each case is plotted in Fig. 2. In the three
cases, the antenna input power is almost identically 175 kW,
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FIG. 2. Time evolution of rotamak-ST plasma current, total coil current,
antenna input power, the effective impedance of the plasma, antenna phase
difference, input current and voltage before and after applying (a) one mid-
dle coil, (b) one middle and two side coils (at z= =8 cm), and (c) one mid-
dle and four side coils.

indicating an improved impedance matching between the rf
generator and the antenna system. The difference among the
three cases is that when more coils are used, larger coil cur-
rent can be applied, and therefore larger plasma current can
be driven. Fig. 2(c) shows the best result in the ST regime
where plasma current is boosted by 200% from 2.0 kA to
6 kA when five coils are energized with a total current of
1.2 KA (Icoit = ifeed X Myurn = 0.050 kA x 24). The input cur-
rent of RMF antenna [, and the effective impedance of the
plasma R are found to have the largest value. The plasma
shape formed with five shaping coils is reconstructed and
plotted in Fig. 1(b). Those results clearly indicate that the
enhancement of plasma current drive is mainly due to the
substantial extension of the plasma column uniformly along
the z-axial direction. This would in turn improve impedance
matching, and thus, larger antenna input power can drive
more plasma current.

In the FRC experiments, plasma discharge is found to be
less stable than in the ST regime. The tilt and radial shift
modes are frequently detected by Mirnov coils even when
1.0y is lower than the “disruptive” value. The best shot in
each case is plotted in Fig. 3. The three cases have almost
the same effective impedance of the plasma and antenna
input power (160 kW). The difference among them is that
when more coils are used, less coil current can be applied,
and thus, less plasma current can be driven. This phenom-
enon is totally contrary to what is observed in the ST regime.
Fig. 3(a) shows the best shot in the FRC regime where
plasma current is boosted by 100% from 2.0 kA to 4.0 kA
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FIG. 3. Time evolution of rotamak-FRC plasma current, total coil current,
antenna input power, the effective impedance of the plasma, antenna phase
difference, input current and voltage before and after applying (a) one mid-
dle coil, (b) one middle and two side coils (at z= *8 cm), and (c) one mid-
dle and four side coils.

when one middle coil is energized with a total current of
0.55 kA (= Icojl = Ifeed X Rpurn = 0.069 kA X 8). The plasma
shape formed with the middle coil is reconstructed and plot-
ted in Fig. 1(c). This indented plasma has proven to be free
from both the tilt and radial shift modes.’ This explains why
larger plasma current can be driven with one middle coil in
the FRC regime. However, if the /. is increased larger than
0.55 kA, which is the “disruptive” value for the FRC regime,
the plasma discharge will be disrupted by the radial shift
mode.

It has been found in our experiments that the enhance-
ment of plasma current drive is partially due to the radial
compression and axial extension of plasma column, during
which the Lg x I, flux is conserved (here L is the plasma
self-inductance). In addition, an “extra” current is generated
because as L, is reduced, the impedance matching is signifi-
cantly enhanced, and thus, the antenna input power is
increased and more plasma current can be driven. Based on
experimental measurements, we can estimate the geometri-
cal parameters of the plasma shape before and after shaping
coils are energized in the ST discharge. Before energizing
the coils, at t=15 ms, the magnetic axis position is
Ry =15.2 cm, minor radius is a =7.2 cm, and the ellipticity
(the ratio of the separatrix half-length to the minor radius)
k=b/a=2.0. After the five shaping coils are applied, those
parameters change to Ry=13.2 cm, a=6.6 cm, and
k=4.0. Using the model equations for plasma self-induct-
ance,'® we can estimate: L, (t=15 ms) =0.085 uH and L,
(t=25 ms) =0.040 puH, which drops by 53%. On the other
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FIG. 4. Plasma current profiles along the z=0 chord in (a) the FRC regime
and (b) the ST regime before and after the middle coils are energized with
260 A current.

hand, the plasma current /, is substantially boosted from
2.0 to 6.0 kA and the net increase in Ly X I, flux is thus
40%. This is confirmed by a 25% increase of antenna input
power, which grows from 140 to 175 kW, as seen in
Fig. 2(c).

While in the FRC regime, after the middle coil is
employed at 20 ms, the plasma surface becomes an indented
FRC, stretching a little along the axial direction. Similarly,
in the FRC regime, we have Ry=16.3 cm, a =6.6 cm, and
k=1.9 at t=15 ms, and Ry=15.23 cm, a=6.9 cm, and
k=2.5 at t=25 ms. The estimation shows that the plasma
self-inductance L drops by 35% from 0.123 to 0.0795 uH.
However, the plasma current grows from 2.0 to 4.0 kA, so
that the L x [, flux grows by 29%. This is confirmed by a
23% increase of antenna input power, which grows from 130
to 160 kW, as seen in Fig. 3(a).

To understand why the response of the plasma current to
the shape change is drastically different in FRC and ST
regimes, it is necessary to obtain the radial profiles of plasma
current density before and after the shaping coils are ener-
gized. To ensure reliable comparison, one middle coil with
the same current (/.o; =0.26 kA) is used in both regimes.
Based on the measured magnetic field, the profiles of plasma
current density along z=0 chord are plotted in Fig. 4. In
both FRC and ST regimes, the profiles are hollow with two
peaks located on both sides of the magnetic axis, forming the
inner and outer current rings. Without the middle coil, in the
FRC discharge, the peak current density of the outer current
ring is roughly three times larger than the inner one, indicat-
ing a strong edge current drive property.
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When the middle coil is applied in the FRC regime, as
seen from Fig. 4(a), the plasma current density J, (r, 0)
grows both near the chamber wall (r < 17 cm) and the central
pipe (r < 6 cm), but meanwhile it drops in the central plasma
region = 6-17 cm, or even reverses in the plasma core at
10.2 em <r < 12.5 cm with the profile becoming more hol-
low. This property indicates that the action of the middle coil
is to reshape plasma rather than to push it away from the
chamber wall. Furthermore, it is interesting to note that with
the increase of /., the position of peak current density stays
the same, but the region of plasma current reversal widens
quickly. Yet the mechanism of how the negative plasma cur-
rent is generated in plasma core, and the drive source of ra-
dial shift mode with the increase of I, is still not clear.
This experiment result seems contrary to the theoretical sim-
ulation,11 which predicts that smaller elongations £ < 0.7
are favorable for the excitation of radial shift mode in FRC
plasma. The radial shift mode is still observed in our rota-
mak-FRC experiments with plasma elongation £ > 1.5.

While in the ST regime, as shown in Fig. 4(b), when the
middle coil is energized with the same coil current as in the
FRC regime, the plasma current is boosted in the whole
plasma column at » < 17 cm, the outer peak plasma current
density at 7 ~ 18 cm is moved away from the chamber wall
by 1 cm. In addition, the current density is reduced at the
edge region (> 18 cm) near the chamber wall. The larger
the 1., is, the larger the distance the plasma column will be
pushed. This indicates that the middle coil not only reshapes
the plasma but also pushes it away from the chamber. This is
consistent with the measured profile of electron pressure,’
which is increased by 50%—100% at plasma core while being
decreased by 50% at the edge near the chamber wall; but
electron temperature remains almost unchanged. In contrast
to the FRC regime, there is no trend now for the plasma cur-
rent reversal in the middle range value of . However, if the
coil current is larger than a critical value, the plasma column
would be pushed too much inward and against the central
pipe, resulting in the termination of discharge. This result
suggests that an equilibrium system with active feedback
control is needed for large scale rotamak devices.
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In summary, the response of plasma current to the shape
change of magnetic field is substantially different in the
regimes with and without toroidal field. For a given rf gener-
ator power, in the ST regime, the plasma current can be
boosted by 200% from 2.0 to 6.0 kA when five shaping coils
in series connection are energized with a total current of 1.2
kA. The improvement of current drive efficiency is mainly
attributed to the radial compression and the substantially
axial extension of the plasma column; this in turn improves
impedance matching and thus increases antenna input power.
In the FRC regime, plasma current can be boosted by 100%
when one middle coil is employed with a total current of
0.55 kKA. It is observed that more side coils are used; less coil
current can be applied. The radial profile of plasma current
density shows a strong edge current drive property and the
generation of negative current in the plasma core. The
appearance of radial shift mode limits the achievable plasma
current in FRC regime.
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Effect of toroidal magnetic field on n =1 mode stability in rotamak plasmas
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To study the effect of toroidal magnetic field on n =1 mode stability, a series of experiments with
linearly ramping the axial current /,, which makes field-reversed configuration (FRC) to spherical
tokamak (ST) transition, have been conducted in rotamak. Results clearly demonstrate that the tilt
mode can be completely suppressed by small 7, around 0.4 kA (in comparison with 2.0 kA plasma
current). An unknown new mode with larger magnetic perturbations is triggered when I, reaches
0.5 kA. This instability mode keeps saturation while plasma current is boosted when 7, is in the
range of 0.6—1.4 kA. When I, exceeds 1.6 kA, the new mode suddenly disappears and discharge is
free from instability modes. © 2011 American Institute of Physics. [doi:10.1063/1.3622658]

One important modification in rotamak development is
the addition of a steady toroidal magnetic field (TF) pro-
duced by an axial current /,."* With the appearance of exter-
nal TF, the rotamak is able to operate as a spherical tokamak
(ST) with an ultralow aspect ratio A=R/a ~ 1.1 (R and a
are the major and minor radius). The earlier rotamak-ST
experiments were focused on exploring the operational pa-
rameters which were achievable for high performance, and
results have demonstrated that the rotamak-ST regime is
more favorable for the penetration of rotating magnetic fields
(RMFs) than the rotamak-field-reversed configuration (FRC)
(without TF, I, =0) due to the excitation of rotating whistler
wave modes.> Later, experiments in the rotamak-ST regime
further confirmed that the addition of TF can result in an
essential improvement in the magnitude of the RMF-driven
plasma current, in comparison with the rotamak-FRC regime
for the same rf power level.”™

One of the advantageous features of the rotamak-ST is its
improved stability. However, over a few decades of rotamak
research, there was no report about the effects of TF on global
plasma stability. Furthermore, the magnetohydrodynamic
(MHD) stability of the rotamak-ST with an ultralow aspect ra-
tio is expected to be significantly different from those of con-
ventional tokamaks with large aspect ratios, but investigation
on this topic is lacking as well. These issues are extremely
crucial when the rotamak is extrapolated to a fusion reactor.
With the recent development of new diagnostics in the Prairie
View (PV) rotamak, the stability of RMF-driven plasma to
low-n (n is the toroidal number) MHD modes were exten-
sively studied in the rotamak-FRC regime. The n=1 tilt and
radial shift modes have been clearly observed in the experi-
ments, and the mode stability is found to strongly relate to the
shape of the magnetic field.® Stimulated by these new find-
ings, a new experiment campaign was launched to investigate
two important issues: (1) Since the external TF can provide a
strong stabilizing effect on tilt mode, at what critical value of
I, can the tilt mode be completely suppressed? (2) Is there any
other low-n MHD modes existing in rotamak-ST discharges
with different values of TF?

In this letter, we report the experiments of ramping axial
current /, over a 20 ms period in 40 ms rotamak discharge.
The results indicate that rotamak-ST discharge is remarkably
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stable when the ratio of axial current to plasma current 7,/
is larger than 70%. In addition, the experiments provide an
effective way to obtain the optimal operation condition for
rotamak-ST discharges.

The experiments are conducted at cylindrical chamber
rotamak that has been illustrated schematically in Ref. 8.
The steady-state confinement field is produced by two
“vertical” field coils. In the experiments, the vacuum vertical
field at chamber center is 25 G. In the rotamak-ST regime,
the external TF is added by feeding an axial current I,
through a set of six wires inside the central stainless-steel
pipe (od =4.0 cm) covered by a quartz tube; the pipe is posi-
tioned along the major axis of the device. The 7, is generated
by discharging a capacitor bank (maximum 152 kJ), which
can ramp the /, up to the maximum value of 18 kA. The
RMF is produced by two pairs of coils, which are connected
through a system of matching/tuning networks to two 500
kHz/400 kW 1f generators with a 90° phase shift between
them. The oscillating magnetic field (below 50 kHz) is meas-
ured with two sets of Mirnov magnetic coils located at
Z = —4 cm (left side) and Z =+ 4 cm (right side). Each set
consists of eight Br-oriented coils mounted around the
chamber surface at equal 45° toroidal angle intervals. The
boundary poloidal flux is measured with six flux loops
wound over the chamber surface at z=*3.5 cm, =7.5 cm,
and *22 cm. Hydrogen gas is continuously fed through the
chamber at ps=1.1-1.6 mTorr. The plasma current is meas-
ured with a Rogowski coil, which is pulled through the cen-
tral steel pipe and looped around the poloidal cross-section.
The electron temperature and density are measured by a dou-
ble floating Langmuir probe. Typically, T, = 15-25 eV and
ne=1.2-2.0 x 10"? cm 3.

Experiments were typically conducted in 40 ms rota-
mak-FRC discharge with I, ~ 2 kA, with the axial current /,,
ramping linearly from 20 ms to 40 ms during a shot. There
were two series of ramping experiments: one series with
small 7, from O to 1.4 kA, and another series with large I,
from O to 6 kA. Fig. 1 shows the measurements with the
small 7, ramp. It is seen that the tilt mode appears at t =10
ms in the discharge before 7, starts to ramp at t =20 ms; the
amplitude and onset time of the tilt mode depend on filling
gas pressure and the vertical field.® Unlike the radial shift

© 2011 American Institute of Physics
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FIG. 1. Time evolution of plasma current, axial current, MHD oscillation
signals of a left set coil #1 and #5, and a right set coil #9 and #13. Two coils
on the same set are at 180° toroidal angle interval. Iz ramps almost linearly
to 1.4 kA, ps=1.1 mTorr.

mode, which is the driver of plasma disruption in rotamak
discharge, the tilt mode is non-destructive but can result in
plasma current drop by 10%. Typically the tilt mode has an
oscillation frequency in the range of 15-19 kHz and pertur-
bation amplitude of 1 Gauss which is around 4% of the equi-
librium field. Fig. 1 clearly shows the strong stabilizing
effect of 1, on the tilt mode. The amplitude of the tilt mode is
gradually reduced with the increase of /,, and the tilt mode is
completely suppressed when 7, reaches 0.4 kA at t =24 ms.
This value is about 20% of the plasma current. The result
agrees well with the finding on TS-3,” in which the tilt mode
was completely suppressed when a small current in the cen-
ter conductor of the device was added. We use the following
equation originated from Ref. 9 to estimate the threshold
value of I, for suppressing the tilt mode:

L_ (3 24 -1

Here n*=—(R/B.)(OB./OR) is the field index at the
magnetic axis, C is a coefficient (~1) that determines the
self-inductance for plasma with a cross-section of half height
b and minor radius @, and k=>b/a is the plasma elongation.
In our case, n* ~ 0.2, A=15.0/13.25 ~ 1.1, and & ~ 1.0.
Estimation from Eq. (1) gives I./I, ~ 20%, which is in
excellent agreement with our experimental observation. This
result indicates that in a rotamak-ST regime, the TF has a
strong stabilizing effect on the tilt mode; small /, can effec-
tively improve its global tilt stability.

The most interesting result seen in Fig. 1 is that when 1,
ramps above 0.5 kA (I,/I,=25%), a new rotating mode
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appears soon after the suppression of the tilt mode. This
mode grows very fast at t=24.5 ms and saturates within 1
ms. Its amplitude remains maximum when 7, is in the range
of 0.6-1.2 kA (B;=5-10 G). In contrast to the tilt mode
which usually leads to plasma current drop by 10%, this new
mode boosts plasma current by 25% during its saturation pe-
riod. In addition, the amplitude of magnetic perturbation of
the new mode is different on two sides of the mid-plane: the
magnetic perturbation signals of the left side Mirnov coil set
(Z=— 4 cm) (Figs. 1(c) and 1(d)) increase faster than that
of the right side set (Z =+ 4 cm) (Figs. 1(e) and 1(f)); when
this mode saturates, the signals’ amplitudes of the left side
set coils become as twice as that of the right side set coils. It
is the first time to observe this type of mode in rotamak
plasma.

Fig. 2 compares the tilt mode with the new mode. For
tilt mode, the signals from two sets of Mirnov coils are
almost identical; the tilt mode oscillates at a frequency
around 16 kHz with about 45° phase shift between the sig-
nals from two sets of coils (Fig. 2(a)). The non-zero phase
shift of the tilt mode in rotamak plasma is attributed to the
observed multi-mode structure; the tilt mode is the dominant
one among them. There is no pure n =1 tilt or radial shift
mode being observed in rotamak plasma. The new mode
oscillates at a frequency near 14 kHz, lower than the tilt
mode but higher than the radial shift mode (near 10 kHz);
the phase shift is about 40°, and signal amplitudes of the left
set coils are doubled in comparison with that of the right set
coils (Fig. 2(b)). The measurements of boundary poloidal
magnetic flux indicate that the axial profile of flux is sym-
metrical along the mid-plane before and after /, ramping.
This measurement excludes the possibility of the plasma col-
umn moving along the z-axis.

Additional 7, ramping experiments were carried out to
clarify the new mode structure. To exclude the influence of
the tilt mode in the discharge, the filling gas pressure py is
increased to 1.6 mTorr to prevent the appearance of the tilt
mode. Meanwhile, I, starts to ramp from the beginning of
discharge instead of at t =20 ms, as shown in Fig. 3. The dis-
charge is free from an instability mode when I, is below 0.4
kA. A rotating mode with a low frequency (around 14 kHz)
magnetic oscillation develops at t =6.5 ms when I, is above
0.4 kA; it saturates at t =8 ms when I, is larger than 0.5 kA,
and maintains saturation until the end of the discharge where
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FIG. 2. Signals from two sets of Mirnov coils and their spectra before and
after the ramp of B,, ps= 1.1 mTorr.
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signals from a left coil #1 and a right coil #9, magnitude of n = 0-3 perturba-
tions to Bg. I, ramps to 1.4 kA, py= 1.6 mTorr.

I, approaches 1.2 kA. The signal amplitudes of the left set
coils are even more than double the right set coils (only one
coil signal from each set is shown). Furthermore, Fig. 3
clearly demonstrates that the » = 1 mode is the dominant per-
turbation. These results basically repeat what was shown in
Fig. 1.

At present, it is not clear whether the observed new
mode is a tilt-like mode or a kink-like one, or perhaps other
unknown modes. In a plasma system that is symmetric about
the middle plane, the ideal tilt and kink mode should have
equal amplitudes of magnetic perturbation symmetrically
about the middle plane; the ideal tilt mode has 0° phase shift
while the ideal kink mode has a moderate phase shift. The
phase shift associated with the new mode might be attributed
to the multi-mode structure or a real phase shift related to the
kink mode structure. However, it is not understandable why
there is a factor of 2 difference between the amplitudes of
magnetic perturbations measured by Mirnov coils. More-
over, it is difficult to explain why plasma current is boosted
by 25% when the new mode saturates in the discharge. For
this, further experimental and theoretical studies are still
needed.

Another series of experiments was conducted with large
I, ramping and the tilt mode existing in the discharge at
t=10 ms before I, ramps at t=20 ms. As can be seen in
Fig. 4, in the region where the value of /, is less than 1.5 kA,
the effects of TF on the tilt mode (suppression) and the new
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FIG. 4. (Color online) Time evolution of plasma current, axial current,
MHD oscillation signals of a left set coil #1 and #5, and a right set coil #9
and #13. Two coils on same set are at 180° toroidal angle interval. /, ramps
to 6.0 kA, p=1.1 mTorr.

mode (trigger) are exactly the same as demonstrated in Fig.
1 and Fig. 3. Since I, ramps fast in this type of experiments,
the tilt mode is suppressed quickly and the new mode satu-
rates immediately after being triggered in the discharge. One
interesting result shown in Fig. 4 is that when I, approaches
1.6 kA, the new mode suddenly disappears; the correspond-
ing ratio of 1,/I,, is around 70%. The discharge is free from
any instability mode when I, is larger than 1.6 kA. Repeated
shots confirm that 7, ~ 1.6 kA is the threshold value to sup-
press the new mode, presumably due to the increase of mag-
netic shear by continuously increasing TF. Since the
rotamak-ST regime typically operates under the condition of
I, > 3.0 kA and the ratio of IZ/I]D > 150%, this result explains
why no MHD mode was observed in previous rotamak-ST
experiments.’

We conclude from Fig. 4 that the appearance of the new
mode indicates the start of a transition from FRC to ST re-
gime; strong magnetic perturbations and the increase of
plasma current have been observed during the transition. The
disappearance of the new mode can be regarded as the estab-
lishment of the rotamak-ST regime, no instability mode has
been observed in this regime. This result clearly demon-
strates the strong stabilizing effects of the toroidal field on
the n =1 MHD modes in rotamak plasma.

Our newly developed real time power measurement sys-
tem allows us both to trace the total antenna input power and
to calculate the effective impedance of the plasma. This
helps us to understand how the RMF antennae and the
plasma respond to the transition from rotamak-FRC to rota-
mak-ST regime. It is clearly seen from Fig. 5 that during the
transition, there is a sudden change of the antenna phase-
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FIG. 5. (Color online) Time evolution of measured plasma current, effective
impedance of plasma R, the antenna input power, phase difference, input
current and input voltage, and electron temperature 7,, and density n, at
r =15 cm. Experiments are in the case of large /, ramping.

difference () between the antenna input current and the
input voltage. The reduce of the phase difference leads to the
increase of antenna input power by 30% due to its cos 6 rela-
tionship with 0, indicating the improvement of the imped-
ance matching between the rf generator and the antenna;
therefore, more plasma current can be driven. It is also noted
in Fig. 5 that near the outer edge area the electron tempera-
ture increases while its density decreases during the transi-
tion, indicating the enhancement of plasma confinement.
After the transition, the response of plasma to the increase of
I, is similar to our previous experiments7’8 that there exists
an optimal value of axial current for the largest plasma cur-
rent, and this optimal /, is different for each value of B,. The
I, ramping experiment shown in Fig. 5 provides an effective
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method to quickly find the optimal value of I, for the rota-
mak-ST operation.

In summary, the I, ramping experiments have been con-
ducted to study the effects of external toroidal field on n =1
instability modes in the rotamak-ST regime, which has an
ultralow aspect ratio (A = 1.1). Because of this extreme limit,
the toroidal field has strong stabilizing effects on global
instability modes. It is clearly observed in experiments that
the tilt mode is completely suppressed by small 7, (0.4 kA,
1,/1, ~ 0.2). An unknown new mode with a strongly asym-
metric perturbation structure appears and saturates in the dis-
charge when 7, is in the range of 0.55-1.4 kA (I,/I, =~ 0.26-
0.6). It is noted that the appearance of the new mode triggers
a strong interaction between the rf antennae and the plasma,
leading to a sudden antenna phase change and the increase of
rf power dissipated in the plasma, thus driving larger plasma
current. The new mode suddenly disappears when [, is larger
than a threshold value around 1.6 kA (I,/I, ~ 0.7), which
presumably produces the magnetic shear strong enough for
mode suppression. Above this critical value, rotamak-ST
configuration is established, and discharge is free from insta-
bility modes.
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Experiments on rotamak plasma equilibrium and shape control

Yuri Petrov, Xiaokang Yang, Yonghui Wang, and Tian-Sen Huang
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A set of magnetic shaping coils and copper rings is installed in cylindrical chamber rotamak to allow
for an active equilibrium control in 40 ms plasma discharges. The coils, which are powered by
programmable current source, are used to control both the plasma shape and the boundary poloidal
magnetic flux. Without the active equilibrium control, the boundary flux drops from its vacuum
value of 0.3 mWb to zero after the plasma current is generated. If the coils are activated, the
boundary magnetic flux can be sustained within the 0.2-0.3 mWb range, thus keeping the separatrix
away from chamber wall during whole period of the shot. The passive copper rings help in
eliminating the fast variations of the boundary magnetic flux. The response of rotamak plasma to the
active equilibrium control is drastically different in regimes with or without external toroidal field.
A model is presented that describes the change in plasma shape, plasma current, and pressure under
the effect of active equilibrium coils. © 2010 American Institute of Physics.

[doi:10.1063/1.3290802]

I. INTRODUCTION

In rotamak, a steady-state plasma current is driven in
toroidal direction by an externally applied rotating magnetic
field (RMF) that results in reversal of the confining magnetic
field on the symmetry axis." The shape of the plasma is
largely determined by the geometry of confinement coils. If
the equilibrium system consists of two coils, a nearly spheri-
cal compact toroidal plasma is formed.”™ On the other hand,
if a set of identical confinement coils is used to produce a
uniform axial field, then an elongated field-reversed configu-
ration (FRC) is produced.s’6

As the plasma current loop is formed, it expands and
contacts chamber wall. In short-pulse devices, the sustain-
ment is improved by using flux-conserving rings made of
copper or aluminum, placed outside or inside chamber.>®
The plasma boundary is kept away from the wall by field of
induced image currents in the rings. However, the magnetic
field still diffuses through the rings in a few milliseconds.

To address this issue, an alternative approach has been
studied at the Prairie View (PV) rotamak. A hybrid active/
passive equilibrium control system was recently installed in
the cylindrical rotamak. The passive part consists of four
copper rings that serve as a partial flux conserver. The active
part consists of three coils wound over the chamber surface
and connected to a programmable current source. The main
purpose of the active coils is to keep the plasma separatrix
off the chamber wall, similar to the use of flux-conserving
rings in the University of Washington TCS experiment,5 and
also to control the plasma shape. By programming the cur-
rent in active coils, not only the elongation of plasma can be
changed but also its triangularity. Although such equilibrium
systems have been used in tokamaks since 1970s, their
implementation in RMF-driven plasmas might be more dif-
ficult. First, the magnitude of plasma current density is de-
termined by the separatrix radius, which depends on external
magnetic field so that the confining force J X B is a nonlinear
function of the external field B. Second, reshaping the
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plasma can trigger global instabilities, especially when there
is no significant toroidal field in plasma.

We examined the effect of the active equilibrium system
on rotamak plasmas in two sets of experiments: FRC regime,
which has no external toroidal field, and spherical torus (ST)
regime, which has an added toroidal magnetic field. As we
will show, the presence of toroidal field makes discharges
very stable, allowing the equilibrium system to keep the
separatrix away from chamber wall throughout the 40 ms
discharge, and substantially increases the plasma elongation.
In rotamak-FRC regime, on the other hand, the increase in
current in the active equilibrium system above certain limit
results in excitation of n=1 tilt and radial shift instabilities
and disruption of the discharge.

This paper is organized as follows. Parameters of rota-
mak, active equilibrium control coils, and diagnostic tools
are described in Sec. II. The results for rotamak-ST regime
are discussed in Sec. III, and results for rotamak-FRC regime
in Sec. IV. A summary is given in Sec. V.

Il. EXPERIMENTAL SETUP

The sketch of the PV rotamak is shown in Fig. 1. The
background vacuum in the 80 cm long 40 cm id Pyrex cham-
ber is maintained at 5.0 X 10~7 Torr. In the experiments dis-
cussed here the working gas is hydrogen, which is continu-
ously fed through the chamber at p;~1 mTorr.

The RMF is produced by two pairs of coils, which are
connected through a system of matching/tuning network to
two 500 kHz/400 kW rf generators with a 90° phase shift
between them. In a typical experiment, the magnitudes of the
radial and toroidal RMF components are B,~5-10 G and
B,~10-20 G.

The steady-state confinement field is produced by two
coils (“vertical” field coils). In these series of experiments,
the vacuum field at the chamber center is 25 G.

A recent modification of the system includes addition of

© 2010 American Institute of Physics
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FIG. 1. The schematic view of PV rotamak.

three active magnetic coils that can be energized during the
40 ms plasma shot. The active coils are wound close to the
chamber

surface and connected to a programmable current source
with current rise time of 1-2 ms. One “middle” coil (eight
turns) is located at z=0, two “side” coils (four turns each) at
z=*8 cm. Another addition to the equilibrium system is a
set of four copper rings, 27.5 mm wide/6 mm thick, placed at
z=%5.5 cm and z=*23.5 cm just outside the chamber
surface.

In rotamak-ST regime, the external toroidal magnetic
field is added by feeding a current I, through the central
stainless-steel pipe; the latter is covered by a 45 mm outside
diameter quartz tube. The boundary poloidal flux is mea-
sured with six flux loops wound over the chamber surface at
z=*3.5, £7.5, and =22 cm. The oscillating magnetic field
(below 50 kHz) is measured with two sets of Mirnov mag-
netic coils located at z=—4 and 4 cm. Each set consists of
eight B,-oriented coils mounted around chamber surface at
equal 45° toroidal angle interval. The magnetic field in
plasma is scanned with internal magnetic probe.3

The plasma current is measured with the Rogowski coil,
which is pulled through the central steel pipe and looped
around the poloidal cross section. The current of the active
coils that also enters the area enclosed by the Rogowski coil
is subtracted by measuring the feeding current to the active
coils. The unaccounted current in the copper rings is opposite

S04 0 Vacuum {t-2mg) 0]
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E 0 2 """"""""""" S

~ t=1ms.

> O ...... IR SRR N
40 30 20 -10 0 10 20 30 40

FIG. 2. (Color online) Change in the boundary poloidal flux in rotamak-ST
discharge without active coils and copper rings. The position of flux loops is
indicated by circles. The flux in vacuum is produced by the vertical mag-
netic field only.
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to the plasma current, resulting in underestimation of plasma
current during first 3—-5 ms of discharge.

The plasma temperature and density are measured with
double floating Langmuir probes that can scan almost the
entire cross section of plasma. Typically, 7,=15-25 eV
(uniform radial profile) and 7, peq=(1.2— 2.0) X 10'% m3
(peaked profile).

lll. EQUILIBRIUM CONTROL IN ROTAMAK-ST
REGIME

In experiments discussed in this section, the rotamak-ST
configuration is produced by adding the axial current
I1.=2.5 kA. As seen in the earlier e:xpe:riments,2’7’8 adding
toroidal magnetic field allows doubling or tripling the RMF-
driven plasma current due to whistler excitation.*’ The high-
est efficiency is achieved when the axial /, current is 60%—
80% of the magnitude of plasma current. o4 For the present
chamber, the highest plasma current /,~5 kA is achieved
when the vertical field is 45 G and I,=~3 kA, while for the
spherical chamber the largest current I,~5 kA was gener-
ated at By=45 G and I,=5 kA For comparison, in
Flinders rotamak-ST the plasma current /,=6.5 kA was pro-
duced at B,=60 G and 1,=9.65 kA."

In present series of experiments, the vertical field was set
to 25 G in order to maintain same conditions as in the
rotamak-FRC regime. For this value of vertical field, the
plasma current is /,~2.2 KA in both rotamak-ST and
rotamak-FRC regimes (without active equilibrium control).

A. Experimental results

Without active coils and copper rings, the temporal
change in the boundary poloidal flux is shown in Fig. 2. The
boundary flux drops sharply by 60%-80% during first
0.1-0.2 ms of discharge, then continues to decline during the
next 1-2 ms. For the rest of 38 ms the boundary flux remains
at approximately zero level for |z| <7 cm, indicating that the
separatrix is resting on chamber wall.

Based on measured boundary flux profile and total
plasma current, the plasma shape is reconstructed, as dis-
played in Fig. 3. The plasma current is represented by ten
current loops; the radial and axial positions of the loops are
adjusted until the boundary flux profile matches that mea-
sured in experiment. Previously, a direct scan of magnetic
field with internal magnetic probes has shown a similar,
nearly spherical shape of flux surfaces.” The oblate shape of
plasma can be attributed to the high mirror ratio of the ver-
tical field and ponderomotive force due to nonuniform RMF
that pushes plasma toward the rnidplane.11

In contrast, when three active coils (connected in series)
are energized with total current I,=~1 kA (feeding current is
65 A), the boundary flux is sustained at 0.2 mWb level dur-
ing most of the discharge duration, as demonstrated in Fig. 4.
In the shot, the active coils are energized 0.5 ms before start-
ing RMF in order to reduce initial drop in boundary flux; the
response time of the current source is limited by inductance
of active coils. The copper rings that could eliminate fast
variations of poloidal flux were disabled (cut open) in this
shot.
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FIG. 3. (Color online) Model for poloidal flux surfaces in rotamak-ST re-
gime without active coils.

The profile of the boundary flux along z axis becomes
almost uniform after 2-3 ms, as seen in Fig. 5. Based on the
data from six flux loops and measured plasma current, the
reconstructed plasma shape is shown in Fig. 6. The plasma
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FIG. 4. (Color online) Measured boundary poloidal flux at different z loca-
tions and plasma current during rotamak-ST discharge. Three active coils
are energized from r=—0.5 ms to t=40 ms. For comparison, plasma current
in discharge without active coils is also shown.
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FIG. 5. (Color online) Change in the boundary poloidal flux in rotamak-ST
discharge with active coils.

becomes more prolate, and the separatrix is well separated
from chamber wall.

Further improvement is achieved with adding four cop-
per rings. Although the magnetic field still diffuses through
the rings in 2—-3 ms, the presence of the rings helps to reduce
the initial sharp drop of the flux to only 5%-10%, which is
then replenished by the active coils. This is demonstrated in
Fig. 7 for a shot in which three active coils are energized
with I.~1 kA. It is seen that the initial jump is much
smaller than that shown in Fig. 4.

Langmuir probe scans show that with the active coils,
the plasma density becomes higher by about 50% at
r<<13 cm; the electron temperature jumps from 20 to 25 eV
at r>12 cm, and from 19 to 21 eV at smaller radii. The
resulting change for the radial profile of electron pressure at
z=0 plane is shown in Fig. 8.

For the current in active coils below or about 1 kA, the
plasma remains very stable. For /.= 1.2 kA, the plasma is
pushed too much against the center column, resulting in a
brief drop of /, to a 3-3.5 KA level, usually followed by
recovery to 4-4.5 kA. The boundary flux in such case
is about 0.35 mWb at |z/<10 cm and 0.25 mWb at
|z|=22 cm, indicating the formation of doublet-shape
plasma.
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FIG. 6. (Color online) Model for poloidal flux surfaces in rotamak-ST re-
gime with active coils.
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FIG. 7. (Color online) Boundary poloidal flux and plasma current in
rotamak-ST with copper rings and active coils. Three active coils are ener-
gized during t=0-40 ms. For comparison, plasma current in discharge
without active coils is also shown.

B. Theoretical analysis

The observed response of RMF-FRC plasma to external
equilibrium field can be explained using the pressure balance
condition in (r,z) plane,

Vp=J XB, (1)

which leads to the Grad—Shafranov equation. In cylindrical
coordinates, it can be written as

1oy\ Py ( 0P &(rBa)>_
ﬁr<r¢9r> a2'{‘(2'77') Mo aw%—ng al/j —O,

2)

where ¢=27[(B.rdr. The first two terms in Eq. (2) corre-
spond to (=27rruyJ ), where J, is the toroidal plasma current
density; in our case, it is driven by RMF. The term with
toroidal field B, can be ignored because in our conditions,
By~ 1/r. Strictly speaking, in weakly ionized plasma with
unmagnetized ions, the force balance equation can only be
written for electron component. By adopting Eq. (1) for our
conditions (with p being the electron pressure) we ignore
currents and electric fields in (r,z) plane. We also ignore the
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FIG. 8. (Color online) Comparison of electron pressure profiles along z=0
plane in discharges with and without active equilibrium control.

time-average {(—J. mtBgms)) term which could be contribut-
. . ’ . 2
ing to the radial confining force.

Further, we consider the Solov’ev model,12 which as-
sumes that the plasma pressure is a linear function of the
poloidal magnetic flux . The solution can be written in the
following form:

2 4 22

r°orr
ra)=d\25-23-"54) 3
’7[’( ) %( r% rg Ezrg) ()

24 ( ! )

=po+ (Y- 1+—]. 4
p(¥) Po (¥ wO),LLOWZI’g 42 (4)
Here, i and p, are the values at the magnetic axis

(r=ry,z=0) and elongation E=z/r, is the ratio of the sepa-
ratrix half length to its radial extension. Magnetic field and
current density are found from Eq. (3),

Vyx Vo
B(r,z):l//—+rBHV9
24, ( r 2 )A
=—\(1-—5- + + B g€y,
wr%{ r% 2E2r3 ¢ 0 oo
(5)
4ipor 1
To(r) = °4<1+—2). (6)
T ol 4FE

Equations (2)—(4) only apply inside the separatrix. Current
density is assumed to be zero outside the separatrix. From
Eq. (3), one can find r,= yzro, and from Eq. (4),

o) melpo=py) |17
%"_W‘){z[1+1/(4E2)]} ’ @)

where p,=p(y,) is plasma pressure at the separatrix. It is
seen that the solution depends on the pressure difference
only, Ap=py—p,; the value of p, is irrelevant. Also, from

Eq. (5),
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TABLE I. Parameters calculated from the model and measured in experiment without active coils.

Parameter Model Experiment
Input for the model Field at separatrix B_, (G) 27.0 25-30
Plasma pressure Ap (Pa) 3.80 3.5-4.0
Current density on axis Jo (kA/m?) —40.0 —30 to —60
Separatrix radius T (cm) 19.90 ~20
Magnetic axis radius To (cm) 14.04 ~15
Plasma elongation E 0.898 0.85-0.95
Poloidal flux on axis iy (mWb) —0.084 —0.13 to —0.15
Plasma volume %4 (m?) 0.0297
Plasma current I, (kA) 1.34 2.1-23
Input power P (kW) 95 95-105

o =—B.(r,,0) wré/Z =-B.(r,0) er/4, (8)

where the value of B.(r,,0) corresponds to the point z=0,
r=r,. A specific equilibrium is defined by three independent
input parameters, for example, r,, E, and ¢. Physically, the
equilibrium state is established by magnitude of external
magnetic field, by rf power, which affects the value of driven
plasma current, and by global power balance, which deter-
mines the peak density and temperature in plasma. There-
fore, for input parameters we choose the value of magnetic
field at the separatrix, B, ;=B,(r,,0), the current density
on magnetic axis, Jy=Jy(ry), and the pressure difference
Ap=po-p,. Then, from Egs. (6)-(8), the geometry of
plasma is determined by

A

ro=— 21— 9)
z,sJO

E=35[2uy(Ap/B2,) — 11712 (10)

For the case without active coils, the parameters derived
from the model are given in Table I, together with the values
obtained from direct scans of plasma with magnetic probes.3
The value of Ap is found from Fig. 8. However, it can also
be estimated from the global power balance."® For our case
of weakly ionized plasma, the atomic processes are domi-
nated by electron-neutral collisions that result in ionization
and radiation losses. The power balance reduces to"?

Prf[w]/(ennv)
[(X/D + 3a/2) Te + Eion]<o-v>ion + Erad<0'v>rad '
(11)

where P is the total heating power. Here, the neutral particle
density n, is set to 2.25 X 10" m™? (for p;=0.7 mTorr), ion-
ization energy for hydrogen is E;,,=13.6 eV, ionization rate
coefficient is (Tv);o,=~1.26X 107" m?s7! for 7,=19 eV,
and electron-neutral impact excitation rate coefficient
Ei{00)q=1.92X 10713 eV m?s~!. The ratio of thermal
conduction to particle diffusivity y/D is set to zero, and
parameter «, the ratio of edge to central electron tempera-
ture, is set to 1. For estimated P,;=95 kW and calculated
volume of plasma within the separatrix :%wrfE

ne(Te) =

=0.0297 m?, Eq. (11) gives n,~1.23 X 10'® m™3 that corre-
sponds to p,=3.73 Pa. Both values are close to those mea-
sured in experiment.

Table I shows a good agreement between experiment
and the model, except the value of plasma current. In the
model, the plasma current is calculated as

% N
[[7 = - [6 = - dZ Jédr
—Z 0

8 {ZAp( 1 )]”2
=-rE|l —\|1+— ,
3 Mo 4E
based on current density given by Eq. (6), which is a
linear function of radius. The actual profile of current
density has two peaks,3 J,=60 kA/m? at r~6-8 cm and
J,=90 kA/m? at r=16-18 cm. Changing the value of J,
in the model from —40 to —60 kA/m?Z, however, would re-
sult in a much smaller r, than observed in experiments. The
issue can be addressed with a more sophisticated model for
plasma equilibrium that has realistic types of J,(r) profiles.
The results above are shown for configuration without
active coils, as displayed in Fig. 3. When the active coils are
energized, the total plasma current is increased from 2.2 to
5 kA, as seen in Fig. 4; the peak plasma density is increased
from (1.2-1.3) X 10'® to (1.6—1.8) X 10'® m™. The plasma
current density profile derived from the scan of magnetic
field™'* is also significantly changed; the inner current peak
is nearly doubled in magnitude. Although a simplified equi-
librium model cannot accurately describe the observed
changes in J4(r,z), we notice from experimental data that the
value of iy remains constant, even during reshaping the
plasma to a doublet conﬁguration.3’4’14 From Eq. (8), the con-
dition ¢y=const is equivalent to B ,r>=const. Using Eq. (9),
we obtain

(12)

(13)

This condition describes how the model current density
should be changed to satisfy ¢y=const. It is much less re-
strictive than assumption of Jy(r)=—n.,ewyr (limit of RMF
full penetration) used in equilibrium analysis of RMF
plasmas. 15-17

Jo/(rAp) = const.
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TABLE II. Parameters calculated from the model and measured in experiment with active equilibrium coils.

Parameter Model Experiment
Input for the model Field at separatrix B, (G) 35.0 30-35
Plasma pressure Ap (Pa) 5.20 5.0-5.5
Current density on axis Jo (kA/m?) —48.1 —35 to —60
Separatrix radius Ty (cm) 17.48 ~17
Magnetic axis radius Ty (cm) 12.36 ~12
Plasma elongation E 1.934 1.7-1.9
Poloidal flux on axis o (mWb) —0.084 —0.12 to —0.14
Plasma volume Vv (m?) 0.0433
Plasma current 1, (kA) 2.68 4.2-5.0
Input power Py (kW) 200 170-180

The parameters derived from the model are given in
Table II, alongside with experimental values. The value of J,
in this case is obtained by using Eq. (13),

o (o

J® ) AP (B
0 A (1) B(2)
Z,8

(14)

where the upper index refers to Table I (without active coils)
or Table II (with coils). The value of Ap®=5.20 Pa is found
from Fig. 8, but it can be obtained self-consistently from
global power balance. The Ohmic heating power can be cal-
culated as

\'rz—z2 2
POhm—Zﬂ'nf dzf rdr
2561 Ap 1 6 I
=77——< —z)nE L. (15)
15 w 4FE 5 rE

Substituting values from Tables I and II, we see that Py, is
increased by factor of 2.11 after the active coils are ener-
gized. Assuming that P is proportional to Pgy,,, We obtain
PP=2.11P'=200 kW. Substituting this value for P
and V=0.0433 m® from Table II into Eq. (11), we obtain
n,~1.64x10'"® m™ that corresponds to p,~5.26 Pa. This
value is consistent with experiment and with input Ap value
for the model.

Although the model is not accurate, it can be used to
predict how the geometry of plasma would change under the
effect of programed equilibrium field, at least for our range
of parameters.

IV. ROTAMAK-FRC REGIME

In the rotamak-FRC regime, the use of active coils is
found to be far less efficient than in the ST case. The
rotamak-FRC plasma becomes unstable if the magnitude of
current in the active coils exceeds certain level.

Without the active coils, the change in boundary poloidal
flux is very similar to that in rotamak-ST case (shown in Fig.
2). At |z|<7 cm, the boundary flux drops to zero in 1 ms
after starting RMF.

With the active equilibrium control, the maximum cur-
rent /. that could be applied to active coils is found to be

0.6 kA, twice smaller than in ST regime. The temporal
change in the boundary poloidal flux and plasma current is
shown in Fig. 9. It is seen that for |z|<7 cm the boundary
flux is sustained at the level of 0.05-0.08 mWb, far worse
than the results achieved in rotamak-ST regime (Fig. 4).
When 7.=0.6 kA is applied, the peak electron pressure is

vy (mWb)

o
=
£
9_ .
-10 0 10 20 30 40 50
3 0 4 . . e e e e e F
= z=-22cm .
502 ........ m"— ......... oM ]
> | .
0 ........................ SRR .............. i
-10 0 10 20 30 40 50
4 Plasma current (C0|Is ON)_
é P IR | Sa— . .Pllasma current | ]
- - (Coils OFF) -
0 - Current in three coils- - - - - - - Lﬁ
-10 0 10 20 30 40 50
time (ms)

FIG. 9. (Color online) Measured boundary poloidal flux and plasma current
during rotamak-FRC discharge with active equilibrium coils. For compari-
son, plasma current in discharge without active equilibrium coils is also
shown.
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FIG. 10. Plasma current, MHD fluctuation signal from one of Mirnov coils,
and toroidal modes’ magnitudes during rotamak-FRC discharge with active
equilibrium control.

changed from 3.8 to 4.8 Pa. Unlike the ST case, it remains
flat within r=6-17 cm.

Based on the measurements of magnetic field fluctua-
tions at plasma edge we conclude that the limitation for the
current in the active coils is due to magnetohydrodynamic
(MHD) instabilities in rotamak-FRC regime. One typical ex-
ample is shown in Fig. 10. Fluctuations of B, component are
observed during rotamak-FRC discharge, with n=1 toroidal
mode having the largest amplitude. Mode types are identified
by phase difference between two sets of Mirnov coils at
z=—4 cm and z=4 cm. When the phase difference is small
(less than 7r/4), the mode is recognized as a tilt mode; when
the phase difference is 7, it is identified as a radial shift
mode.

From Fig. 10, we can see that the radial shift mode starts
at r=1.9 ms, as soon as the plasma current is generated. The
oscillating frequency of the mode is approximately 10 kHz,
and the magnitude is 2-3 G. It is seen that the excitation of

Phys. Plasmas 17, 012506 (2010)

the radial shift mode results in a significant, about 20%, drop
of plasma current. When the current in the active coils ex-
ceeds 1,=0.6 kA, the radial shift mode usually becomes so
large that the plasma current is disrupted. In Fig. 10, corre-
sponding to 1.=0.5 kA, the mode was stabilized after
t=8 ms.

The results shown in Figs. 9 and 10 correspond to con-
figuration without copper rings. When the four rings are
added to the outside of chamber, as shown in Fig. 1,
the rotamak-FRC plasmas become less stable. A brief gap
in 7,(#) seen in Fig. 9 during Ar=0.2-1.0 ms widens in
the presence of copper rings to Ar=0.25-4.5 ms. After
t=4.5 ms, the plasma current emerges, accompanied by a
strong radial shift mode (about 50% larger than that shown in
Fig. 10), which later disappears.

It is also seen in the figure that during t=13-18 and
25-38 ms another mode appears which is identified as the tilt
mode. The oscillating frequency is 13 kHz and the amplitude
is up to 1 G. Usually this mode grows in 1-2 ms and then
becomes saturated; its magnitude slowly changes in time
(comparing to eruptive changes in the radial shift mode mag-
nitude). It should be noted that even without active equilib-
rium control, the tilt mode is present in rotamak-FRC dis-
charges. Adding four copper rings does not lead to
stabilization of this mode.

The tilt mode rotates in electron direction with angular
speed 27X 13 kHz=~8X 10* rad/s. The two-fluid Hall-
MHD theory18 yields the dispersion relation for the internal
tilt mode that for the case of immobile ions can be written as

115/2( 1)
- @ E+—|+%=0. 16
wGS* t + 97 (16)

Here, E is the plasma elongation and 9?=(15E%-31)/(11
+11E?) corresponds to the growth rate in the ideal MHD
limit normalized to the Alfven inverse time V,/z,, and
®=w/(V,/z;) is the normalized perturbation frequency.
Kinetic parameter S,=r/(c/wy;), which is the ratio of the
separatrix radius to the ion skin depth, is S,=~1 in our
plasmas. The solution of Eq. (16) in this case pos-
sesses Re(w)=~0.25V,/z,~6X 10* rad/s for the range
0.6 <E<1.2, which is close to the measured angular speed.

According to our recent experimental study,"  the
tilt mode can be completely suppressed in a doublet-
shape rotamak-FRC, which is produced by applying
1.~0.25-0.50 kA total current to the midplane active coil
(side coils being inactive). In many present RMF-driven
FRC plasmas,s’6 the tilt mode is stabilized by kinetic effects
due to large ion Larmor radii and high elongation of
plasma.19

In contrast, the radial shift mode could not be stabilized
by reshaping the plasma with active coils. According to the-
oretical prediction,20 the radial shift mode should be sup-
pressed for E>0.69, where elongation of plasma E is de-
fined as the ratio of the separatrix half length to its radial
extension. Without the active equilibrium control, the elon-
gation of plasma is approximately 0.9 (Fig. 3); no radial shift
mode is observed in this case. When each of the side coils is
energized with 7.=0.2 kA (midplane coil being discon-
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nected), the elongation of plasma is reduced to E=0.7; the
discharge is disrupted by large amplitude radial shift mode.
This observation confirms the theoretical prediction that
smaller elongations E=0.7 are favorable for excitation of
radial shift mode. However, when all three active coils are
energized resulting in E>1, the radial shift mode is still
present and often leads to plasma disruption, as shown in
Fig. 10. Moreover, when the four copper rings are added to
the equilibrium system, the amplitude of the radial shift
mode becomes even larger, contrary to expectation that the
conducting structures should stabilize it?' A possible expla-
nation for high growth rate of the radial shift mode in our
plasmas is that the active coils and copper rings produce a
nonuniform field at the boundary. In our device, the gap be-
tween the copper rings could not be reduced because of
ports’ position, and the active coils could not be moved away
from chamber surface because a higher power current source
would be needed to produce same magnitude field.

V. SUMMARY

An active equilibrium control is implemented for the
first time in RMF-driven plasma. The effectiveness of the
system depends on the presence of external toroidal mag-
netic field. In rotamak discharges with toroidal field, the total
current in active equilibrium coils can be as large as 1.2 kA
without causing disruptions. Applying 1 kA total current to
active coils results in sustainment of the magnetic boundary
flux during the 40 ms shot. The plasma elongation is doubled
and the plasma current is increased from 2.2 to 5 kA com-
paring to discharges without active equilibrium control. The
increases in total current and absorbed power are mainly due
to the increase in FRC length when the active coils are em-
ployed. The change in plasma geometry is consistent with
the Solov’ev equilibrium model and global power balance.
The plasma pressure is increased by 50%—100% in plasma
core, but plasma temperature remains almost unchanged. The
plasma is still weakly ionized, unable to overcome radiation
barrier because of impurities. Presumably the large influx of
impurities from chamber wall is produced by unmagnetized
ions hitting the (untreated) glass surface.

In rotamak discharges without external toroidal field, the
working range for the equilibrium control system is found to
be limited by MHD instabilities, particularly by n=1 radial

Phys. Plasmas 17, 012506 (2010)

shift mode. Only 0.6 kA total current could be applied to
active coils before the plasma is disrupted. Presumably a
more complicated equilibrium control system would be
needed, which could provide an axially uniform magnetic
field. The active coils should be positioned further away
from plasma edge, and energized with higher current.
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Suppression of n = 1 Tilt Instability by Magnetic Shaping Coils in Rotamak Plasmas
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Measurements from the array of Mirnov magnetic coils provide the first evidence for n = 1 tilt and
radial shift instabilities in a 40 ms field-reversed configuration (FRC) driven by rotating magnetic field.
External plasma-shaping magnetic coils are utilized to suppress the n = 1 instability modes. It is
demonstrated that by energizing the middle shaping coil with 250-500 A current, the tilt mode is
completely suppressed when a doublet FRC with an internal figure-of-eight separatrix is formed.

DOI: 10.1103/PhysRevLett.102.255004

Rotamak is a device that can form and sustain a field-
reversed configuration (FRC) confined plasma with no or
negligible toroidal magnetic field [1]. Such configuration is
considered as a promising alternative for a fusion reactor
because of its compact and simple design, natural divertor,
and high plasma S (ratio of plasma pressure to magnetic
field pressure). In a rotamak, the toroidal plasma current is
driven in a steady-state, noninductive fashion by means of
an externally applied rotating magnetic field (RMF) [2,3].
With this method, a sufficiently large plasma current can be
generated to reverse the external equilibrium magnetic
field on the symmetry axis so that a FRC is formed [3—10].

The principal concern about an FRC plasma is its stabil-
ity to low-n (n is the toroidal number) magnetohydrody-
namic (MHD) modes. Among them, the n = 1 tilt or shift
modes are predicted to be most dangerous for global
stability. The tilt instability originates from the trend of
the plasma current ring to flip in order to align its magnetic
moment with the external magnetic field. The radial shift
instability occurs when the magnitude of external magnetic
field decreases with radius, causing the Lorentz forces on
the opposite sides of the plasma current ring to become
increasingly unbalanced if the current ring is shifted in the
radial direction. Theoretical models predict the tilt mode to
be unstable for elongations of plasma E > 0.5, where E =
Zs/(Rg — R;) is the ratio of the separatrix half-length to its
radial extension, and the radial shift mode to be unstable
for E < 0.7 [11]. Thus there is no range for E where the
plasma is expected to be free from n = 1 instabilities.

Although the instabilities are predicted to destroy
plasma at a time scale of Zg/V,, where V, is the Alfvén
speed, most of experiments to date demonstrate that FRCs
remain grossly stable, with a lifetimes factor of hundreds
longer than the Alfvén transit time. The stabilization of
n = 1 modes is partially attributed to nearby passive con-
ducting structures, to high viscosity of present FRC plas-
mas, and finite Larmor radius effects [11-13]. Experiments
have shown that the amplitude of tilt mode is reduced by a
factor of 10 when the value of S,./E is smaller than 3, for a
range of S, ~ 8-40 and E ~ 3-8 [14]. Kinetic parameter
S. = Rg/(c/wy), which s the ratio of the separatrix radius
to the ion skin depth, also counts the number of thermal ion
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gyroradii in case of 7; > T,, when ¢/w,; approximately
equals the ion gyroradius in the external field.

But if this empirical stability criterion is extrapolated to
fusion reactor plasmas, where the values of S, ~ 100-200
are needed for achieving ignition [14], the elongation and
length of an FRC becomes unrealistic. Therefore, the study
of additional stabilizing techniques is still needed for fu-
ture large-size FRCs.

The newly constructed Prairie View (PV) Rotamak is
uniquely positioned for such study. The 40 ms long dura-
tion of plasma discharge allows for observing global MHD
instability modes even if their growth time is much longer
than the Alfvén transit time. In addition, a set of shaping
magnetic coils permits plasmas to form with £ < 1 (oblate
FRC), E > 1 (prolate FRC), and doublet-shape configura-
tions with two magnetic axes. The main questions for the
study are: (1) What kind of MHD instability occurs in our
rotamak FRC plasmas and which modes result in plasma
disruption? (2) Can MHD instabilities be completely sup-
pressed with shaping magnetic coils?

In this Letter, we report the first observation of the n = 1
tilt and radial shift modes in rotamak FRC plasmas.
Experimental results demonstrate that in RMF FRC plas-
mas, the n = 1 tilt mode becomes saturated after a long
growth time, which can be up to 10 ms (~2000 of Alfvén
transit time). In contrast, when the n = 1 radial shift mode
occurs, it leads to a fast destruction of plasma. As shown in
this Letter, stability of modes is strongly related to plasma
shape. Tilt mode is completely suppressed when a doublet-
shape FRC with an internal figure-of-eight separatrix is
formed by energizing the shaping magnetic coil at the
midplane. We show that there is an optimum doublet-shape
configuration that is completely free from both tilt and
radial shift modes.

The Rotamak device [9] is illustrated schematically in
Fig. 1. The glass chamber includes the center column
covered with quartz tube; there are no conducting surfaces
facing the plasma. Three shaping magnetic coils are wound
over the chamber surface and connected to a program-
mable current source with current rise time of 1-2 ms.
One middle coil (8 turns) is located at Z = 0, two side coils
(4 turns each) at Z = £8 cm. To characterize MHD insta-

© 2009 The American Physical Society
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FIG. 1. The schematic of the PV Rotamak.

bility, two sets of Mirnov magnetic coils are located at Z =
*4 cm. At each Z position, eight Bg-oriented coils are
mounted around chamber surface at equal 45° 6 intervals
(0 is the toroidal angle). The “vertical” field coils provide
the vacuum magnetic field B, = 25 G at the chamber
center. No external toroidal field is used in this study.
Hydrogen gas is continuously fed through the chamber at
filling pressure py, = 1.3 mTorr. The rf power (f,; =
500 kHz) delivered to the plasma is 200 kW that produces
RMF components By = 10 G and By, =20 G at the
plasma edge. The plasma temperature and density are
measured by double floating Langmuir probes. Typically,
T, =1520eV and n, = 1.2-2.5 X 10'? cm 3.

It is seen that the plasma is weakly ionized: the filling
pressure p; = 1.3 mTorr corresponds to the neutral den-
sity n,, = 4.5 X 1013 cm™3, about 20-30 times larger than
the electron density. The collision rate of electrons with
neutrals is Ve, = 1,0,V =2 X 10° s7!, about 3 times
higher than »;. The electron collision rate is still much
smaller than their gyrofrequency w.. /27 =7 X 107 s~L.
For ions, assuming 7; = 5 eV, the collision rates are v;, =
n,05,Vy; =5 X 10° s7! (based on o, =5 X 10719 m?)
and v; =8 X 10*s7!, while wy/27 =4 X 10* s,
Therefore, the ions are not magnetized and can be treated
as an immobile background, while the electron fluid is
described by Ohm’s law

E—-JXB-VP,)/n,e=nl. (1)

The main difference from the ideal MHD model is the
presence of the Hall current, which can provide additional
stabilization for the tilt mode [15].

A two-component internal magnetic pickup probe was
used to perform radial scans at axial positions Z = 0, =5,
*11, =17 and =22.5 cm. After the 2D scan is completed,
the field components are interpolated to intermediate radial
and axial points. As seen in Fig. 2(a), when no shaping
coils are energized, the closed magnetic surfaces are quite

oblate, in spite of the fact that the RMF antennae extend to
the end of the chamber. This plasma shape is confirmed by
an electron density scan with a Langmuir probe [9]; the
plasma is located mainly within the area of |Z| < 15 cm,
the position of maximum density being at Z = 0 cm and
R = 15 cm. The nearly spherical shape of the plasma
might be the consequence of two factors: the high mirror
ratio of the equilibrium vertical field, and the ponderomo-
tive force originating from the inhomogeneous oscillating
electromagnetic field (RMF) that pushes plasma towards
the midplane [16]. From Fig. 2(a) we estimate that when no
shaping coils are energized, the elongation of the plasma is
E = 0.9.

For plasma discharges without shaping coils, the n = 1
mode often appears during discharge, as seen in Fig. 3.
Judging by the small phase shift between signals from two
sets of Mirnov coils (Z = —4 cm and +4 cm), we identi-
fied it as a tilt mode. This mode usually grows within a
period of 1-2 ms, and then becomes saturated during the
shot. Depending on vertical field and filling gas pressure,
the oscillation frequency of the mode is between 15 and
19 kHz; the growth time can be up to 10 ms. This tilt mode
is nondestructive, but it usually results in a plasma current
drop by 10%. As indicated in Fig. 3, when B,, is increased
from 25 G to 28 G, the tilt mode starts later and grows more
slowly, and its frequency and amplitude gradually becomes
smaller with higher B,,. Measurements with poloidal flux
loops show the elongation E reduces from 0.9 to 0.7 when
B, is increased from 25 G to 30 G. This result qualitatively
agrees with theoretical prediction [11] that the growth rate
for tilt mode drops for smaller elongation, and the mode is
completely suppressed at £ <0.5. When B, is slightly

B (total)

R (cm)

R (cm)

FIG. 2. Measured magnetic field and poloidal flux (a) before,
and (b) after the middle shaping coil is energized.
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FIG. 3. Time evolution of plasma current, MHD oscillation
signal, magnitude of n = 0-3 perturbations to By and spectra for
(a) B, =25G; (b) B, =28 G.

larger than 30 G, tilt mode becomes very small or even
disappears, but another mode with oscillation frequency
around 10 kHz appears. It is identified as n = 1 radial shift
mode (the phase shift between two sets of Mirnov coils is
7). Usually excitation of radial shift mode results in
plasma disruption within 1 ms. According to theoretical
study [11], the radial shift mode is expected to become
unstable at sufficiently small elongations (E < 0.69), in
good agreement with our measurements.

From measurements, the tilt mode rotates in electron
direction with angular speed 27 X 16 kHz = 10° rad/s.
The two-fluid Hall MHD theory [15] yields the dispersion
relation for the internal tilt mode (E > 1) that for the case
of immobile ions can be written as

1192 1
D2 — & E+—)+A2=0. 2
2 w6S*< 7)) "7 2)

Here, 9> = (15E% — 31)/(11 + 11E?) corresponds to the
growth rate in the ideal MHD limit normalized to V,/Z,
and @ = w/(V,/Zs) is the normalized perturbation fre-
quency. In our case of S. = Rg/(c/wy;) = 1, the solution
of Eq. (2) possesses Re(w) = 0.25V,/Zs = 6 X 10* rad/s
for the range 0.6 < E < 1.2, which is close to the measured
angular speed of 103 rad/s. The linear growth rate is given
by Im(w) which is positive in a narrow range of elongation,
1.437 < E < 1.645. The highest growth rate, Im(w) =
0.25V,/Zg = 6 X 10* rad/s, is reached at E = 1.54. It
should be noted, however, that for £ = 1 the mode evolves
into external tilt, for which Eq. (2) is not accurate. In any
case, due to V,/Zg < 27y, the collisions are expected to

stabilize the tilt mode for both £ <1 and £>1 in our
plasmas.

In general, the tilt mode stability is strongly affected by
plasma shape. Experiments with external field shaping
coils [13] proved that the tilt mode can be stabilized in
very oblate plasmas (E < 0.5).

We examined how the plasma shaping could affect
stability of tilt mode in the range of E ~ 0.7-1.5. The
typical value of E = 0.9 for our plasmas can be reduced
to £ ~ 0.7 by energizing side shaping coils only (at Z =
*8 cm). In this case the tilt mode is not suppressed; be-
sides, the radial shift mode appears, which results in
plasma disruption. When all three shaping coils are ener-
gized, the elongation can be increased up to E ~ 1.5. In
such case the tilt mode is still present, although with a
smaller amplitude (sometimes undetectable).

The most striking result is seen when only the middle
shaping coil (at Z = 0) is energized, producing doublet-
shape FRCs, as shown in Fig. 2(b). As seen in Fig. 4(a), the
n = 1 tilt mode starts growing at 4th ms and saturates at
5th ms with its oscillation frequency f ~ 17.5 kHz; the
excitation of this mode results in /,, drop from 2.3 kA to
2.1 kKA. In this shot, the middle shaping coil is energized
with 7,, = 400 A current during ¢ = 20—40 ms. It is seen
in Fig. 4(a) that after the middle coil is energized, the n =
1 tilt mode is completely suppressed. The change of elon-
gation from E = 0.92 to E = 1.37 after the middle coil is
energized cannot explain by itself the suppression of the tilt
mode. As mentioned above, the tilt mode is still observed
in elliptically shaped plasmas with £ = 1.5, when all three
shaping coils are energized.

Repeatable discharges demonstrate that the tilt mode can
be completely suppressed by energizing the middle coil
with current in the range of 7,, ~ 250-500 A. When 1,
current is higher, 500—600 A, the tilt mode is suppressed,
but the n = 1 radial shift mode is excited and plasma is
disrupted within 2—-3 ms after energizing the coil, as shown
in Fig. 4(b). For I,, > 600 A, plasma is disrupted immedi-
ately as the coil is energized.

Plasma global stability to n = 1 tilt or shift modes can
be examined with the rigid-body model [12,13] which
approximates plasma current by several rigid current rings
that can tilt or shift in unison with each other. The onset of
tilt instability is determined by value of

R

Ndecay == B_[
z

B, Z 9
dR  R? OR

(2RBj + ZBZ)], 3)

which characterizes the curvature of equilibrium magnetic
field at the location of current rings. The torque on the
plasma is due to the J X B force from equilibrium field
onto tilted plasma current rings. The torque acts to restore
the current ring to its equilibrium position if Nge,y > 1, Or
to increase the tilt if Nyecoy < 1. For our conditions, before
the middle coil is energized, Nyecay < 0.4, so the tilt insta-
bility should be present. This result is in agreement with
experiment. When the middle shaping coil is energized, for
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FIG. 4. Time evolution of plasma current, MHD oscillation
signal, magnitude of n = 0-3 perturbations to By and signals
from two sets of Mirnov coils. /,, current is fed to the middle coil
during 2040 ms (a) 1,, = 400 A; (b) I,, = 550 A.

example, with ,, = 360 A current, Ny, still remains
lower than 0.5 in most area of plasma. However, in experi-
ments, the tilt mode is fully suppressed.

The apparent absence of tilt mode could be attributed to
the fact that in a doublet FRC the tilt perturbation becomes
localized near the FRC ends, too far from magnetic probes.
To verify the measurements, a following simulation is
performed. The plasma current is represented by a set of
10 current rings with different radii and axial positions to
fit experimental data on the boundary magnetic flux and the
structure of magnetic field. In one simulation, the current
rings are uniformly positioned within —11.25 cm = Z =
11.25 cm. Each current ring is carrying —200 A current
(totally —2 kA), while the two equilibrium coils at Z =
*53.5 cm carry 4.3 kA current each. When the current
rings that represent the plasma current are tilted by +2.5°,
the calculated By component of magnetic field at Mirnov
coil’s position is changed from —6.8 G to —4.8 G.
Assuming that this change occurs during the half-period
of the oscillating field, Ar = T'/2 = 0.5/18 kHz, the am-
plitude of dBg/dt oscillations can be estimated as
|[ABR/At| = 0.7 X 10° G/s, close to that shown in Fig. 4.

In another simulation, an additional coil with 7,, =400 A
is added at the midplane. The plasma current (—4 kA) is
represented by 10 current rings positioned within
—15 cm = Z = 15 cm, to reproduce the field structure
shown in Fig. 2(b). The tilting angle is set to 2.5° for the
current rings at Z = =15 cm, but gradually reducing to

zero for the current rings closer to the midplane. The cal-
culated By component of magnetic field at Mirnov coil’s
position is 10.2 G and 11.1 G, corresponding to a different
sign of the tilt angle. Therefore, the amplitude of dBy/dt
oscillations can be estimated as |ABg/At| = 0.3 X
10° G/s. This value is still an order of magnitude higher
than the noise level of 0.05 X 10° G/s seen in Fig. 4(a) for
t > 20 ms, so the tilt mode could be detected if it were
present.

Thus we are inclined to conclude that it is the doublet
configuration that makes the plasma stable to the tilt mode.
The improved stability of doublets against other types of
MHD instabilities (pressure-driven high-n interchange
modes) has been predicted analytically [17]; the stability
improves when E gets smaller but indentation remains
moderate. It was speculated that the doublet configuration
should also be stable to the cointerchange (tilt) mode.

In summary, for the first time in rotamak FRC plasmas,
the n = 1 tilt and radial shift modes have been clearly
observed and identified. The tilt mode is partially stabilized
by collisional and Hall-current effects. By using a middle
shaping coil with a moderate current of 250-500 A, the
doublet FRCs are formed which are completely free from
both the tilt and radial shift modes. Experimental results
suggest that doublet FRCs are more stable than standard
oblate or prolate FRCs.
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A study of magnetic field structure evolution during 40-ms plasma discharge has been performed in
a new device with 80 cm long/40 cm diameter cylindrical chamber, in which a plasma current
I,~2 kA was driven and sustained by a rotating magnetic field. The main focus of the experiments
is on how the changes in externally applied magnetic field affect the current profile and magnetic
field in plasma. During plasma discharge, a pulse current was briefly fed to a magnetic coil located
at the midplane (middle coil). The magnetic field in cross section of plasma was scanned with
pickup probes. Two regimes were studied: without and with an external toroidal field (TF) produced
by axial I, current. With a relatively small current (/,, < 600 A) in the middle coil, the plasma
current is boosted up to 5 kA. The magnetic flux surfaces become extended along the axial Z
direction, sometimes with the formation of doublet shape plasma. The regime without TF appears
to be less stable, presumably due to the reversal of plasma current in central area of plasma
column. © 2008 American Institute of Physics. [DOI: 10.1063/1.2952293]

I. INTRODUCTION

Rotamak is a concept suggested in late 1970s as a
method to produce a compact torus configuration by driving
steady toroidal plasma current with externally applied rotat-
ing magnetic field (RMF)."* The experiments have proven
that with this method, a sufficiently large plasma current can
be generated to reverse the external equilibrium magnetic
field on the symmetry axis, so that a field reversed configu-
ration (FRC) is formed.>* Although extensive studies have
been done for the mechanism of RMF current drive,sf12 there
is still no satisfactory model for the three-dimensional mag-
netohydrodynamics equilibrium in such plasmas; such a task
would require extensive numerical calculations.'* Further-
more, no experimental or theoretical study has been done on
how the RMF-driven plasma would respond to a change of
external equilibrium field. In presently operated short-pulse
devices with RMF-driven current, the basic equilibrium is
provided by a stationary equilibrium “vertical” field and by
flux conserving coils.” ™ In future long-pulse devices, an
active equilibrium feedback system will be needed, similar to
the systems used in modern tokamaks. Therefore, there is a
need to study how the RMF-driven plasma responds to the
shape change of an external magnetic field during a shot.
Complicating the description is the fact that as the outermost
magnetic surface of plasma is pushed or deformed, the cou-
pling between RMF antenna and plasma is changed, and so
is the driving torque on electrons, which in turn will change
the magnitude of the plasma current and its distribution. The
main question is: What range and what kind of changes in
the equilibrium magnetic field can keep the plasma away
from the chamber wall without inducing instabilities or ceas-
ing the RMF-driven plasma current?

As the first step in studying this problem, we conducted
a set of experiments in our newly built cylindrical chamber
rotamak. The distinctive feature of the new device is the
additional magnetic coil in the midplane placed in close
proximity to the chamber side wall. In the experiments, the

1070-664X/2008/15(7)/072509/8/$23.00
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coil was energized for a period of 10 ms during 40-ms
plasma discharges; the magnetic field components inside
plasma were measured directly by magnetic pickup coils.

The paper is organized as follows. Device parameters
and diagnostic tools are described in Sec. II. In Sec. III, we
show how the structure of magnetic field inside plasma is
changed in FRC discharges when the current of different
magnitude is briefly applied to the middle coil. In Sec. IV,
the results from another series of experiments are given,
where rotamak was operated with an additional external to-
roidal magnetic field, referred to as spherical tokamak (ST)
regime. A summary is given in Sec. V.

Il. EXPERIMENTAL SETUP

The new chamber is an 80 cm long, 40 cm diameter
Pyrex glass vessel (Fig. 1). Its background vacuum is
about 5.0X 1077 Torr. Hydrogen gas is continuously fed
through the chamber. The gas pressure is maintained at
py=1.3 mTorr.

The preionization system powered by a 13.6
MHz/650 W rf generator is started 10 ms before the RMF is
applied, and ceases 5 ms after the beginning of discharge.

The plasma current is driven by RMF that is produced
by two pairs of coils. Each pair is connected through a sys-
tem of matching/tuning capacitors and inductances to a sepa-
rate 500 kHz/400 kW rf generator; there is a 90° phase shift
between the two generators. The waveform is programmed
in such a way as to maintain steady plasma current for a
period of 40 ms. The experiments are conducted by using
200 kW of rf power. The plasma discharges are very stable
and repeatable from shot to shot.

The equilibrium magnetic field system consists of two
coils (vertical field coils) with diameter 65 cm, separated by
a distance of 107 cm. In all experiments discussed here, it
provides the vacuum magnetic field 25 G at the chamber
center, almost steady during each plasma shot.

© 2008 American Institute of Physics
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FIG. 1. The schematic of the cylindrical chamber rotamak.

The additional midplane coil (“middle coil”’) is made of
eight turns of welding cable (two layers by four turns)
wound over the chamber’s side surface. The current in the
coil is produced by discharging a capacitor. In experiments
discussed in the paper, the electronic switch that connects
capacitor to the coil is triggered at =19 ms of discharge.
The current reaches its maximum at t=21-22 ms, and then
relaxes to zero within the following 10 ms. The value of
peak current in the coil is set by capacitor charging voltage.

The device also includes a system for producing a toroi-
dal magnetic field. A set of six wires is fed through the cen-
tral axial stainless-steel pipe. The pipe is covered with quartz
tube to reduce metal sputtering and to avoid development of
high electric field at the pipe surface.'® The discharge current
from capacitor bank threads the central axis six times result-
ing in a net /, current. In experiments discussed in Sec. IV
(ST regime), the value of I, is 2.5 kA, almost unchanged
during the plasma shot.

The plasma current 7, is measured by a Rogowski coil,
which is pulled through the central steel pipe and looped
around the poloidal cross section. The current in the middle
coil that also enters the area enclosed by the Rogowski coil is
later subtracted by making a separate ‘“vacuum shot” without
RMF (and hence, no plasma current).

A two-component magnetic pickup coil is used to per-
form complete radial scans at axial positions |Z|=0, 50, 110,
170, and 225 mm. The coil is positioned inside the sealed
L-shaped glass tubing, which itself can be moved in radial
direction. In this way, the pickup coil can reach almost any
point in poloidal cross section. The signal is filtered and
numerically integrated. After the two-dimensional scan is
completed, the field components are interpolated to interme-
diate radial and axial points.

The plasma temperature and density are measured by
double floating L-shaped and straight Langmuir probes.
Typically, 7,=15-20 eV and n,=1.2-2.5X 10'> cm™.

lll. MAGNETIC FIELD STRUCTURE CHANGE
IN ROTAMAK-FRC REGIME

The response of the plasma to the magnetic field of the
middle coil is found to depend strongly on the current 7,
in the coil. The value of peak current in the coil is set by

Phys. Plasmas 15, 072509 (2008)
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FIG. 2. Time history of the plasma current when a small current is applied
to middle coil during rotamak-FRC plasma discharges. The data from 15
shots is plotted to show the reproducibility of discharges. Current in the
middle coil is also shown; the negative sign corresponds to the direction
opposite to plasma current.

capacitor charging voltage. Below, the results for two differ-
ent charging voltages are discussed, i.e., 5 and 15 V, which
correspond to the total (/,,=i..q X 8) peak current in the coil
equal to 263 and 1080 A.

A. Small current in the middle coil: /; pe=263 A

When the coil current |1, is below a certain level, the
plasma current responds with a growth, the increase being a
few times larger than the magnitude of the current in the
middle coil, as seen in Fig. 2.

For the initial transitional stage of 0—3 ms, when the
middle coil is not yet energized, the magnetic field compo-
nents are shown in Fig. 3. In addition, the current density
profiles calculated with J=V X B/, are shown. The posi-
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FIG. 3. (Color online) Magnetic field and plasma current density during
startup stage. The magnetic field is measured with pickup coils and interpo-
lated to a finer grid.
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FIG. 4. (Color online) Magnetic field and plasma current density before the
current in the middle coil is started (15 ms), and when it is started and
reaches |I,,|=263 A at t=22 ms.

tion of the magnetic axis is circled. During the first 2 ms, the
magnetic axis quickly moves towards the edge. After 4 ms,
the magnetic structure remains almost unchanged; the
plasma current is formed mostly within a ring at the mid-
plane, close to the chamber side wall. It is interesting that
during the initial stage (#<<2.5 ms), the plasma current is
formed mostly within three rings: two at Z=~ * 10 cm, near
the chamber wall, and one at Z=0, but further away from the
wall; later all three merge. The triplex profile of plasma cur-
rent could not be caused by induced current in the middle
coil, because the coil was not shorted out.

After the current in the middle coil is started at
t=19 ms, the magnetic surfaces become extended along the
Z axis, as seen in Fig. 4. The profile of plasma current den-

40 -30

FIG. 5. Axial magnetic field and poloidal flux at the chamber wall
(R=20 cm) before (thin lines) and after (bold lines) the middle coil is ener-
gized. Dashed lines show the vacuum field at the chamber wall produced by
the vertical field coil alone and together with middle coil.
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FIG. 6. Profiles of the plasma current density along Z=0 chord in FRC
regime, when the current in the middle coil is zero (r=15 ms), and when it
reaches 263 A (r=22 ms).

sity becomes more elongated, and larger current is generated
at R<5 cm.

Based on measured magnetic field, the axial variation of
B, field and poloidal flux ¥ at the chamber wall can be
plotted; they are shown in Fig. 5 with solid lines. The dashed
lines show the vacuum field produced by the vertical field
coils alone and together with middle coil, calculated from
known currents in the coils. It is seen that the vertical field
could only be considered uniform within |Z| <10 cm. This
might be the main reason the plasma axial length is much
shorter than the RMF antennas, which lowers the current
drive efficiency. Comparing with the spherical chamber
rotamak,'® the plasma current in the present chamber is about
20% lower for the same input rf power. The addition of a
middle coil field acts mostly to reshape the plasma rather
than to push it away from chamber wall. This is confirmed
by the plot of ¥(R=20 cm) in Fig. 5, which shows that when
|I,| reaches a maximum (#=22 ms), the flux becomes higher
under the coil, but lower at |Z|=8-20 c¢m.

As seen from Fig. 6, the current density grows near the
chamber wall and central pipe, but at the same time it drops
in the region R=7-16 cm, so the profile becomes more hol-
low. The overall enhancement of the total plasma current
results from larger current density near the wall and central
pipe, and from axial elongation of the plasma.

o

(kA)
o N B~ O

20
0 5 10 15 20 25 30 35 40
Time (ms)

FIG. 7. Time history of plasma current (15 shots are plotted) when a large
current is applied to the middle coil during rotamak-FRC plasma discharges.
Current in the middle coil is also shown.
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FIG. 8. (Color online) Magnetic field and plasma current density; current
in the middle coil is started at r=19 ms, reaches disruptive level of
1, =600 A at t=19.7 ms, then continues to grow up to 1080 A at
t=22 ms.

It might occur that the plasma current enhancement hap-
pens because of possible conservation of L/, flux, where L
is the plasma self-inductance. From the levels of W(R,Z)
(not shown), we estimate geometrical parameters for plasma
shape before and after the middle coil was energized. At
t=15 ms, the magnetic axis position is Ry=16.3 cm, minor
radius is a=6.6 cm, and the elongation is xk=1.9. After the
middle coil is energized, at =22 ms, these parameters
change to Ry=15.4 cm, a=6.9 cm, and x=2.5. Using model
equations for the plasma self-inductance,”® we estimate:
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FIG. 9. Profiles of the plasma current density along Z=0 chord, when the
current in the middle coil is just started (=19 ms), reaches disruptive level
of 600 A (=19.7 ms), and then further grows to 850 A (r=20.1 ms) when
the total plasma current is nearly zero.

L(r=15ms)=0.123 uH and Ly (t=22 ms)=0.083 uH,
which is a 33% drop. On the other hand, the plasma current
grows from 2.07 to 3.55 kA, i.e., by 71%; the net increase in
L, flux is thus 15%.

Therefore, the increase of plasma current is partially due
to the trend of L, flux to be conserved. Besides, additional
current is generated because of enhancement of coupling be-
tween RMF coils and plasma. This is confirmed by a 15%-—
20% increase in the current flowing through the RMF coils
when the middle coil is energized.

B. Large current in the middle coil, /;, ;cq>600 A

When the current in the middle coil exceeds certain
level, the plasma current is disrupted. As seen from Fig. 7,
for the case of |I,, e |=1080 A (charging voltage=15 V),
the plasma current initially grows, reaching 4.5 kA at
t=19.7 ms; at that instant the current in the middle coil is
.| =600 A. As the current in the middle coil exceeds this
level, referred to as “disruptive” level, the plasma current
suddenly drops.

Figure 8 shows that at t=~19.7 ms, when |,,| =600 A
and plasma current is at maximum, the magnetic axis
is slightly pushed away from the edge. However, at
t=~19.9-20.1 ms the total plasma current drops to a level not
sufficient to reverse the magnetic field in the center; the mag-
netic surfaces become open. Even though the measured total
plasma current is almost zero, the current density is not. As
seen from Fig. 9, while the peak in current density near
the edge is reduced and moved away from the wall, a
considerable negative current is generated in the region
R=6-11 cm. In fact, a small negative current already ap-
pears at r=19.7 ms, when the total plasma current is at maxi-
mum. At later stage of r=21-25 ms, when the total plasma
current remains zero or slightly negative, the region with
negative current density widens to R=4—13 cm. In addition,
the plasma current density becomes reversed at R> 16 cm,
down to -80 kA/m? at R=18 cm, Z=0, although at
R=18 cm, Z= %11 cm, it remains positive at 40—50 kA/m?.
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FIG. 10. Time history of plasma current (15 shots are plotted) when a small
current is applied to the middle coil during rotamak-ST plasma discharges.
Current in the middle coil is also shown; the negative sign corresponds to
the direction opposite to plasma current.

As seen from Fig. 7, after the current in the middle coil
reduces below the disruptive level (after 7=~25 ms), the
plasma is unable to return to the steady state configuration of
t=3-18 ms that existed before the current in the middle coil
was applied. Although the plasma current reaches a 1 kA
level, it remains very unstable, and the FRC configuration is
not formed. This happens in most of discharges with
|1, pea] =1080 A (charging voltage set to 15 V); only in a
few shots the plasma current returns to the 2 kA level.

Thus, when a large enough current is applied to the
middle coil, the plasma current can be doubled. However, as
soon as |I,,| exceeds 600 A, the plasma current is disrupted
and drops to nearly zero, or an even slightly negative level.
In fact, we could never find such value of I,,,,peak| that the
plasma current drops to an “intermediate” magnitude of
around 2 kA; it always drops to such a level that FRC is

B (tot&

<~
©
1

B (total)

(3
o
@

I

Ay
- N\ S
GO NS, Ko~ labels:
40

0 2z (cm) 20

-40 -20

FIG. 11. (Color online) Magnetic field and plasma current density during
startup stage in the ST regime.
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FIG. 12. (Color online) Magnetic field and plasma current density before the
current in the middle coil is started (15 ms), and when it is started and
reaches |I,,|=263 A at =22 ms.

destroyed. A possible reason for such sensitivity to 1, is
the reversal of plasma current in the inner region of
R=4-13 cm, which quickly widens with the increase of |I,,|.
To understand how the negative plasma current is generated
requires advance numerical modeling.

IV. MAGNETIC FIELD STRUCTURE CHANGE
IN ROTAMAK-ST REGIME

The rotamak-ST regime is formed when an external
toroidal magnetic field is added by feeding the axial I,
current through the central pipe. In all experiments discussed
in this paper, the axial current is set to 2.5 kA, while the
vertical field is set to the same value as in FRC regime:
B,(0,0)=25 G. Below, the results for two charging voltages

60
GSOr
~ 40}

-0.1 : ‘ ‘ ‘
-40 -30 -20 -10 0 10 20 30 40

FIG. 13. Axial magnetic field and poloidal flux at the chamber wall
(R=20 cm) before (thin lines) and after (bold lines) the middle coil is ener-
gized. Dashed lines show the vacuum field at the chamber wall produced by
the vertical field coil alone and together with middle coil.
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FIG. 14. Profiles of the plasma current density along Z=0 chord in ST
regime, when the current in the middle coil is zero (1=15 ms), and when it
reaches 263 A (1=22 ms).

of the middle coil capacitors are discussed, i.e., 5 and 15 V,
which make the total peak current in the middle coil equal to
263 A and 1080 A, respectively.

A. Small current in the middle coil: I, pea=263 A

For the current in the middle coil below the disruptive
level, the plasma current responds with a growth larger than
in the FRC case, as seen in Fig. 10.

The scans of magnetic field show that in the initial stage
of discharge (t=~0-4 ms) the plasma current is formed
within two “ring” channels on both sides from the midplane,
as shown in Fig. 11. Comparing to the FRC case, these two
current rings are located further away from the chamber wall,
and have a deeper penetration into the plasma interior. Simi-
lar to the FRC case, the two current rings merge after 5 ms,
but during the steady-state stage of discharge (1=7-19 ms)
the plasma current remains more evenly distributed along
magnetic surfaces than in the FRC regime. The improved

20
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FIG. 15. (Color online) The change of the magnetic axis position during
plasma shot. The time history of current in the middle coil is shown by the
dashed line.
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FIG. 16. (Color online) The magnetic axis position as a function of the
middle-coil field magnitude.

performance of ST regime, also noted in spherical
rotamal<s,4’]8’20_22 is due to better RMF penetration, which is
caused by whistler wave excitation.'®?!

After the middle coil is energized at =19 ms, the mag-
netic surfaces become stretched along the axial direction, as
shown in Fig. 12. From levels of W(R,Z) (not shown), we
estimate Ry=15.2 cm, a=7.2 cm, «=2.0 at r=15 ms, and
Ry=14.6 cm, a=6.9 cm, k=2.6 at r=22 ms. Accordingly, the
plasma inductance L, drops by 19% from 0.085 to 0.069 nH.
However, the plasma current grows from 2.2 to 3.8 kA, so
that the flux L/, grows by 39%, much higher number than in
the FRC case. Thus, the increase of [, in the ST case is
largely due to enhanced coupling between plasma and RMF
antennas.

The axial variation of B, field and poloidal flux W at the
chamber wall are shown in Fig. 13, before and after the
middle coil is energized. Similar to the FRC case, the action
of the middle coil (for 1,,<263 A) is mostly to reshape the
plasma rather than to push it away from chamber wall.

However, as seen in Fig. 14, the peak of the current
density near the edge (R=18 cm) is moved away from the
wall by 1 cm. The plasma current is boosted in almost all

0 5 10 15 20 25 30 35 40
Time (ms)

FIG. 17. Time history of plasma current (15 shots are plotted) when a large
current is applied to the middle coil during rotamak-ST plasma discharges.
Current in the middle coil is also shown; the negative sign corresponds to
direction opposite to plasma current.
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FIG. 18. (Color online) Magnetic field and plasma current density; current
in the middle coil is started at 7= 19 ms, and reaches the disruptive level at
t=19.7 ms; see Fig. 17.

radial range. In contrast to the FRC regime, there is no trend
now for the plasma current reversal in the midrange values of
R (compare Fig. 14 to Fig. 6).

The effect of the middle coil field on plasma is better
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FIG. 19. (Color online) Profiles of the plasma current density along Z=0
chord, when the current in the middle coil is just started (=19 ms), reaches
disruptive level of 600 A (r=19.7 ms), and then further grows to 1080 A
(r=22 ms) when the total plasma current is reduced.

seen if we consider how the position of the magnetic axis
(the point along the Z=0 chord, where B, becomes null) is
changed. The time history of the magnetic axis position dur-
ing whole plasma shot is shown in Fig. 15. It is seen that
after the middle coil field is started, the axis is pushed inward
by almost 2 cm in the ST regime. In the FRC regime, it is
shifted by only 1 cm, with a delay of 3—4 ms.

Figure 16 shows the change of the magnetic axis posi-
tion as a function of the middle coil field (B,,). The nonlinear
relationship between the two values is because the middle
coil not only changes the value of B in the J,XB force
acting on plasma, but it also affects the profile of J s besides,
as the magnetic configuration is changed, the RMF antenna
coupling to plasma is improved, resulting in a larger plasma
current. The difference between the FRC and ST regimes
seen in Fig. 16 can be attributed to a different change of the
plasma current profile under effect of B,,.

B. Large current in the middle coil: /;, ,e=1080 A

If the peak current in the middle coil is set to 1080 A
(capacitor is charged to 15 V), the plasma current is dis-
rupted after a brief initial growth during r=19-20 ms (when
|I,| is still below the disruptive level), as shown in Fig. 17.
The most distinctive differences from the FRC regime are
that the plasma current doesn’t drop to zero during the “dis-
ruptive phase,” and it always returns to a stable original con-
figuration after |,,| relaxes to a level below 600 A (compare
to Fig. 7).

It is also interesting that in the present case, the applica-
tion of the middle coil field causes a significant extension of
the plasma current profile along the Z axis that results in
formation of a stable doublet structure, as displayed in Fig.
18. At t=20.5 ms, the value of poloidal flux at the chamber
wall grows to 0.4 mWb at Z=0, which is 0.1 mWb above the
vacuum value; at Z= % 10 cm it grows to 0.1 mWb.

The profiles of plasma current density shown in Fig. 19
confirm that even for a large value of |I,,|, the plasma cur-
rent does not tend to become reversed, in contrast to the
FRC regime (compare to Fig. 9). During r=19.0-20.5 ms
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FIG. 20. (Color online) The magnetic axis position as a function of the
middle-coil field magnitude.

the plasma is pushed inward. A sudden drop of J, at
t=21.5 ms near the chamber center suggests that the plasma
is being pushed against the center column, resulting in
disruption.

The change of the magnetic axis position under effect of
the middle coil field is shown in Fig. 20. At t=19.7 ms the
current in the middle coil reaches 600 A with plasma current
more than doubled from the original level, whereupon
the plasma current quickly drops. In the FRC case, at
t=20.1 ms it drops to such a small value that the reversed
magnetic configuration can no longer exist. However, in the
ST case the plasma current remains sufficiently large to
maintain a field reversed configuration until 7=~21.8 ms; the
reversed configuration reappears at 1=~ 24.1 ms. Remarkably,
in spite of significant variation of the plasma current, the
change of magnetic axis position remains an almost linear
function of B,, for up to 25 G in the FRC case and up to
40 G in the ST case (measured at R=15 cm, Z=0).

V. SUMMARY

The field of the magnetic coil placed at the midplane of
RMF-driven plasma can be used to effectively control the
profile of plasma current and the structure of magnetic con-
figuration in the plasma. The response of the plasma to a
brief use of the middle coil depends strongly on the initial
conditions; in particular, on the presence of the toroidal mag-
netic field.

If the toroidal field is absent (Rotamak-FRC regime), the
plasma appears to be too sensitive to the influence of the
middle coil field. If the current in the middle coil reaches a
certain threshold level, the plasma current is immediately

Phys. Plasmas 15, 072509 (2008)

disrupted and drops to nearly zero. The cease of FRC con-
figuration is preceded by development of a negative current
density in the region R=6-13 cm, just before the disruptive
level is reached.

On the other hand, if the toroidal field is present
(Rotamak-ST regime), the plasma responds to the middle
coil field in a more controllable manner. Even when the
middle coil field is slightly above the disruptive level, the
plasma current does not drop to zero, but only reduces to a
smaller value. There is no trend of generating a negative
current density in the core region of the plasma. Instead, the
plasma current splits into two distinctive current rings. After
the current in the middle coil is relaxed to a magnitude below
the disruptive level, the plasma current always returns to its
original structure and magnitude.

The experimental results imply that an efficient control
of the shape and position of RMF-driven plasma is feasible,
particularly for the ST regime.
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Abstract

A new cylindrical chamber rotamak with one magnetic coil added in the
midplane was constructed, and a series of experiments were performed at
this device for comparison with the experiments previously conducted at a
spherical chamber device. The experiments have been conducted in two
regimes: the field-reversed configuration (FRC) and the spherical tokamak (ST)
configuration when a steady toroidal magnetic field is added. The results from
the new device further confirm that within a certain range of the equilibrium
magnetic field By, the plasma current driven by a rotating magnetic field (RMF)
grows linearly with B, in both FRC and ST rotamak discharges. The ST
configuration is more stable and allows one to achieve higher plasma current I,
with a proper choice of the toroidal field (TF); plasma current is found to reach
its maximum at an optimum value of the applied TF. The measured plasma
current, electron density and temperature in the cylindrical device are lower
than those measured in the spherical device. The quadrupole structure of the
self-generated toroidal magnetic field in the FRC regime is observed in both
devices but with different magnitudes. In the cylindrical device, when a current
is applied in the middle coil, plasma current can be enhanced up to 250%
depending on the initial conditions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A rotamak is a compact torus configuration having the distinctive feature that the toroidal
plasma current is driven in a steady state, noninductive fashion by means of an externally
applied rotating magnetic field (RMF) [1,2]. The RMF is produced with two pairs of coils
fed by two 90°-dephased rf generators. With this method, a sufficiently large plasma current
can be generated to reverse the external equilibrium magnetic field on the symmetry axis so
that a field-reversed configuration (FRC) is formed. Since 1980 extensive RMF driving FRC
experiments have been done in the devices with different chamber shapes and volumes, with
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different frequencies and output powers of the rf generators [3—10]. The method of driving
the noninductive plasma current with a RMF has proven to be successful.

In recent years one of the important modifications in rotamaks is the addition of a steady
toroidal magnetic field produced by an axial I, current [4,6]. With the steady toroidal field
(TF), the rotamak is able to operate as a typical spherical tokamak (ST), with the plasma current
sustained by a RMF rather than inductively. The Plasma Physics Laboratory at Prairie View
A&M University has conducted a series of experiments on RMF-driven FRC, without and with
TF, including the comparison of rotamak plasmas in FRC and ST configurations, the study of
a self-generated toroidal magnetic field and high harmonic oscillations of a RMF [11-13].

The information about the effects of chamber shape, RF power density and external
magnetic field on the plasma characteristics of RMF-driven FRCs is of crucial importance
in the direction of scaling studies for future large devices. However there is no comparison
study for experiments conducted in RMF-driven FRC plasmas with different chamber sizes
and shapes by using the same rf frequency and input power. In order to study these effects,
we built a cylindrical chamber rotamak device. The same RMF generators are used as on the
existing spherical chamber rotamak. The distinctive feature of the new device is the additional
magnetic coil in the midplane placed in close proximity to the chamber side wall. The coil
is designed so that its magnetic field could be briefly turned on during the plasma shot. The
advantage of this magnetic field coil is that by proper increase of the current in the coil, the
plasma can be reshaped and pushed away from the chamber’s wall.

This paper compares the experiments conducted at the new cylindrical chamber device
and the existing spherical device for both FRC and ST regimes, with emphasis on the effects
of the chamber shape and magnetic field of the middle coil on the plasma characteristics.
The paper is organized as follows. Section 2 gives a brief description of the new cylindrical
rotamak device in comparison with the existing spherical rotamak. The dependence of driven
plasma current on the magnitude of the applied vertical and TFs is discussed in section 3. The
measured radial profiles of electron density, temperature and pressure are given and compared
in section 4. The results of measurements of the self-generated toroidal magnetic field in FRC
discharges are presented in section 5. The effect of the middle magnetic field coil on plasma
current in the cylindrical chamber rotamak is discussed in section 6, followed by the summary in
section 7.

2. Experimental setup

The main components of our spherical chamber device and the newly built cylindrical chamber
device are shown in figures 1(a) and (b), respectively. The spherical chamber is a 601
(i.d. = 51cm) Pyrex vessel, having 15 small diagnostic ports spaced along the poloidal
direction (z-axis). The newly built cylindrical chamber is a 1001 (i.d. = 40cm, L = 80cm)
Pyrex vessel, having six 10 cm i.d. ports, two at the top, two at the bottom, and two in the front
for diagnostics. The background vacuum at the level of 1.0 x 107 Torr can be maintained in
both chambers.

The plasma current is driven by a RMF which is produced by two pairs of coils. Each
pair is connected through a system of matching/tuning capacitors and inductances to a separate
500 kHz/400 kW rf generator, with a 90° phase shift between the two generators. The waveform
is programed in such a way as to maintain steady plasma current for a period of 40 ms.

The plasma current generated by the RMF is kept in equilibrium by a ‘vertical’ magnetic
field that is produced by two coils connected to a 20 kW dc power supply. The coils can provide
a field up to 230 G in the cylindrical vessel center; while the coils for the spherical rotamak
can provide 130 G in the spherical vessel center.

2
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Figure 1. The schematic of the rotamak with (a) the spherical chamber and (b) the cylindrical
chamber.

The toroidal magnetic field system in both chambers is made of a set of six wires fed
through the central axial stainless steel pipe with 0.d. = 4 cm, which is covered with a quartz
tube. The steady toroidal magnetic field By is produced by discharging a capacitor bank
(maximum 152 kJ) through the wires.

In experiments, the ‘vertical’ field B, is started about 250 ms before applying the RMF,
while the TF By (for ST configuration) is started about 10 ms before applying the RMF. During
the 40 ms period when the RMF is applied, both B, and By remain constant within 5%.

During the experiments, hydrogen gas flows continuously into the vessel at a pressure
of ps around 1.4 mTorr. The plasma is started by using a pair of multi-turn pre-ionization
coils, which are wound around side ports of the discharge vessel at z = £40cm and fed by a
650 W/13.6 MHz rf generator. Then the RMF generators are triggered, and the pre-ionization
generator is turned off after the Sthms, so that the plasma is sustained with the RMF alone for
the rest of a shot. The plasma discharges in the two devices are very stable and reproducible
from shot to shot.

Plasma temperature and density are measured with double floating Langmuir probes.
Miniature magnetic pickup coils and Hall probes are used to measure magnetic fields in
plasmas in different directions. In the cylindrical chamber rotamak, a set of L-shape and
straight Langmuir and magnetic pickup probes are used, which can reach almost any point in
the poloidal cross-section. To measure the driven plasma current /p, a Rogowski coil is pulled
through the central steel pipe around a poloidal cross-section. Two other smaller Rogowski
coils are used for measuring the axial current /, and the current through the ‘vertical’ field coils.

3. Dependences of driven plasma current on vertical and toroidal magnetic fields

The initial experiments conducted at the new cylindrical chamber rotamak were focused on
finding optimized parameters for stable and repeatable rotamak operation, and comparing these
parameters with those for the spherical rotamak. In both devices, the gas filling pressure was
pr = l.4mTorr; the rf power was 200 kW. The experiments have been performed for two
regimes: FRC without external TF, and ST when the TF is added.

The plasma current driven by the RMF depends on the gas filling pressure, the ‘vertical’
field magnitude and the rf power. Besides, in the ST regime, the addition of the TF introduces
another parameter.



Plasma Phys. Control. Fusion 50 (2008) 085020 X Yang et al

6

I, (kA)
w

Figure 2. The dependence of the plasma current on the vertical magnetic field for (a) the cylindrical
chamber and the (b) the spherical chamber rotamak discharges.

A series of measurements were made for different values of B, in both devices.
Corresponding values of (By, I,), measured at t+ = 20ms when the discharge is at a very
stable stage, are shown in figure 2. In the cylindrical rotamak FRC, for values of vertical field
B, below 28 G, the plasma current grows linearly with B,, as shown in figure 2(a). For B,
greater than 28 G, the value of I, is seen to drop abruptly. This problem of current termination
has been discussed in a number of papers [14—16]; it is related to the way the rf power is
coupled to the plasma. In the spherical rotamak FRC the dependence of I, on B, is the same,
as shown in figure 2(b), and the maximum value of B, before termination of the plasma current
is also 28 G. These results are in agreement with earlier experiments [14—16]. Results from
both devices confirm that in the FRC configuration, the stable plasma current cannot exceed
3 kA for the specified level of total rf power 200 kW.

The addition of a steady toroidal magnetic field allows one to improve the situation in both
cylindrical and spherical devices. As seen in figure 2, when the magnitude of By is below a
certain value, the presence of the TF (axial current /,) is disadvantageous for the value of the
RMF-driven plasma current. However, when B, exceeds this critical value, the application of
the TF results in the generation of larger plasma current and enables its further growth with
the increase in By. For both chamber configurations, the value of plasma current grows almost
linearly with By, and the rate of growth is higher in the ST regime than in the FRC. Using the
linear fit to the data, we obtain that the slope in FRC discharges is 86 AG~! for the spherical
rotamak and 80 AG~! for the cylindrical rotamak; while in ST discharges it reaches 118 AG™!
for the spherical rotamak and 129 AG~! for the cylindrical rotamak. In the earlier Flinders’
rotamak-FRC plasmas a value of 92 AG™! has been reported [15]. It is worth mentioning that
the Solov’ev equilibrium model [17] predicts this ratio to be: I,/ B, = 5a/uo = 99 AG™! for
the spherical devices and 79 AG™! for the cylindrical device.

It can be concluded from figure 2 that in FRC discharges the driven plasma current has a
termination point (28 G for both the cylindrical and spherical chamber rotamaks), above which
the plasma becomes unstable; the addition of the TF postpones the occurrence of the plasma
current termination to a higher one, 45 G for the cylindrical rotamak and 48 G for the spherical
rotamak.

For a deeper understanding of the role of the TF in ST discharges, a series of experiments
were conducted as the vertical field was fixed, while the TF, i.e. the axial current/,, was varied.
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Figure 3. Dependence of plasma current for ST discharge on the axial current for a fixed magnitude
of the vertical field in (a) cylindrical chamber and (b) spherical chamber.

The maximum deliverable rf power was unchanged at 200kW, and gas filling pressure was
maintained at 1.4 mTorr. As shown in figure 3, for a given vertical field the stable plasma can
be obtained only in a certain range of the axial current values. The different range of I, between
two rotamaks might relate to the chamber configuration and the different power density for a
given rf power level; the cylindrical rotamak has almost twice as large a volume than that of
the spherical rotamak.

It is also seen in figure 3 that there exists an optimal value of the axial current for the
largest plasma current, and this optimal I, is different for each value of B,. It occurs that as
the vertical field is increased, the peak-shape dependence of the plasma current on the axial
current becomes gradually sharper. It is interesting to note that in the vicinity of the peak, the
magnitude of the driven current becomes increasingly sensitive to other conditions, such as the
gas filling pressure and rf-plasma tuning/matching, which is demonstrated by two branches
for B, = 45 G; a slight variation (less than 10%) in the tuning capacitors or filling pressure
can result in the change of the driven plasma current by about 30%.

The above general behavior agrees qualitatively with the predictions of the RMF current
drive theory in which the presence of a TF has been taken into account [18]. This theory shows
that the addition of a TF improves the penetration of the RMF into the plasma, due to excitation
of the rotating whistler mode. On the other hand, as the magnetic field is increased, the relative
phase between the oscillating B; field and J, current can change in such a way that there is a
decrease in the time averaged force which drives the current, and therefore the plasma current
decreases. Quite a similar result has been observed in a smaller (10 L) rotamak-ST [3]. Thus
our results suggest that the shown dependence of plasma current on the TF is universal for the
rotamak-ST plasmas.

4. Profiles of electron temperature and density in FRC and ST discharges

The electron temperature and density were measured with a double floating Langmuir probe.
All the radial profiles discussed in this section were measured at the midplane (z = 0) of
the chamber using an L-shape probe for the cylindrical rotamak, and a straight probe for the
spherical rotamak.
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Figure 4. Time history of plasma current and radial profiles of plasma parameters for typical FRC
discharges in (@) the cylindrical chamber and (b) the spherical chamber.

4.1. Profiles in FRC plasmas

During each shot, the temperature and density do not show any significant variation in both
the spherical and cylindrical chambers (if the middle coil is not used). This is a consequence
of a very steady course of plasma current; it is displayed in figure 4. The plasma current
is typically 2.2 kA for the cylindrical chamber plasma, and 2.7 kA for the spherical chamber
plasma. The electron temperature profile is very flat in both cases, but the value is different,
around 12.5 eV for the cylindrical chamber plasma and 25 eV for the spherical chamber plasma.
In both devices the electron density profile is not only flat in the greater part of the plasma,
but also the value is nearly the same, about 1.5 x 10'® m™. As seen from figure 4, in the
cylindrical rotamak the value of electron pressure (P.) calculated from the temperature and
density is only half of the P, in the spherical rotamak because of its smaller by half 7.. But
the profile of P, in the cylindrical rotamak is almost uniform in the greater part of the plasma,
while the profile of P, in the spherical rotamak is somewhat higher in the inner area of the
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plasma volume. The same observation as in our spherical rotamak has been reported for the
cylindrical-shape RMF-driven FRC plasmas [10].

We note that in the FRC regimes, the vertical field, filling gas pressure and rf power are
kept the same in both rotamaks, but rf power density in the cylindrical chamber is about half
of that in the spherical chamber because of different chamber volumes; this is apparently the
reason for lower T, and P, in the cylindrical rotamak.

4.2. Profiles in ST plasmas

As discussed in section 3, rotamaks with different chamber shapes have different ranges of I,
and B, in the ST configuration for stable plasma discharges. So in the ST regime, for profile
scanning, only the filling gas pressure and total rf power are kept the same in both rotamaks.

To compare with the ST discharges in the spherical chamber, the operation parameters for
repeatable ST discharges in the cylindrical chamber have been chosen to be B, = 36 G and
I, = 3.1KkA, resulting in the plasma current typically around 4.1 kA as shown in figure 5(a).
A larger plasma current (4.6 kA) can be achieved in the cylindrical chamber rotamak if the
vertical field By is increased to 45 G, but the discharges frequently result in disruption. In the
spherical chamber rotamak, stable discharges with B, = 45G and I, = 9kA, resulting in
plasma current of 5 kA can be easily achieved, as displayed in figure 5(b).

The measured profiles of electron temperature and density, and the calculated profile of
electron pressure are shown in figure 5. The radial profiles of plasma parameters in both
rotamaks display almost the same structure: T, displays almost a flat profile, while the profile
of n, becomes triangular-shaped, with the peak value being close to that in the FRC regime.

A similar modification in the density profiles, i.e. becoming more peaked as the TF is
increased, has been observed in a smaller spherically shaped rotamak-ST [7]. The strong
peaking is attributed to the diamagnetic poloidal current and the associated Jpo1 X Byor force
directed towards the magnetic axis. The density at the separatrix radius is about 37% lower
than the peak value, which indicates the improvement of particle confinement compared with
the FRC case.

5. Observation of a self-generated toroidal magnetic field in FRC discharges

In FRC rotamak experiments with a spherical chamber, a steady toroidal magnetic field has
been observed [19, 20], which is generated by poloidal electron flows (no external TF was
applied). Such a self-generated TF always has a bi-directional structure—opposite polarity in
the two hemispheres, corresponding to two swirls of current in the poloidal cross-section. In
the spherical rotamak-FRC experiments, we also observed that the self-generated TF can flip
its sign in the radial direction so that its topology corresponds to four swirls of current in the
poloidal cross-section [12]. Besides, in some cases we observed a reversal of polarity of the
self-generated TF during the shots [12].

In the cylindrical chamber, the measurement of the self-generated TF was performed with
magnetic pickup coils; the signal has been filtered and numerically integrated. Measurements
have been checked with the Hall probe previously used in the spherical chamber. The conditions
of experiments were the same as described in sections 3 and 4.

The main results are shown in figure 6(a), and compared with the measurements performed
in the spherical chamber, which are displayed in figure 6(b). The plots show the radial profiles
of the quasi-steady self-generated TF measured in two opposite ports (hemispheres). The
profiles for other values of z are similar, with almost the same or a little bit smaller magnitude
of B,. The positive value of By corresponds to the direction against the plasma current.
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Figure 5. Time history of the plasma current and radial profiles of the plasma parameters for typical
ST discharges in (a) the cylindrical chamber and (b) the spherical chamber.

In the spherical chamber device, the structure and magnitude of the TF was almost
unchanged during shot (although in another series of experiments it was reversing its sign
in two hemispheres [12]). The magnitude was seen to reach 13 G, which is about 60% of the
magnitude of the rotating field (B, ¢(a) ~ 20 G) at the plasma edge, or 30% of the poloidal
field (45 G) generated by the toroidal plasma current.

In the cylindrical chamber, the self-generated TF could reach a large magnitude of 10G
only during the initial 2-3 ms transitional stage; at that time it has a typical dual-vortex bi-
direction structure similar to one observed earlier at Flinders University [20]. However this
configuration is not sustained during the steady stage of plasma discharge. As seen from
figure 6(a) at t = 10ms, the TF, while remaining opposite in the two hemispheres, also
becomes reversed in the outer area of the plasma. During this stage of discharge (lasting
37 ms), the TF remains almost unchanged at a low level of 3 G, which is about only 5% of the
poloidal field (55 G) generated by the toroidal plasma current. This value is in agreement with
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Figure 6. Radial profiles of the self-generated toroidal magnetic field (@) in the cylindrical chamber
rotamak and (b) in the spherical chamber rotamak.

earlier experiments in smaller devices, where the self-generated TF was about 8% of the field
generated by the toroidal plasma current [20].

6. Effect of the middle coil on plasma profiles in the cylindrical chamber rotamak

The additional middle magnetic coil is made of eight wires (two layers by four turns) wound
close to the chamber side surface. The current in the coil is produced by discharging a capacitor.
In the experiments discussed in this section, the electronic switch that connects the capacitor
to the coil is triggered at + &~ 19thms of the discharge. The current reaches its maximum at
approximately 21st-22nd ms, and then gradually reduces to zero within 10 ms. The value of
peak current in the coil is adjusted by the capacitor charging voltage. For both FRC and ST
experiments discussed in this section, the vertical field was 25 G at the chamber center, and the
rf power was about 200 kW; in the ST case, the axial current that produces the TF was 2.5 kA.

The results for three different charging voltages, 5, 15 and 30V, corresponding to the total
(Im = ifeed X 8) peak current in the middle coil equal to 260, 1080 and 2260 A, are displayed
in figure 7. When the current in the middle coil reaches its peak value of 263 A, as seen from
figure 7, top row, the plasma current responds with a growth to the level of 3.6 kA in the FRC
case and 3.8 kA in the ST regime; the increase being a few times larger than the magnitude of
the current in the middle coil. However, when the current in the middle coil exceeds a threshold
level of 600 A (we call it ‘disruptive’ level), the plasma current is disrupted and suddenly drops,
as shown in the middle row of figure 7. When |l peak| = 1080 A (charging voltage = 15V),
the plasma current suddenly drops after a brief initial growth during = 19-20 ms (when the
current in the middle coil is still below the disruptive level). It is interesting to notice that
in the FRC regime the plasma current is completely disintegrated (in fact, a slightly negative
current is somehow generated); there are no closed magnetic surfaces in this case; but in the
ST regime the plasma current drops to a ‘normal’ level of 2kA. Moreover, after the current in
the middle coil relaxes below the disruptive level (after ¢+ &~ 25 ms), the plasma current in the
ST regime always returns to a higher level, as if there were no disruption. In contrast, in the
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Figure 7. Time history of the plasma current when different currents of the middle coil are applied
to (a) FRC and () ST rotamak plasma discharges. The data from 15 shots are plotted in each part.
The current in the middle coil is also shown; the negative sign corresponds to the direction opposite
to the plasma current.

FRC regime the plasma almost never returns to the steady-state configuration of r = 3—18 ms
that existed before the current in the middle coil was applied.

It is worth mentioning that we could never find such a value of peak current in the middle
coil that the plasma current in the FRC regime is only slightly ‘disturbed’, like it was in the
case of ST shown in figure 7(b), middle row. In the FRC regime, as soon as the magnitude
of I, reaches the disruptive level, the plasma current drops abruptly to a negative value. This
fact is another indication for the enhanced stability of the ST configuration.

For larger values of current in the middle coil, a repeatable discharge condition can be
achieved for the ST regime when the plasma current is disrupted and drops to zero, as shown in
the bottom plot of figure 7(b). Still, when the current in the middle coil is relaxed to a magnitude
below the disruptive level, the plasma current emerges again at a high value; noteworthy, there
is no pre-ionization at this stage (it is turned off at # = Sthms). Such stability is very persistent
for the ST regime, in contrast to the FRC regime, where only in some shots does the plasma
current returns to the 2 kA level.

From the analysis of the magnetic field structure we conclude that in the ST case the
plasma splits into two parts and at the same time is pushed against the center column that
eventually results in disruption. In the FRC case, only a small 1-2 cm inward movement of
the magnetic axis is observed when suddenly the plasma current drops to zero. Presumably,
instabilities develop due to the generation of negative current in the plasma core.

When the current in the middle coil is below the ‘disruptive’ level, the response of the
plasma current to the peak value of applied current in the middle coil is summarized in figure 8.
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Figure 8. The increase in plasma current as a function of the applied peak current in the
middle coil.

For both FRC and ST regimes, Al (= Ippeak — Ip (15 ms)) grows up monotonously with the
increase in peak current in the middle coil; the increase in plasma current is usually higher in
the ST regime than in the FRC regime. Depending on the initial conditions, plasma current
can be enhanced by up to 3.1 kA; the peak plasma current is about 250% of the original plasma
current. When the applied peak current in the middle coil reaches the value of 600 A, the
plasma current starts to be disrupted.

Based on experimental data for the FRC regime, we can estimate geometrical parameters
for plasma shape before and after the middle coil was energized. At ¢ = 15 ms the magnetic
axis position is Ry = 16.3 cm, the minor radius is @ = 6.6 cm and the elongation is k = 1.9.
After the middle coil is energized, at + = 22 ms, these parameters change to Ry = 15.4cm,
a = 6.9cm, «k = 2.5. Using model equations for the plasma self-inductance [21] we can
estimate: Ly(f = 15ms) = 0.123 uH and Ly(t = 22 ms) = 0.083 nH, which is a 33% drop.
On the other hand, the plasma current has increased from 2.07 to 3.55kA. Then, the relative
change in (L x I,) flux value is positive 15%.

Similarly, in the ST case, we have Ry = 15.2cm, a = 7.2cm, k = 2.0 at t = 15ms,
and Ry = 14.6cm, a = 6.9cm, k = 2.6 at t = 22ms. Accordingly the plasma inductance
has changed from 0.085 to 0.069 1 H, i.e. decreased by 19%. However, the flux (L x Ip) has
increased by 39%.

Therefore, the increase in plasma current is partially due to compression of plasma, during
which the Lg x I, flux is conserved. Besides, an ‘extra’ current is generated because as
the plasma is extended in the z direction, the coupling between RMF antenna coils (which
stretches along the whole length of the chamber) and plasma is improved. This is confirmed
by a 15-20% increase in the current flowing through the RMF coils when the middle coil is
energized.

A further insight into the stability of the ST configuration comes from measurements of
magnetic field components in the poloidal cross-section of the plasma. A two-component
magnetic pickup coil was used to perform the radial scans at axial positions |z| = 0, 50,
110, 170 and 225 mm. The coil could be retracted through the sealed L-shape glass tubing,
which itself could be moved in the radial direction. After the 2D scan is completed, the field
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Figure 9. Measured magnetic field and calculated plasma current density in (a), (b) the FRC
regime, and (¢), (d) the ST regime, when the current in the middle coil is zero, and when it reaches
260 A. The magnetic field includes the field from plasma current, equilibrium field and the field
from the middle coil (when it is present at t = 22 ms).

components are interpolated to intermediate radial and axial points, and the current density
profiles are calculated from J = V x B/ug. The results are presented in figure 9.

The first observation from the figure is that the plasma current in the ST regime is more
evenly distributed along magnetic surfaces. In the FRC regime it is mostly localized at the
midplane (z = 0), close to the chamber’s wall. When the current in the middle coil is applied
and reaches its peak at ¢ & 22 ms, the profile of the plasma current becomes extended in the
axial direction. In the ST regime, the plasma current is also pushed away from the chamber’s
walls, while in the FRC regime it is not.

The effect of the middle coil is also shown in the plots of plasma current radial profiles for
the z = 0 chord given in figure 10. It is seen from figure 10 that in the FRC regime when the
current is applied in the middle coil, the plasma current is reduced in the region » = 7-16 cm
and enhanced at r < 6cm and r > 17 cm; in fact, the current density near the wall becomes
larger by about 30%, which probably causes a release of impurities and hydrogen. In the ST
regime the application of the middle coil field results in moving the plasma current away from
the chamber’s wall and in an increase in current density at r < 18 cm.

Another interesting observation from figure 9 is that the closed magnetic surfaces are quite
short along the z-axis, in spite of the fact that the RMF coil extends to the end of the chamber.
This result is confirmed by an electron density scan with a Langmuir probe for ST discharge
shown in figure 11 (the temperature profile is not shown; it is almost uniform within the scanned
area). It is seen that the plasma is located mainly within the area of |z] < 15 cm, the position
of maximum density being at z = Ocm/r = 15 cm. The nearly spherical shape of the plasma
might be the consequence of two factors: the high mirror ratio of the equilibrium ‘vertical” field,
and the pondermotive force originating from the inhomogeneous oscillating electromagnetic
field that pushes plasma towards the midplane [22]. As a result, the cylindrical chamber
rotamak is less efficient for RMF current drive than the spherical device, but the situation can
be improved if a multi-coil equilibrium field system is added.
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Figure 11. 2D distribution of electron density in the cylindrical chamber rotamak-ST discharge.

7. Summary

Steady plasmas have been produced and sustained in both cylindrical and spherical chamber
rotamaks operated in the FRC and ST regimes. The comparison of experiments in two chamber
configurations further confirms that the addition of the toroidal magnetic field can result in an
essential improvement in the magnitude of the driven current; in the ST regime the RMF-driven
plasma current can be doubled comparing with the FRC regime, for the same rf power level.

The scaling dependence of the plasma current on the magnitude of the equilibrium
‘vertical’ field is also advantageous for the ST regime. In the ST case, the growth rate of the
driven current with the ‘vertical’ field is 129 AG~"' for the cylindrical rotamak and 118 AG™!
for the spherical rotamak compared, respectively, with 79 AG~! and 99 AG~! predicted by
the Solov’ev model, while in the FRC case it is only 80 AG™! for the cylindrical rotamak and
86 AG~! for the spherical rotamak. For a given rf power level and gas filling pressure, both
devices confirm that the value of the driven current strongly depends on the magnitude of the
applied TF, with its optimum value different for each value of the vertical field.

Both devices have the same radial profile structures of electron temperature, density and
pressure in the bulk plasma, but the magnitudes of temperature and pressure are lower in the
cylindrical rotamak because of its half value of the rf power density for the same rf input
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power. In ST cylindrical rotamak discharges, the triangle-shaped profiles of electron density
and pressure become less sharp because of larger volume, smaller vertical and TFs compared
with those values applied in the spherical rotamak.

The self-generated TF in the FRC regime has been measured in both devices. The
quadrupole structure of the TF is observed in both devices; the TFs are not only opposite
in polarity in the two hemispheres, but they also reverse their sign from the inner areas of the
plasma to the edge. During the steady stage of discharge, the measured TF in the cylindrical
rotamak is 3 G, which is about 5% of the poloidal field generated by the toroidal plasma current;
while in the spherical rotamak, the measured TF is 13 G, which is about 30% of the poloidal
field.

When current is applied to the middle coil in the cylindrical chamber rotamak, the plasma
current can be enhanced from 2.1 up to 5.2kA, depending on the initial conditions. If the
current in the middle coil exceeds a level of 600 A, the plasma current is disrupted, but in the
ST regime it always reappears at a higher value after the current in the middle coil is reduced.
The detailed measurements of the magnetic field in the plasma show that the field of the middle
coil can be effectively used to reshape the plasma and to push it away from the chamber walls,
especially in the ST regime. This result suggests that an active feedback system can be used
to control the equilibrium in RMF-driven plasmas.
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A rotamak is one kind of compact spherically shaped magnetic-confinement device. In a rotamak the plasma

current is driven by means of rotating magnetic field (RMF). The driven current can reverse the original equilibrium

field and generate a field-reversed-configuration. In a conventional rotamak, a toroidal field (TF) is not necessary

for the RMF to drive plasma current, but it was found that the present of an additional TF can influence the RMF

current drive. In this paper the effect of TF on the RMF current drive in a rotamak are investigated in some detail.

The experimental results show that addition of TF increases the RMF driven current greatly and enhances the RMF

penetration dramatically. Without TF, the RMF can only penetrate into plasma in the edge region. When a TF is

added, the RMF can reach almost the whole plasma region. This is an optimal strength of toroidal magnetic field for

getting maximum plasma current when By and radio frequency generator power are fixed. Besides driving current,

the RMF generates high harmonic fields in rotamak plasma. The effect of TF on the harmonic field spectra are also

reported.

Keywords: rotamak, rotating magnetic field, toroidal field

PACC: 5200, 5220, 5225

1. Introduction

A rotamak is one kind of unique device that
can realize field-reversed-configuration (FRC) through
current drive by rotating magnetic field (RMF).[U In
a rotamak, the electrons are trapped and rotated syn-
chronously with external applied RMF, the plasma
current is produced while ions are regarded as sta-
tionary background. The principle of current drive by
RMF in a rotamak has been extensively studied.>~7!
For driving current effectively, RMF is chosen to sat-
isfy weg € w <K wee and wee/Yei > a/d, where
wei and wee are ion and electron cyclotron frequency
around the RMF B, respectively, 7. is the electron—
ion collision frequency and a is the plasma radius,
§ = (2 pow)'/?
the RMF frequency w. Except its compact configura-

is the classical penetration depth at

tion, the current in rotamak is driven and maintained
by RMF which is usually powered by radio frequency
(RF) generators, it has another advantage of the pos-
sibility of operation in continuous mode. Owing to its
unique feature, the rotamak has stimulated more and
more interest in fusion plasma recently.

The current drive in rotamak and realizing FRC
have been studied in experiments and theories since

the early 1980s and a lot of progress has been
made.[2~13] Tt is reported recently that if an additional
toroidal field (TF) is added, the current drive is im-
proved and the rotamak can run as a low aspect ratio
spherical tokamak (ST).' Up to now, what causes
the TF to improve current drive is unknown, there
are only several ambiguous theoretical papers.['516 So
further study about the influence of TF on the RMF
current drive is necessary for understanding the rea-
son of TF improving the RMF current drive. In this
paper the RMF current drive with and without TF
and the change of plasma behaviour are presented.
Our experimental results show that the TF will im-
prove RMF penetration and increase the plasma cur-
rent greatly. TF also affects the harmonics fields stim-
ulated by RMF. This paper is organized as follows. In
Section 2 a brief introduction of the experimental de-
vice is given. In Section 3 the experimental results are
presented. In the end there is a summary in Section 4.

2. Experimental setup

Figure 1 is the structure of the rotamak device.
The rotamak chamber is a spherical vessel made from

*Project supported by the National Natural Science Foundation of China (Grant No 105750215) and by US DOE (Grant No

DE-FG03-97ER54416).
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Pyrex with 50 cm diameter. The chamber is pumped
by a 5001/S turbo pump and the background vacuum
is around 1.333 x 10~*Pa. The RMF is produced by
passing RF currents, from two 400kW/500kHz RF
generators, dephased by 90 °, through two pairs of or-
thogonal Helmholtz coils located on the outside of the
chamber. The plasma current generated by RMF is
kept in equilibrium by vertical magnetic field which is
produced by two vertical field coils with 83 cm diam-
eter. The coils are connected in parallel and powered
by a 20kW DC power supply. The coils can produce
a field up to 130G in the vessel centre. In addition,
by using an axial current (I, in Fig.1), a TF can be
added to the rotamak plasma. The system that pro-
duces TF consists of a set of six wires fed through
the central axial stainless steel pipe with an exter-
nal diameter of 4cm. The steady toroidal magnetic
field B, is produced by discharging a capacitor bank
(maximum 152kJ) through the wires. The discharge
current threads the central axis six times, resulting
in a total I, current up to 18 kA, which can produce
a TF By = 288G at the half-radius of the chamber,
r=12.5cm.

E By rotating E ~
‘vertg magnetic
field coil
=
(9}
<t
I ¢ é
axial S
current T 2
RMF coil .
spherical
— pyrex ||
= vessel [x] Y

Fig.1. Schematic diagram of rotamak.

A Rogowski coil through the central tube and
around a poloidal cross section is used to measure
the driven plasma current. Align with the meridian
plane of the chamber, there are 15 diagnostic ports
with 6 mm inner diameter, which allow inserting probe
into chamber for measurement. Miniature magnetic
pickup coils and hall probe, which retractable through
quartz guide tube sealed in diagnostic port, are used to
measure the oscillating magnetic field and the steady
magnetic field in the plasma respectively. A double
floating Langmuir probe is used to measure the elec-

tron density and temperature of plasmas. Based on
the shot to shot repeatable discharges the radial pro-
files of the parameters are got.

It is important to match the generator and plasma
load for coupling the energy from the RF generators
to plasma as large as possible. For this purpose there
is a matching and tuning circuit in each RMF coil pair
and there are RF voltage meters and current sensors
for measurement. In air-core transformer model,'”]
each matching and tuning circuit can be simplified as
Fig.2. Here L. and R, are inductance and resistance of
RMF coils, AL is the change of inductance caused by
plasma, R, is the reflection resistance of plasma. Vi,
and [i,, Viq and )4 are the voltage meters and current
sensors for monitoring the voltage and current input
from generator and load on the RMF coils respectively.
During experiments, by adjusting the value of match-
ing inductance Ly,, the capacitance of matching and
tuning capacitors Cy, Cr, let the phase between the
Vin and Iy, Vip and I,p become zero and then the

maximum plasma current will be produced.

gty

Lm Le—AL
(o]
¢ 500 kHz @) Cwm ;/f @9 Cr
Q Rc+Rp

O O
PJIi {\_r’ILD

Fig.2. The matching and tuning circuit.

During experiments, hydrogen continuously flows
through the chamber. The filling pressure is controlled
by a mass flow controller. The discharges are very
stable and reproducible from shot to shot when con-

ditions keep same.

3. Experimental results

3.1. Effect of TF on the RMF current
drive

Figure 3 is a typical time evolution waveform of
plasma currents and the axial magnetic field B, in
r = 3.5cm in the cases with and without TF. Table 1
is the typical parameters of the two cases. For com-
parison, in both cases the power from RF generators
Pyt and the gas filling pressure P are kept unchanged.
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Fig.3. The typical time evolution of plasma currents and
the axial magnetic field B, in » = 3.5 cm in the cases with
and without TF.

Table 1. The typical parameter for shot of Fig.3.

without TF with TF
P;/Pa 0.18 0.18

Py /KW 2x180 2x180
By/G 25 45

L. /kA 0 9.0

I /kA 2.7 4.7
Ne/cm ™3 1.4x1012 1.2x1012
To/eV 22 30
Irmr/A 88 51

R,/Q 26 87

The power from each RF generator is 180kW and the
gas filling pressure is 0.18 Pa. In the case without TF,
the biased vacuum vertical field B, is 25 GS at the
centre of chamber. In the case with TF, a 9kA axial
current is added and the vertical field B, needs to be
increased to 45 GS for keeping the increasing plasma
current in equilibrium. Figure 3 shows clearly that the
addition of TF dramatically increases the RMF driven
current, the plasma current increased from 2.7 KA
without TF to 4.7KA with TF, almost doubled. It
also indicates that after launching the RMF, the mag-
netic field produced by RMF driven plasma current re-
verses the vacuum vertical field (marked by dash line).

In the case without TF, this is a compact FRC!!10
and in the case with TF a spherical tokamak (ST)
configuration is generated, as reported in Refs.[1,14].

Besides improving the total RMF driving current,
the addition of the TF can also change the plasma cur-

rent density profile. The plasma current density can

be deduced from Jy = 1 (95 — 0B
to \ Oz or

ments only the magnetic fields along the z = 0 central

. In experi-

channel have been scanned, and the first term in Jy
expression is omitted, which implies that the infinite
cylindrical configuration approximation is used, which
is not quite accurate in our case. By comparing the
profiles of our Jy with that obtained in the previous
rotamak operation,* where the complete (7, z)-scan
of the magnetic field was performed, we find that ne-
glecting the first term in Jy results in underestimation

of the Jy value, around 20%. But current density pro-

files are not much different. So Jy = ——% is used
po Or

to characterize the current density profile in the cases
with and without TF.

Figure 4 is the profile of B, in the z = 0 cen-
tral channel at the middle of the shots in the cases
with and without TF in the same discharge condition

as Fig.3. Figure 5 is the current density profiles cal-
1 0B,

culated by using Jp = ———— from Fig.4. Before
po Or

calculation, the experimental measurement B, data

60 T T T T T
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c ot et '
A O ) ettt Bunnnign - - - - - - - - -~ b
Q i ........:.I='|I nw ]
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Fig.4. The profile of B, in z = 0 channel with and without
TF.

are fitted by a proper polynomial curve. From Fig.5, it
is found that the current density in the rotamak has
a distinct character that consists of two rings. The
profiles are hollow with two peaks located on both
sides of the magnetic axis, forming the inner and outer
rings. The peak value of the outer ring is larger than
that of the inner ring. In the TF case, however, the
peak current density of the inner ring becomes larger
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than that in the case without TF, roughly three times
larger. And at the same time the peaks of two rings
are closer to the magnetic axis in ST.

807 ___ without TF - i
] —ois with TF A
60
(2]
=} i
<
24 407
~
S -
20 1
0_

r/cm

Fig.5. The current density profile with and without TF.

The RMF current drive in the rotamak is strongly
dependent on the biased vertical magnetic field. Fig-
ure 6 shows the relation of the plasma current with
the vertical magnetic field By in the cases with and
without TF when the RF power and gas filling pres-
sure are fixed at the same values as the Fig.3. It is
indicated that in both cases, the plasma current I, in-
creases almost linearly with By, but in the discharges
with TF the I, grows faster with B, than in the case
absent from TF. Using the linear fit to the data, we
obtain that the slopes are 86 A/G and 118 A/G in the
cases with and without TF respectively. It is worth
mentioned that the Solov’ev equilibrium!'® predicts
this ratio to be é—p _Sa 99 A/G, where a is the

v Ho
radius of plasmas. The experimental results are very

close to the predicted results. This implies that the ro-
tamak plasma current should satisfy equilibrium mag-
netic configuration, and the rotamak has the common
properties as other magnetic confinement devices.
Another important result from Fig.6 is that the
addition of TF not always enhances the RMF current
drive. Actually in low vertical field the presence of
TF will decrease the plasma current. It was reported
that in cases without TF, for a certain RF power, the
current can not increase with B, infinitely, there is
a critical By (28 G as shown in Fig.6) that above this
value current termination will occur.!'7-1% From Fig.6,
it seems that below this critical By, the presence of
the TF is disadvantageous for the RMF-driven plasma
current. When the vertical field exceeds the critical
value, the addition of TF increases the RMF current.
However, similar to the case without TF, there is a

current termination point also in the case with TF
(By =~ 48G in the present case), when B, > 48G
a stable plasma current can not be achieved. So the
presence of TF postpones the occurrence of the cur-
rent termination from low Bj region to high B, value
(from 28 G in the case without TF to 48 G in the case
with TF).

s without TF
o with TF

50001

B,/G

Fig.6. The dependence of plasma current Ip on the biased
vertical field.

The I,—B, relation in the case with TF in Fig.6
is found with the condition that the axial current is
fixed at 9kA. In order to deep study the effect of the
strength of TF on the RMF current drive in case with
TF, we keep the other parameters unchanged; only
varying the TF, i.e. the axial current I,. The power
from two RF generators is P,y = 2 x 180kW, the gas
filling pressure is 0.18 Pa, as those in the previous case.
The results are shown in Fig.7 for the two cases of the
vertical fields 35 and 45 GS. It is shown that in a cer-
tain vertical field, RF power, and filling pressure, there

is a
_ . s By =45GS
1 - o By =35GS
6_
] o
4-
<
4
S
~
2_
O T T T T T 1
0 6 12 18

I./kA

Fig.7. The relation of plasma current and the toroidal
field current I,.
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range of the axial current values that the stable plasma
can be obtained. For B, = 45 G, for example, when
the axial current is smaller than 3kA or larger than
18 kA, it is difficult to get or maintain stable plasma
current. The second conclusion from Fig.7 is the exis-
tence of the optimal value of the axial current for the
largest plasma current, and this optimum is different
for each value of By, for instance, 5 kA for B, = 45 GS.

3.2. Effect of TF on harmonic fields os-
cillation and RMF penetration

It is important to know the extent that the RMF
can penetrate into the plasma and the relation be-
tween the RMF penetration and the current drive in
the rotamak. For studying the RMF penetration dur-
ing the current drive in the rotamak plasma, the oscil-
lating magnetic fields have been measured by pickup
And it is found that besides the fundamental
fields, there are high order harmonics generated by

coils.

0.8 T T T T T
lw (a)
B, without TF i
> r=23cm
~
[
3 3w
2 0.41 E
o
g
< Sw
] 7w i
2
J w 4w 6w S dw
o -
0 2000 4000
Frequency/kHz
0.6 T T T T 7
lw (©)
B, with TF
r=12cm
2 0.4 1
< 2w
; 3w
g
< 0.2 dw E
5w 6w Tw
0 -4
0 2000 4000
Frequency/kHz

Fig.8. Frequency spectra of B, and By

Besides the change of the harmonic field frequency
spectra, the addition of TF improves the RMF pene-
tration greatly. Figure 9 is the radial profile of 1w fun-

RMF and their frequency spectra are different in the
shots with and without TF. Figure 8 gives the spec-
tra of time derivative signals of Er, By in the same
condition as that in Fig.6. It indicates clearly that
significant harmonics are generated in the rotamak
plasma. In the case without TF, the harmonics are
dominated by 1, 3, 5, 7 et al odd orders, the ampli-
tude of even orders are small in comparison with the
odd ones. For instance the amplitude of third order
is larger than second order. From Figs.8(c) and 8(d)
when TF is added, amplitudes of both even and odd
orders become large. Opposite to the case without
TF, the amplitude of the second order now is larger
than the third ones. The ratio between the maximum
magnetic amplitude of harmonics and the fundamen-
tal one is Bs, /B, ~ 26% in the case without TF, and
Byow/Briw ~ 45% in the case with TF. The reason
for generating the harmonics is the Hall term J x B
which was reported elsewhere. 2]

- (b) =
By without TF
> 0.8 1 r = 23cm
~
[
ke
3 4 .
£
< 0.4 1 1
OWJKL S Y SO R
0 2000 4000
Frequency/kHz
L6 T T T T ]
(d)
By with TF
] =12 J
. r cm
S~
Q
g
3
= 0.8 1
a,
g
<
0 L ILI JW? S b "
0 2000 4000
Frequency/kHz

without TF (a,b) and with TF (c,d).

damental field. For comparison, the RMF magnetic
profile in vacuum (without plasma) is also plotted. It
is found that the penetration of RMF is very different
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in the cases with and without TF. In the case absent
from TF the RMF can only penetrate into plasma
in the edge region, in the region from edge to 15cm
of the chamber. When TF is applied, penetration of
RMF is improved dramatically, it now can be pene-

trated almost whole volume of the plasmas and the
maximum field positions are shifted to inner region.
Owing to the penetration of RMF and the generation
of J, in plasma, the amplitude of By in both cases can

be larger than its vacuum value.[6:13]

T T T T T T

oo e oo . wall —_
204 —o— vacuum RO - wall | 20 e e e e ]
—— 1w oo —e— Vacuum o /|w
_ Now o o —=— with plasma o |- ] i
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Fig.9. Radial profile of By and By without TF (a,b) and with TF (c,d).

Another evidence of improving RMF penetration
by TF is the change of plasma reflection resistance.
In these shots, the powers coupled into the load are
almost the same, which are monitored by Vig x Iq
in Fig.2. But the RF current through RMF coils de-
creases from 88A in the case without TF to 51A with
TF. The plasma reflection resistance calculated from
Ry, = Via/Ia — Rc(R. = 4Q) increases from 26 Q to
87Q. According to the air-core transformer model,
the plasma reflection resistance can be written as!!”]
kzLCrp

L,
where k is the coupling coefficient between the RMF

R, =

coils and plasma current through the mutual induc-
tance M = kv/L.Ls, L is the inductance of plasma,
L. is the inductance of RMF coil in Fig.2, r, is the
plasma resistance. In the discharges with and without
TF, the Ly is not much different, which is evidenced
by the little change of the matching and tuning capac-
itor when matching the discharges. And the r, will be
smaller in the case with TF owing to higher plasma

temperature (reported in Section 3.3). The increase
of R, is owing to the increase of the coupling constant
k. It implies that the penetration of RMF is improved
in the cases with TF.

3.3. Effect of TF on plasma density and
temperature

The electron density and temperature in the dis-
charges with and without TF are measured by double
floating Langmuir probe. Figure 10 is the electron
density and the temperature profiles in the z = 0cm
central channel in the same discharge conditions in
Fig.3. It is shown that the addition of TF increases
the electron temperature. The electron temperature
increases from 20 eV in the shots without TF to 35eV
when the TF is added. In both cases, the electron
temperature is almost uniform in the whole plasma
region. But the maximum electron density in the case
with TF is a little lower than that in the case without
TF.
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Fig.10. The electron temperature and density in cases with and without TF.

4. Conclusions and discussions

The effect of toroidal magnetic field on the RMF
current drive in a rotamak is studied. The experimen-
tal results show that addition of an external TF in-
creases the RMF driven current greatly and enhances
the RMF penetration dramatically. Without TF, the
RMF can only penetrate into plasma in the edge re-
gion. When a TF is added, the RMF can reach almost
the whole plasma region. This is an optimal strength
of toroidal magnetic field for getting maximum plasma
current when B, and RF generator power are fixed.
The electron temperature increases also in the dis-
charge with TF. The driven current is linearly pro-
portional to the vertical field in the both cases with
and without TF. But the addition of the TF post-
pones the ‘current termination’ which occurs in the
small vertical field By in the discharges with TF and
stable discharge can be obtained in higher B, with
larger current. Besides driving current, the RMF can
generate high harmonic fields in a rotamak plasma.
In the case without TF the harmonics are dominated
by odd orders. The presence of TF enhances the even
harmonics greatly.

From Fig.9, it is seen that the RMF magnitude is
almost zero in the inner region of the plasma in the
case without TF. So the inner current ring appear-
ing in Fig.5 in this case is not driven by RMF. There
should be other reasons to produce this current. One
possible mechanism for generating the inner current
ring is the convective flux of the particles in the rota-
mak plasma. As reported in Ref.[7] there is a poloidal
swirling flow in RMF driven plasma, which provides
a torque for the inner current ring, through the Hall
term u,B,, where u, is the radial component of the

swirling flow.

The value of the radial flow speed w, can be es-

on n
timated from neu, = —D| — = —DL—CO, so that

or a/2
2D | . . .
u, & ———. Using the formula for diffusion rate,

B, 2D
D) =nen kT,/B? we get Jg = Y ~ — J‘Bzz
nL any
2 kT, _
- (—) neB ° ~ —18kA/m >, which is close to the
a z
experimental value.

The reason for improvement of the RMF driven
current by TF is not clear as yet. Bertram!'®
and Watterson!'d investigated the effect of the TF
on RMF driven current respectively in the cylin-
drical configuration and obtained ambiguous results.
Bertram’s numerical and analytical results indicate
that, for a plasma of low resistivity, imposing a strong
TF reduces the amount of current that can be driven,
for a resistive plasma the effect is complicated. When
the magnetic field strength is near that of RMF,
Bior ~ B, the present of TF would increase the
driven current a little. When the TF increases, the
driven current is reduced. Whereas from Watterson’s
analytical results, the addition of the TF is always
harmful to the penetration of RMF and reduces the
current drive, no matter the plasma resistivity is low
or high. As shown in our experiments, however, the
TF always increases the RMF driven current, only if
the biased vertical value is larger than that of the ter-
mination value. One reason that the present theories
can not explain the experimental phenomena properly
may be that the theoretical analysis is conducted in
cylindrical configuration, and the real shape of the ro-
tamak is a spherical torus. Another reason for the dis-
agreement between the theory and experiments maybe
that, from the increase of the electron temperature in
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the case with TF, the addition of TF may improve

the plasma confinement. So in the future theoretical

study, the analysis should be conducted in spherical

configuration, the real shape of the rotamak device

and the energy transportation process should be in-

cluded also.
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Abstract

The results of experiments in a newly rebuilt rotamak are presented.
A comparison is made for two types of operations: the common field-reversed
configuration (FRC) produced by driving plasma current with a rotating
magnetic field (RMF), and the spherical tokamak (ST) configuration when
a steady toroidal magnetic field is added. In both cases the driven plasma
current develops two current rings, but in the ST configuration the inner ring
current density is about three times larger than that in the FRC case. The
addition of the toroidal field enables the ST to overcome the current limit for a
given radio-frequency power. The total plasma current is found to have a peak
at an optimum value of the applied toroidal field; the optimum toroidal field
depends on the value of the equilibrium magnetic field. With proper choice
of the toroidal field magnitude, the plasma current can be enhanced two- or
three-fold in comparison with the limits in the cases of too a small or too large
toroidal field. In the rotamak—ST, the temperature of electrons is increased
by at least 50%. The density profile is triangular-shaped in the ST case and
almost uniform in the FRC. The measurements of the oscillating fields indicate
that the penetration of RMF into plasma is greatly enhanced in the ST case.
The analysis of RMF profiles in the plasma supports the hypothesis that the
improved penetration is due to the excitation of a whistler wave mode.

1. Introduction

Driving steady plasma current with an externally applied rotating magnetic field (RMF) was
pioneered by Blevin and Thonemann [1] and later extensively studied by Jones with his team
at Flinders University of Australia [2, 3] and by another group of scientists [4] in a series
of devices called rotamak. Recently, the concept of RMF driving plasma current has gained
considerable interest in the US [5-9].

The main components of the rotamak are displayed in figure 1. The RMF is produced
with two pairs of coils fed by two 90°-dephased radio-frequency (rf) generators. In the figure,
only one pair of coils is shown while the other pair is parallel to the figure plane, with the coils
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Figure 1. The schematic of the rotamak.

behind and in front of the chamber. The frequency f of the generators is chosen to satisfy the
condition w; < 2w f K w. Where w.; and w, are the ion and electron cyclotron frequencies
with respect to the RMF magnitude, B,,. Under this condition, the electrons are effectively
tied to the rotating field lines while the ions remain almost unaffected; thus, the net plasma
current is generated [1]. Another requirement is that the magnitude of B, is large enough
to provide a good penetration of the RMF into the plasma volume, which is expressed by
wee/Vei > a/8, where vg; is the electron—ion collision frequency, a is the plasma radius, and
8 = (2n/powme)'/? is the classical skin depth for the RMF frequency [10]. The produced
plasma current is kept in equilibrium by an externally applied ‘vertical’ field, which is along
the horizontal z-axis in the figure. When the plasma current is large enough, the ‘vertical’ field
is reversed in the central area, resulting in a typical field-reversed configuration (FRC).

The most important modification of rotamaks in recent years is the addition of a steady
toroidal magnetic field produced by an axial I, current. With the steady toroidal field, the
rotamak is able to operate as a typical spherical tokamak (ST), with the plasma current sustained
by RMF rather than inductively. The earlier experiments had shown that the ST configuration is
more favourable for the penetration of RMF than the FRC [11,12]. Later, a systematic study of
rotamak—ST plasmas was done by Flinders’ group at their 50 cm spherical chamber device [13].

In 2001, the Flinders’ rotamak equipment was rebuilt at Prairie View A&M University,
where it recently started operating. This paper summarizes the results of initial experiments
conducted at the rebuilt rotamak with emphasis on a further comparative study of rotamak
operations as the FRC and the ST. This paper is organized as follows. Section 2 gives a
brief description of the rotamak. The measured profiles of the steady axial magnetic field
are analysed in section 3. In section 4, a discussion is given on the effect of the applied
toroidal magnetic field on the magnitude of driven plasma current and the problem of current
limitations. The features of the density and temperature profiles are discussed in section 5.
The details of RMF penetration into plasma for the two cases are given in section 6, followed
by the summary in section 7.

2. Experimental set-up

The chamber of the rotamak is a 60 litre (i.d. = 51 cm) spherical Pyrex vessel, having fifteen
diagnostic ports spaced along the poloidal direction (z-axis). The chamber is pumped by a
500 litre s~! turbo pump, which makes a background vacuum at the level of 1.0 x 10~ Torr.
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The RMF is produced by two orthogonal Helmholtz pairs fed by two 400 kW/0.5 MHz
rf generators dephased by 90°. The power for the generators is provided by a capacitor bank
of 192 kJ that maintains a steady rf wave-form for a period of 40 ms.

The plasma current generated by the RMF is kept in equilibrium by a ‘vertical’ magnetic
field that is made by two coils with a 20 kW dc power supply. The coils can produce a field of
up to 130 G in the vessel centre.

The system that produces toroidal magnetic field consists of a set of six wires fed through
the central axial stainless steel pipe with an external diameter of 4 cm. The steady toroidal
magnetic field By is produced by discharging a capacitor bank (maximum 152 kJ) through the
wires. The discharge current threads the central axis six times, resulting in a total /, current up
to 18 kA. (In most of the ST-experiments discussed here, however, we used I, = 9kA which
produces a toroidal field By = 144 G at the half-radius of the chamber, r = 12.5cm.)

In the experiments, the ‘vertical’ field B, is started at about 250 ms before applying the
RMF, while the toroidal field By (for ST configuration) is started at about 10 ms before applying
the RMF. During the 40 ms period when the RMF is applied, both B, and B4 remain constant
within 5%.

During the experiments, hydrogen gas flows continuously into the vessel at a pressure
of pf = 1-3mTorr. The plasma is started by using a pair of pre-ionization coils fed by a
650 W/13.6 MHz rf generator. Then the RMF generators are triggered, and the pre-ionization
generator is turned off after 5 ms, so that the plasma is sustained by the RMF alone for the rest
of the shot. The plasma discharges are very stable and reproducible from shot to shot.

To measure the driven plasma current /, a Rogowski coil is pulled through the central steel
pipe around a poloidal cross section. Two other smaller Rogowski coils are used for measuring
the axial current I, and the current through the ‘vertical’ field coils. The plasma temperature
and density are measured with double floating Langmuir probes, while the ion rotation speed
is measured with Mach probes. Miniature magnetic pickup coils and Hall probes are used
to measure the oscillations of the magnetic fields in plasmas and their magnitude in different
directions.

3. Profiles of reversed field and driven current

3.1. Measurements of plasma current and axial magnetic field

In the first round of experiments in the newly rebuilt rotamak, we focused on the comparison
of the FRC and the ST discharges in regard to the magnitude of driven plasma current and the
efficiency of RMF penetration into the plasma. The typical parameters for the two types of
rotamak operation are given in table 1. In both cases, the total rf generator power (Py) and
the gas filling pressure (py) are kept unchanged. In the FRC case, the bias ‘vertical’ field B,
at the chamber centre is 25 G and the plasma current I, is 2.7kA. In the ST case, an I, = 9kA
axial current is added; the plasma current reaches 4.7 kA and the vertical field needs to be
increased to 45 G to maintain the equilibrium. It should be noted that the plasma in both
cases is weakly ionized: the filling pressure ps = 1.4 mTorr corresponds to the neutral density
ny = 4.5 x 103 cm™3, 32 times larger than the electron density.

Table 1 also shows the value of the rf current through the RMF coils, I, which is seen to
decrease from 88 A in the FRC case to 51 A in the ST case corresponding to the increase of the
plasma reflected resistance R, from 26 to 64 €2, which indicates a better rf-plasma coupling in
the ST discharges.

In figure 2(a), the time courses of plasma currents are shown for the two types of operations.
In the FRC case, the current has never been observed to exceed 3 kA for the specified level of
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Table 1. The parameters of the two main types of rotamak operation.

FRC ST
pr 1.4 mTorr 1.4 mTorr
Pyt 200kW 200kW
By 25G 45G
I. 0 9.0kA
Ip 2.7kA 4.7kA
ne 14x10%em™3 1.4 x 102 cm™3
T. 25eV 30-70eV
It 88 A S5TA
R, 26Q 64 Q
5 (a)

Iy (kA)
w
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Figure 2. The time history of (@) the plasma current, and (b) the axial magnetic field atr = 3.5cm
from the chamber centre for the FRC and ST discharges. The dotted lines correspond to the fields
in the absence of the plasma.

total rf power 200 kW, while in the ST configuration the largest achieved currentis /, = 10.5 kA
(for the values of I, and B, different from the table 1), although the current in such a case tends
to be less stable than that shown in the figure. As seen from figure 2(b), the axial magnetic field
B, produced by the plasma current reverses the direction of the initial ‘vertical’ field (shown
with a dotted line) in the central area of the plasma (signal from r = 3.5cm is shown). It
should be noted that the external vertical field is rather flat during a shot; in this respect the
present rotamak operation is different from the earlier operation [3, 13].

For both FRC and ST cases, the profiles of B, during the discharges, measured with a Hall
probe through the central z = 0 port, are shown in figure 3(a). It takes roughly 2 ms (1000
revolutions of RMF) for the field to become reversed in the central area of the plasma and to
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Figure 3. The radial profiles of (a) the axial magnetic field, (b) the plasma current density and
(c) the poloidal flux function for FRC and ST discharges. The value of » = 0 corresponds to the
chamber centre, and » = 25cm to the chamber wall. The dashed lines are calculated from the
Solov’ev model.

be stabilized. The profiles in figure 3(a) are shown for the middle of the discharge. It is seen
that in the ST case, the magnetic axis is positioned further away from the walls compared with
the FRC case, indicating a better RMF penetration in the ST discharges.

It is interesting to note a flattening of the B, profile in the central region of the plasma
in the ST case. A similar flattening has also been observed in the previous rotamak plasmas
[13-15] and in cylinder-shaped RMF-driven FRCs [6, 8]. An unusual feature of our profile
is that the flat region (corresponding to the minimum of the plasma current density) occurs
on the right side of the magnetic axis, while in others the flattening happens to the left from
the axis (inside the ‘field null’, in the case of the cylindrical FRC). However, in some shots
with gradually growing plasma current we have also observed a sudden jump of the flattening
region from one side of the B, = 0 layer to another side. In fact, the position of the magnetic
axis was moving away from the chamber centre, while the flat region remained approximately
at the same location.
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The profile of plasma current density at the midplane (z = 0) can be inferred from

1 (0B, 0B,
h=—>"—--"). 8))
Mo 0z ar
Using the poloidal flux function,
v (r,z) = 27{/ r'B, (r/, z) dr’, )
0

and V-B = 0, the equation can be rewritten as
1 1 3’0 9B,
b=+
o (2nr 9z2  or )
Because we scanned the magnetic field along the equatorial chord only, the first term in the
bracket is unknown; omitting this term implies switching to an approximation of the infinite
cylinder plasma, which is not quite accurate in our case. However, we notice that both terms
in equation (3) are of the same sign, so that neglecting the first term would reduce the actual
value of J,. Indeed, comparing the profiles of our J, with that obtained in the previous rotamak
operation [13], where the complete (7, z)-scan of the magnetic field was performed, we find that
neglecting the first term in equation (3) results in underestimation of J, by approximately 20%.
Before calculating the value of 0 B, /dr, a statistical scattering present in the experimental
data for B, (see figure 3(a)) is eliminated by a proper polynomial fit to the data. The profiles
of J, for the two types of operation are compared in figure 3(b). In both the ST and the
FRC cases, the profiles are hollow with two peaks located on both sides of the magnetic axis,
forming the inner and outer current rings. In the ST discharges, however, the peaks are closer
to the magnetic axis, and the peak current density of the inner current ring is roughly three
times larger than in the FRC case.

3

3.2. Formation of the inner current ring

In the FRC case, the inner current ring is located in the region where the RMF magnitude is
practically zero. Similar double-peak profiles of current density have been observed in the early
rotamak plasmas [11, 13,15, 16] and in the present devices [7,8]. As discussed in [8,9,17], a
poloidally swirling flow of electrons could possibly provide a torque for the inner current ring,
through the Hall term u, B,, where u, is the radial component of the swirling flow. The evidence
for such swirling currents has been indicated in earlier studies [18, 19] where a self-generated
toroidal magnetic field has been detected in FRC-type rotamak plasmas, oppositely directed in
the two hemispheres. A peculiar quadrupole structure of such self-generated toroidal field is
observed in our recent experiments; the detailed results will be reported in another paper.
The value of the radial flow speed u, can be estimated from

-D,d -D
Metty = 1 T )
ar a/?2
so that
—-2D
U, ~ L )
a

Using the formula for diffusion rate, D = nen, kT./ B2, we can find

u,B, 2 D, 2\ nekT. 2
=" (2) () Br—(2) Bt a—skam @

nL a nL a
which is close to the experimental value (the electron toroidal flow direction is positive and
same as in the outer current ring). The magnitude of the radial flow speed, and therefore the
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value of Jy, can be reduced if the gradient of density is smaller than the assumed neo/(a/2),
above.

Another cause for the inner current might be the inertia of electrons. The electrons that
gain toroidal momentum from RMF at the edge of the plasma and then travel to the inner part,
tend to rotate at a faster toroidal angular velocity, by the ratio of radii squared. Because of
conservation of angular momentum, the toroidal spin-up acceleration is given by

du
d—;ﬁ = —welt,, )

where w, = w(r) is the angular velocity of electron flow, and 1y = w.r. Balancing with the
frictional force,

Me(—welty) = _6771_-]4)’ (8)
we obtain
Jy = MeWell, ~ _zmea}eDl _ _z MeWe nekZTe- ©)
en. a eny a e B

Assuming w, ~ wmyf, the value of the inner ring current density is estimated to be
Jy ~ —0.1kAm~2. This value is much smaller than that given by equation (6). However
in the ST case the RMF-driven current, besides the toroidal component, would also gain a
poloidal one because of the helical structure of the magnetic field lines. Then, the value of
u, estimated earlier by equation (5) should be rather given by a fraction of w.a (depending
on the inclination angle of the field lines). Therefore, the magnitude of Jy, according to this
mechanism, should be two or three orders of magnitude larger (depending on the value of )
than that calculated from equation (9).

3.3. Buildup of the poloidal flux

The profiles of axial magnetic field shown in figure 3(a) are used as an input into equation (2)
to calculate the poloidal flux functions for the two types of operation; they are compared
in figure 3(c). The location of separatrix (where W = 0) is almost the same in both cases,
rs = 21.5cm in the FRC, and r; = 20.4 cm in the ST. However, the positioning of the nested
magnetic surfaces (I = constant) is quite different: in the FRC case the inner (smaller) surfaces
tend to group towards the outside edge of the plasma, while in the ST case the centres of all
surfaces remain close to the magnetic axis.

The dashed lines in figure 3(c) correspond to the analytic fit using the Solov’ev equilibrium

model [20],
W (r, z) B 2 ¢ 2.2 v 4
—=—|= +( = +|— , 10
2 <2> "r\2) T 1)’ 19
where 8 = — B, (0), and two other coefficients can be found by knowing the two points of the
separatrix, (rs, 0) and (0, z),
68 p
V= —, = —.
r2 £ z2

Further, we will assume zg ~ rg. Although the fit with experimental data looks acceptable, the
Solov’ev model cannot provide a good description of the double-peak shape of current profiles
shown in figure 3(b). Using equation (10), the model current density can be calculated to be

—r(¢+20/3) _ 5rB.(0)
Mo wor?

Jp(r,2) = (11)
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Figure 4. The time history of the toroidal electric field.

which is simply a linear function of the radius. Moreover, if the total plasma current is
calculated using this model, giving
10843
P 3per?’

it can account for only 44% of the plasma current measured with the Rogowski coil in the FRC
case, and 80% of that in the ST case. The unaccounted part of the current can be attributed to
the observed change of its profile at z > 0 and z < O cuts, where the hollow part of the profile
gradually vanishes, while the peak value remains almost unchanged [13].

The axial magnetic field was measured during the whole time range of the shots that allows
analysing the process of the flux build-up. Figure 4 shows the time behaviour of the toroidal
electric field,

E 1 0w 12
T T 2mr ot 12)

The trace of E is shown for » = 20 cm only; the signals for the other radii are similar. It
is seen that after a few oscillations, the electric field relaxes to nearly zero, and so the steady
state is reached (in fact, E4 continues to randomly oscillate within the range £2mV m™!).
From the plot, the penetration time can be seen to be 2 ms. This value is larger than that given
by the formula for the lower limit of transient time [10],
poa?

8n
where resistivity 1 = meVefr/ (nepe?) =~ 80uQ2m is adopted in correspondence with
Vit = (Vei + Ven) = (0.45 +2.7) x 10°s~! =~ 3 x 10°s~!. In the calculation of the
collision rate of electrons with neutrals we used ve, = n,0en Vre, With the density of
neutrals 7, = 4.5 x 10" m™3, cross section oe, = 2 x 10729 m? and electron thermal speed
Vre = 3 x 106ms~! (for T, = 25eV). Alternatively, the penetration time can be estimated
using [21]

Tpen = ~ 0.1 ms,

)\‘2

Tpen = )
26()rmf\/ (v — Vc)/)’c

(13)
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Figure 5. The dependence of the plasma current on the ‘vertical’ magnetic field for the FRC (O)
and the ST ((O) for I, = 9kA, (O) I, = 11.5kA) discharges.

Here, A = a/8, y = wce/vegr and y, the critical value for y, is equal to 1.12A(1 + 0.12(A —
6.5)%4). For our plasmas, assuming vy & 3 x 10%s~! in calculations of A and y, we find
A~ 40, y ~ 100 and y. ~ 70, that yields 1, ~ 0.3ms. If, however, a larger effective
collision rate is assumed, ver =~ 11 x 10°s~! that corresponds to anomalous resistivity
n ~ 280 2 m, the value of y approaches y.(*x32), and the penetration time is increased
t0 Tpen A~ 3ms, which is close to the observed value. The anomalous resistivity might be
caused by micro-instabilities induced by the RMF [8,22,23].

4. Effect of the toroidal field on current drive

The plasma current driven by the RMF depends on the gas filling pressure, the ‘vertical’ field
magnitude and the rf power. In the ST case, the addition of the toroidal field introduces another
parameter.

For the fixed maximum deliverable power Py = 200kW (which is determined by the
capacitor bank voltage for generators) and the gas filling pressure py = 1.4mTorr, the
dependence of the plasma current on the value of B, is given in figure 5. For the ST
configuration, the two axial currents, I, = 9 and 11.5kA, were applied. As expected, the value
of the plasma current grows almost linearly with B, but in the ST discharges the value grows
faster with B, than in the FRC. Using the linear fit to the data, we obtain the slope in the FRC
discharges as 86 A G~!, while in the ST discharges it reaches 118 A G~! (and approximately
equal for the two cases of I.). In the earlier rotamak-FRC plasmas a value of 92 AG~' was
measured [24]. Itis worth mentioning that the Solov’ev equilibrium [20] predicts this ratio to be

D 2 _g9ac,
B, Mo

In our experiments, no plasma current could be produced for the ‘vertical’ field larger than

28 G in the FRC discharges with the specified level of P,y = 200 kW; this result is in agreement
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with the earlier experiments [15,24,25]. As seen in figure 5, when the magnitude of By is below
this critical value, the presence of the toroidal field (axial current 1) is disadvantageous for the
RMF-driven plasma current. However, when B, exceeds the critical value, the application of
the toroidal field enables the generation of the plasma current and makes its further growth with
the increase of B, possible. Similar to the FRC case, the driven current also has a termination
point (for B, ~ 48 G in the present case), above which the plasma becomes unstable. It can be
concluded that the addition of the toroidal field postpones the occurrence of the plasma current
termination from a low By region to a higher one.

The problem of the current termination has been discussed in a number of papers
[15,24,25]. It is related to the way the rf power is coupled to the plasma. From a simple
circuit theory, the total power dissipated by the two rf channels in the plasma is given by [24]

VR,
(Rp+ R+ Rc)”

where V) is the open circuit voltage of each generator (proportional to the capacitor bank
voltage), Iy = Vo/(R, + Rg + R.) is the amplitude of the rf current flowing in the coupling
circuit (RMF coils), R;, is the plasma resistance reflected into the circuit by the presence of
the plasma, R, is the resistance of one generator (*18 2) and R, is the resistance of each pair
of RMF coils (&8 Q2); the inductive impedance of the circuit is tuned out. According to the
FRC-type experiments [15,24,25], the plasma discharges are stable when R, < Rg + Rc. As
the vertical field and plasma current are increased, the value of R, is observed to increase too
(the exact analytical formula relating Ry, to I, or By is unknown). For the FRC operation, the
termination of plasma current usually occurs when R, ~ R, + R.. For smaller levels of filling
pressure it happens when R, is somewhat smaller than R, + R, and for larger filling pressure,
R, can slightly exceed the value of R, + R, before the termination point is reached. The value
of the plasma resistance R, = Ry + R, corresponds to the maximum of rf power that can be
transferred to the plasma,

Py=I3R, = (14)

V¢

4Ry + Ro)’ (15

P, p.max —
this is identified with the maximum deliverable power Py. If the value of R, is progressively
higher than R, + R, the power delivered to the plasma continues to decline with Rp, until it
drops below the level required to maintain a steady ionization rate, or until the amplitude of
the rotating field drops below the critical value when the RMF penetration into the plasma
becomes impossible.

In the rotamak—ST operation, the presence of the toroidal field allows overcoming of the
threshold R, = R, + R, significantly. As follows from the measurements using RF voltage and
current probes, the plasma reflected resistance in the ST discharges that are close to the current
termination point is 64 £2, in comparison with R, = 26 2 in the FRC discharges. Because
of this increase in Ry, the amplitude of the current in the RMF coils is smaller by a factor of
(64 +26)/(26 + 26) ~ 1.73. Indeed, the measurements of the amplitude of the RMF at the
plasma edge in the ST case show a drop of the field by two times as compared with the FRC
case. However, in the central region of the plasma (» ~ 13-16 cm) the amplitude of RMF in
the ST discharges grows more than twice relative to the edge, while in the FRC case it drops
almost tenfold. It appears that in the ST case the partitioning of the rf power delivered to the
plasma becomes more efficient—a considerable portion of the power that was channelled into
driving the screening currents in the FRC is now used for driving the plasma current.

For a deeper understanding of the role of the toroidal field in ST discharges, a series of
experiments were conducted where the vertical field was fixed, while the toroidal field, i.e. the
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Figure 6. The dependence of the plasma current on the axial current for a fixed magnitude of the
‘vertical’ field.

axial current I, was varied. The maximum deliverable rf power was unchanged at 200 kW,
and the gas filling pressure was maintained at 1.4 mTorr. The results are shown in figure 6 for
the three cases of the vertical field, 25, 35 and 45 G. The first conclusion from our experiments
is that for a given vertical field, the stable plasma can be obtained only in a certain range of
the axial current values. For B, = 45 G, for example, the minimum value of I, for which
the plasma can be produced is 3 kA, which corresponds to By = 48 G at r = 12.5cm. The
second conclusion is the existence of the optimal value of the axial current for the largest
plasma current, and this optimum is different for each value of B,. Quite a similar result
has been observed in a smaller (10 litre) rotamak—ST [11]. Thus, our results suggest that the
shown dependence of the plasma current on the toroidal field is universal for the rotamak—ST
plasmas.

It occurs that as the vertical field is increased, the peak-shape dependence of the plasma
current on the axial current (i.e. on the toroidal field) becomes gradually sharper. Itis interesting
to note that in the vicinity of the peak, the magnitude of the driven current becomes increasingly
sensitive to other conditions like the gas filling pressure and the rf-plasma tuning/matching.
For B, = 45G and I, & 5kA, for example, a slight variation in the tuning capacitors can
result in the change of the driven plasma current by about 30%. This effect is shown with the
two branches of B, = 45 G in the figure. As also seen from the figure, the peak value of I,/1,
ratio achieved for the ST configuration with B, = 45 G is close to 1.4, which is about 26%
higher than that in the previous rotamak—ST operation [13].

A number of analytical and numerical studies have been performed on the role of externally
applied toroidal field in rotamaks [26—28] using the infinite cylinder approximation. They
confirm qualitatively the view that the correctly chosen value of the toroidal field can increase
the efficiency of the current drive. A numerical treatment of actual rotamak—ST plasmas with
a spherical geometry still remains a big challenge [29].

5. Temperature and density in FRC and ST discharges

The temperature and density of the plasma have been measured with a double floating Langmuir
probe. The voltage generator of the probe produces seven ramps during a shot, so that the
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Figure 7. The radial profiles of (a) electron temperature, and (b) electron number density for the
FRC discharges.

changes of the electron temperature and density could be observed for each discharge. All the
radial profile scans were done through the middle diagnostic port (z = 0) of the chamber.
Typical profiles for the FRC discharges with parameters specified in table 1 are shown in
figure 7. (The data from two rounds of scans are displayed; each point in the figure corresponds
to the value averaged over a shot.) The temperature profile is very flat at the level of 25¢€V,
with only a small swing at the plasma edge. The density profile is also flat in most part of
the plasma. The sharp bend of the density profile corresponds approximately to the position
of the separatrix radius (r; = 21.5cm) where the density equals 1.34 x 10" m=3, only 9%
smaller than the peak value. Beyond r = 22 cm, the density steeply decreases. As seen from
figure 8(a), the electron pressure calculated from the temperature and density is somewhat
higher in the inner areas of the plasma (r < 12.5 cm). The same observation has been reported
for the cylindrical-shaped, RMF-driven FRC plasma [8]; it was attributed to possibly existing
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Figure 8. The radial profiles of (a) the electron pressure and (b) the gradient of pressure for the
FRC discharges. The profile of (J x B), is also shown for comparison (- - - - - - ).

inwardly driven flow. Figure 8(b) shows that the profile of d P, /dr closely follows the profile
of (J x B), = —Jp B, derived from the data displayed in figure 3.

In the ST discharges with the parameters listed in table 1, the profiles become significantly
different from those of the FRC case. Moreover, the temperature profile is changed during a
shot. The dynamical change of the electron temperature is displayed in figure 9. It is seen
that while the temperature remains almost unchanged in the outer areas of the plasma, in the
region near the steel pipe it steadily grows from 45 to 65 eV. This effect was observed in many
rounds of experiments. However, since a symmetric double probe samples only the high-
energy part of the electron energy distribution, the measurements at the edge might be affected
by deviations from a Maxwellian distribution, as was suggested in the case of the smaller
rotamak—ST [11]. We should note, though, that the very same probe was used in both of our
FRC and ST cases, and in the former, no non-Maxwellian tail seems to develop. The cause of
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Figure 9. The temporal change of the electron temperature profile in the ST discharges. The ramp
number corresponds to the voltage sweep at the Langmuir probe (in total seven ramps during a
40 ms shot).

the slow temperature increase (or more likely, formation of a group of high-energy electrons)
near the pipe is unknown. The steel pipe bears numerous traces of particles; some of them are
in the shape of long scratches, and others look like a ‘broccoli’ cascade pattern. Another piece
of evidence of the presence of high-energy particles in the ST discharges is the quick (within
one day) destruction of the Pyrex glass probes. The glass surface gets matted and fractured
on one side of the probes (electron upstream flow side). The measurements discussed in this
section have been done with an improved all-ceramic (alumina) probe that was able to sustain
the particles’ impact.

To further investigate the effect of the central steel pipe on an apparent temperature rise,
we isolated the pipe from the plasma by covering it with a quartz tube. The temperature
profiles before and after the modification are compared in figure 10(a). With the quartz
tube installed, the temperature profile became almost uniform (shown by the solid line).
The profiles correspond to the time-average data; in the case of the quartz tube, the temperature
fluctuates within £5eV range during a shot, similar to the variations observed in the FRC
discharges. We conclude that exposure of the steel pipe to the plasma presumably results
in the formation of the sheath layer near the pipe surface with a subsequent acceleration of
electrons in a radial electric field. The presence of this effect in ST discharges (but not in FRC)
can be related to the ~90°-turn of the magnetic field lines near the pipe.

As seen from figure 10(b), the density profile in ST discharges becomes triangular-shaped,
with the peak value being close to that in the FRC case. A similar modification in the density
profiles, i.e. becoming more peaked as the toroidal field is increased, has been observed in
smaller rotamak—ST [11]. A strong peaking is attributed to the diamagnetic poloidal current
and the associated Jpo X By force directed towards the magnetic axis. The density at the
separatrix radius (7, = 20.4 cm) in our experiments equals 0.88 x 10'® m—3, about 33% lower
than the peak value, which indicates the improvement of particle confinement comparing to the
FRC case. Another piece of evidence of the improved particle confinement in ST discharges
is obtained by monitoring the H, signal. The quantity n./H,, which is a measure of electron
confinement time, is seen to steadily grow with the increase of the applied toroidal field [3, 11].

In the ST discharges the change of the density profile during a shot is not large, only about
10-15%. In the FRC case, the change during the shots is even smaller, 7-9%.

The profiles of the electron pressure and its gradient (in the case with the quartz tube
cover) are shown in figure 11, together with the profile of (J x B),, which is assumed to be
equal to (—J, B;). The noticeable difference between the profiles of d P, /dr and (J x B), can



Comparison of rotamak plasmas 1531

80 T T T T T
70k . (a) |
60 [ o E
50 |
40 |
30
20
10+ —
0 . . . . .

(eV)

2

1.4
1.2
10
0.8
0.6 [
04r
02

n, (X10'® m?)

r (cm)

Figure 10. The radial profiles of (@) the electron temperature and (b) the electron number density
in the ST discharges. The squares correspond to experiments in which the central steel pipe was
exposed to the plasma, and the lines with diamonds describe the experiments with the quartz tube
placed over the pipe.

be attributed to the unaccounted for J, By term, where J; is the plasma current component in
the z-direction (unknown), and By is the external toroidal field.

It is seen that the volume-average electron pressure in the ST discharges is somewhat
smaller than in the FRC discharges. Therefore, the plasma energy content W, = (3/2) [ P.dV
is lower in the ST shots (we assume that the ion temperature does not exceed 5 eV, so P; can be
neglected). However, the power delivered to the plasma in the ST discharges is also smaller,
P, = Irzf R, ~ 166kW compared with P, ~ 200kW in the FRC discharges. Thus, the
energy confinement time, which in the steady state regime can be estimated as 1z = W,/ Py,
is approximately the same in both the cases, 7 &~ 2-3 us.

The measured electron density and plasma current profiles can be used to restore the profile
of the toroidal angular velocity of electrons, we, using

Jo(r) = encrwe. (16)

In the rigid rotor approximation, the value of w, has no dependence on the radius. However,
as it follows from figure 12, the toroidal flow of electrons can by no means be regarded as the
rigid rotor motion. A more striking result from the plot is that in the ST case (square markers)
the ratio w. /s for the inner current ring considerably exceeds unity. A similar result can be
deduced from the previous rotamak—ST operation [13]: for r = 3.6 cm, for example, the ratio
is estimated to be w. /wms = 1.8. The result could be attributed to errors in the Langmuir probe
data, implying that the density is considerably undervalued. However, using the same probe in
the FRC case yields reasonable values of w. /¢, 0.34 and 0.38, for the inner and outer peaks
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Figure 11. The radial profiles of (a) the electron pressure and (b) the gradient of pressure for the
ST discharges. For comparison, the profile of (J x B), is also shown.
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Figure 12. The ratio of the toroidal angular speed of the electrons to the RMF angular frequency
in the FRC (O) and ST (O) discharges.

in the current density profile. This can be compared with @, /wme & 0.46 and 0.36, deduced
from data given in the translation, confinement and sustainment (TCS) experiment [8]. Itis a
possibility that the driving mechanism involving the poloidal electron flows, discussed above,
may result in a toroidal acceleration of the electrons in the inner current ring.
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6. Oscillating fields in plasma

An effective penetration of the rotating field into the plasma is one of the main concerns in
RMF-driven-current experiments, as the oscillating magnetic fields and currents are expected
to supply a torque for the electrons [30]. The early theoretical considerations [10,31] have
predicted that the full penetration of the RMF into the plasma is possible provided y > A
(see explanation of designations following equation (13)). A recent study suggests a more
accurate condition for full penetration, y > y. [21]. Although this condition is satisfied in the
recent experiments with the rotating field, the observed penetration of the RMF remains only
partial [7,9]. The lack of deeper penetration is explained by the anomalous resistivity at the
plasma edge [23].

The study of oscillating fields in our device has been performed with the miniature
magnetic pickup coils. For all the experiments discussed here, we have used the middle
diagnostic port (z = 0) located at the equatorial plane of the chamber. It is common to
measure the radial profile of the magnetic field oscillations at the fundamental frequency,
® = wmt, only. In our experiments, however, we also inspected the higher frequencies.

For the FRC case, the typical frequency spectrum of the probe signal is shown in figure 13.
Similarly to the spectrum of B, shown previously in [32], the spectrum of 1§¢ in the FRC case
is dominated by the odd harmonics, while the even harmonics are strongly suppressed. The

spectrum of B, component is shown in figure 14. As seen from the figure, the second harmonic

prevails; in theory, the spectrum of B. should possess only even harmonics.
When the axial current I, is added to form the ST configuration, the frequency spectra are
changed, as seen from figure 15. The amplitudes of the even-order harmonics in the spectra

of l§‘¢ become larger and comparable with the neighbouring odd harmonics. In contrast to the
case of the FRC, the amplitude of the second harmonic now is larger than the third one. A close
inspection also reveals the splitting of the frequency spectral peaks. The ratio of the sub-peak
to the main peak amplitude changes with the radius. The frequency gap between the main peak

and each of the sub-peaks is about 80 kHz. However, the spectra of B. displayed in figure 16
does not show such splitting. The figure also shows that in the ST case, the first harmonic in the
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Figure 16. The frequency spectrum of B . in the ST case for r = 12cm.

spectra of B, prevails. Unfortunately, the magnetic pickup coils could not provide accurate
data for the slowly varying component (zero harmonic) of the magnetic field, which could
be used to determine whether the ST configuration is para or diamagnetic in relation to the
applied toroidal field. On the other hand, our measurements of By with a Hall probe show that
the applied toroidal field drops by 5-10% in the centre of the plasma during a discharge as
compared with the vacuum value. Thus, the rotamak plasma is diamagnetic in regard to By,
confirming the earlier evidence that was obtained from the analysis of the oscillating currents’
distribution in the plasma [12].

The numerical simulations using the simplified cylindrical geometry confirm the main
features of the frequency spectra [32]. In the FRC case, the Hall term in the Ohm’s law produces
a cascade of odd-order harmonics for the radial and toroidal directions of the oscillating
magnetic field, and even-order harmonics for the axial (z) direction of the field. For the ST
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configuration, introducing the toroidal field into the simulations results in the appearance of
both even and odd order harmonics in the spectra of all components of the magnetic field.

The role of high harmonic oscillating fields in rotamak plasma is not fully understood. The
harmonics are also present in the signal of the plasma current, which suggests that they might
be harmful for stability. However, in recent TCS experiments [9] when the RMF antennas were
moved closer to the plasma, that should have resulted in accentuating higher order harmonics,
no deleterious effects were found. On the other hand, the observation of the peaks’ splitting
could be a useful diagnostic tool provided a connection between the degree of splitting and the
plasma parameters can be found.

The radial profiles of the harmonics of B¢ in the FRC and the ST cases are compared
in figure 17. It is seen that in the FRC case, the field is localized at the plasma edge,
although the conditions for full penetration are satisfied (however, if the anomalous resistivity,
n = 300 2 m, or higher is adopted, the condition for full penetration is no longer satisfied, as
discussed at the end of section 3.3). In the ST discharges, the presence of toroidal field results
in a much better penetration of RMF, with its maximum being close to the magnetic axis. The
improved RMF penetration has also been observed in the Flinders’ rotamak—ST [13] and in a
smaller rotamak (¢ = 14 cm), which was the first one to have the steady toroidal field [12]. As
suggested by the authors [12], the penetration is improved owing to the excitation of a rotating
whistler wave mode, which is possible once there are oscillating currents perpendicular to the
steady magnetic field. The main evidence for such a wave is a rapid 180° jump in the phase of
the oscillating fields, at a certain radial position, correlated with a sharp bend in the amplitude
of the oscillating fields. (In the FRC case, the phase of the fields was a slowly varying function
of the radius.)
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According to a simplified model (infinite cylinder, uniform density, zero resistivity and
ignoring the field of the plasma current), the oscillating magnetic field components of the
rotating whistler are given by [12]

~ 1A

B =Cus @), (17a)
ar

By = —Ar*J ;5 (), (17b)

B, = Ar’Jys (0), (17¢)

where the argument of the Bessel function is ¢ = ar? /3 with @ = powne/Bya (B, is the
value of the applied toroidal field at the plasma edge), and A is an arbitrary constant. For our
conditions B, = 70 x 107*T and @ = @iy = 3.14 x 10°rads™'. Forn = 2.5 x 1018 m=3
(somewhat larger than what was measured), the absolute values of the field components are
plotted in figure 18, together with the experimental data. The coefficient A is set at 10° Gm~2.
The sharp bend of the curves actually corresponds to the change of the sign (180° phase shift) of
the field components given by equations (17a)—(17¢). The position of the ‘bend’ is determined
by the value of o, which is adjusted by the increase of n, to obtain the best resemblance between
the curves and the experimental data. Taking into account the roughness of the model, the
similarity between the data and the calculated curves can be regarded as supportive for the
whistler wave excitation model in the rotamak—ST plasmas.

7. Summary

Steady plasmas have been produced and sustained in the newly rebuilt rotamak operated for
FRS and ST discharges. Up to 10.5 kA of plasma current was driven with the RMF at 200 kW
power level. The comparison of the two types of operations demonstrates that the addition of
the toroidal magnetic field can result in an essential improvement of plasma parameters and
the magnitude of the driven current.

The driven current consists of an inner and an outer current ring in both configurations,
similar to the majority of the RMF-driven currents observed in other devices. In the ST case,
however, the inner current ring is enhanced at least threefold compared with the FRC case, for
the same rf power. Adding the toroidal field also postponed the current termination point from
3 to 5 kA under our selected conditions. In the ST case, the growth rate of the driven current
with the ‘vertical’ fieldis 118 A G~' compared with 99 A G~! predicted by the Solov’ev model,
while in the FRC case it is only 86 A G~!. For the fixed rf power and gas filling pressure, the
value of the driven current strongly depends on the magnitude of the added toroidal field, with
its optimum position different for each value of the ‘vertical’ field. Such behaviour is similar
to that observed earlier in a smaller 10 litre rotamak, therefore it appears to be universal, at
least in the spherically-shaped rotamaks.

The electron temperature in the bulk of the plasma is 30-40eV in the ST discharges,
compared with 25 eV in the FRC discharges. The profile of electron density becomes much
sharper in the ST case implying a better particle confinement.

The oscillating fields in the plasma bear quite different features in the two types of
operations. The analysis of the frequency spectra not only confirms the early predictions
in general, but it also reveals some details, such as the splitting of the spectral peaks in the
ST case, that are not yet described theoretically. The penetration of the RMF is significantly
improved in the ST case with the peak of the oscillating field close to the magnetic axis; in
the FRC case, the field exponentially decays from the edge into the interior of the plasma.
Evidence is found to support the theory that the improved RMF penetration might be due to
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Figure 18. The radial profiles of oscillating fields in ST plasmas given by the whistler wave
excitation model (——) and by measurements (——[]——).

the excitation of the whistler wave mode. In our plasmas, the first radial mode appears to be
present. A further study is needed to understand whether the excitation of the first radial mode
corresponds to the best conditions for efficient current drive. The excitation of the whistler
wave mode, whether using the toroidal field or other means, might be a key to an efficient
current drive scheme as it allows minimizing the rf power losses related to the screening
currents.
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High harmonic oscillations of the magnetic fields in a rotamak plasma are measured for the first time
in experiments. Experimental results indicate that besides the fundamental rotating magnetic field,
harmonic fields are stimulated simultaneously. The features of the harmonics in the discharges with
and without toroidal field are compared. In the case without toroidal field the harmonics are
dominated by odd orders, as expected by theory. The presence of toroidal field enhances the even
harmonics greatly. The ratio of amplitudes of second harmonic and the fundamental one can be as
high as 45% in this case. Numerical simulation confirms that the Hall et is the cause of the
harmonic generation. @004 American Institute of Physic§DOI: 10.1063/1.1649990

A rotamak is a compact torus configuration having thehave been neglected. This Letter reports the first measure-
distinctive feature that the toroidal plasma current is driverment of high harmonic oscillations in a rotamak plasma. The
in a steady-state, noninductive fashion by means of a rotatingesults indicate that besides the fundamental oscillation, high
magnetic field RMF).!~3 The plasma is kept in equilibrium order harmonic fields with large amplitude are also present in
by an externally applied magnetic fieldeferred to as the a rotamak plasma.

“vertical field”); the RMF driven current reverses the Figure 1 is the structure of the rotamak device, which
equilibrium field in the central area generating a field re-has been rebuilt at Prairie View A&M University based on
versed configuratiofFRC). Owing to its special features, the parts of the Flinders University’s rotamak. The rotamak
the rotamak has attracted much attention and significartdhamber is a 50 cm diameter spherical vessel made of pyrex
prog_reiishas been made in experimental and theoreticg|ass. The RMF is generated by passing rf currents, from two
studies.™ _ _ 400 kW/500 kHz rf generators, dephased by 90°, through
~ The principle of current driven by a RMF in the rotamak 1y orthogonal Helmholtz coils. The plasma current driven
IS t_he12<‘18<|137> scheme which has been extensivelyhy 5 RMVF is kept in equilibrium by the vertical magnetic
studied-=""""In the rotamak a rotating magnetic field is fie14 produced by two 83 cm diameter coils. In addition, by
applied in the form of b,=B,coset—0) and b, ing an axial current, a toroidal fieldF) can be added to
:B“’S'n(.wt_ ), whereB, is the amplm_Jde Qf RMF, ana is .the rotamak plasma. The axial current is generated by dis-
the rotating angular frequency. This field induces an elecm%harging storage capacittRC) through six series connected
field E,=wrb, and thus an oscillating current is gener- .o conductors inside a stainless steel ticod=4 cm)
atgd. '.*eref' 0, z cor_respond to the radial, az'm“tha" and positioned along the major axis of the chamber. A Rogowski
?‘X'a' dlrect|on§ in cylindrical geometry. The Hall terrjyi¢,) coil through the central tube and around a poloidal cross
in the generalized Ohm'’s law, section is used to measure the plasma current. Miniature

1 magnetic pickup coils, which are retractable through quartz

E- E(Jx B)=nJ (1) guide tubego.d=6 mm) sealed in diagnostic ports, are used
€ to measure the oscillating magnetic fields. A double floating

has two parts, a dc part and an ac part. The dc part drives tengmuir probe is used to measure the electron density and

steady azimuthal currerlt,, the plasma current in a rota- (€MPerature of the plasmas. _ .
mak, while the ac part oscillates ab2The Hall term {,b,) _D|scharges with and without TF are carried out in ex-
also has a @ component. These«? components directly Periments. The rf generator powrx<180 kW) and the gas
contribute to currents and fields, which may interact wigh 1 filling pressure(1.4 mTorr 1) are kept unchanged in the
currents and fields resulting inw3harmonic fields. The tWwo cases. In the shots without TF, the vertical field is 25 G
higher 4», 5w, etc., harmonic fields can also be generated ir@nd the plasma currentis 2.5 kA. In the case with @B kA
the plasma. From Eq1) and Maxwell equations, it can be axial current is added; the plasma current is 4.5 kA and the
shown that, if there is no external azimuthal field, the totalvertical field is increased to 45 G to maintain equilibrium. In
B,, B,, andJ, in plasma have odd order harmonics while experiments, the plasma current duration is 40 ms as deter-
B,, J,, andJ, have zero and even order harmonits. mined by the rf pulse length, and the discharges are quite
In previous theoretical and experimental studies, mosstable and reproducible from shot to shot. The oscillating
attention has been focused on the RMF current drive and theagnetic fields are measured through the central diagnostic
properties of rotamak plasmas. In theoretical studies, theort in the meridian plane of the chamber. The data used for
high harmonics are often ignored to simplify the derivations,analysis are recorded around the middle of the discharges
while in experimental investigations the high harmonic fieldswhen the plasma current is in its flat stable stage.

1070-664X/2004/11(4)/1/4/$22.00 L1 © 2004 American Institute of Physics
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= a B, Rotating O — second harmonic now is larger than the third one. The har-
Vertical magnetic monic amplitudes decrease monotonically as in the case
field coil without TF.
- Besides the increase of the even order harmonics, an-
S other effect of adding TF is the splitting of frequency spec-
I v £ tral peaks. To show it more clearly, tf& spectrum around
Axial ———= —2>Z 5 2w is enlarged in the inset of Fig(®&. There are two side-
current 1 band peaks around the main peak at 1000 kHz, located on
each side of the main peak. The features of splitting vary
Bottom \ ) from one order to another: some orders have one side peak,
RMEF coil Spherical
pyrex some have twq or more. ' ' .
— vessel | v Figure 3 displays the radial profiles of the first three
— — harmonics oB, andB, in the cases with and without TF for
FIG. 1. The schematic of rotamak. the same conditions as in Fig. 2. These radial profiles are

obtained by shot to shot repeatable discharges. The ampli-
. . ) o . tudes of the magnetic fields are given based on the calibra-
Figure 2 displays the time derivative sign@lsfrom the  {jon, of the pick up coils. For reference, the profile in vacuum
magnetic pickup coil at=23 cm for the shots without TF g 5150 plotted. The vacuum field is renormalized for the
and atr=12 cm for the discharges with TF, and their fre- same current in the RMF coils as in the discharges with
quency spectra. The spectral structureBgfis the same as plasma since the current in coils is changed when the plasma
that of B,, so it is not shown. In vacuurtwithout plasma is present. From Fig. 3, it is seen that the profiles are differ-
the B, signal resulting directly from the RMF is a pure sinu- ent in the two cases, and for each case they are different for
soidal oscillation with a 500 kHz fundameni@dlw) compo-  ther and @ directions and depend on the harmonic order. By
nent. From Figs. @) and Zc) it is clearly seen that th8, =~ comparing the amplitude of thevlcomponent with its value
signals in the shots with plasma are severely distorted fronf? vacuum, it is found that the RMF in the case without TF
the sinusoidal waveform. From the frequency spectra, it i€an only penetrate the edge region of plasmas. From Figs.
seen that in addition to the 500 kHz fundamental oscillation3(c) and 3d), when TF is added, the penetration of RMF
significant high harmonic content is present. increases dramatically. It can now penetrate the whole vol-
Figure 2b) shows that the harmonics in the shots with-ume of the plasmas, with the maximum of oscillating field
out TF are dominated by the odd orders, while the amplibeing shifted to the inner region. The appearance of jump in
tudes of the even orders are small. For instance, the amplBy1,, near the center and iB,,, near the wall is similar to
tude of the third harmonic is much larger than the secondhe previous observation&!® Because of the penetration of
harmonic. As the order of harmonics increases, the amplithe RMF and the generation df in the plasm&*®the am-
tudes of both the odd and even harmonics decrease. Whegtitude of B, in both cases can be larger than its vacuum
TF is added, as seen in Figid, the amplitudes of the even value as is seen in Figs(l§ and 3d). In the case with TF,
order harmonics become larger and comparable with the odithe B, is even larger than its vacuum value in most regions
ones. In contrast to the case without TF, the amplitude of thef the plasma with the maximum value almost double the
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High harmonic fields in a rotamak plasma
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between the maximum amplitude of harmonics and the funln the model, the ions are regarded as stationary, and the

damental one ard®,;,/B,1,~26%, Byz,/Bg1,~26% in
the case without TF, and,,,/B;1,~45%, Bysw/Byie
~25% in the case with TF. During a discharge, the ampli-
tude of every harmonic is steady as long as the total plasma
current is flat.

As mentioned above, the Hall terdx B leads to the
high harmonics in the currents and fields. In the absence of
toroidal field, B,, B,, andJ, have odd order harmonics,
while B, and J,, J, have even order harmonics. When an
external toroidal field ,q is added, the even harmonicshf
interact withB yg (J,2,X Bgo=J,2,, for example and pro-
duce even harmonics ih,, B,, andB,, as observed in the
experiment, while odd harmonics df, interact with B
generating odd order harmonicsdp, J,, B,. Our measure-
ments show that in the case without TF, the amplitudewf 2
in the B, spectrum is indeed larger than other harmonics.
With TF, a large I component is stimulated iB, as pre-
dicted by the above picture and the spectral structurB,of
becomes the same as that &y andB,.

The Hall termJXB is a nonlinear term in Eq.1). For
further understanding of the harmonic generation in this non-
linear process, a numerical simulation has been carried out.
The model used in Ref. 11 is adopted. The main equations
used in our simulation are

A _ J ! JXB
o7 a][ 1,
B=V XA, (2

Amplitude {(a.u.)

Amplitude {a.u.)

—_

o
o
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o
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o
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0

pressure gradient is neglected. The equations are solved nu-
merically in cylindrical geometry using a finite difference
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OOy
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FIG. 4. The spectra (ﬁr from simulation:(a) without TF, (b) with TF.
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mesh in ther direction and a Fourier expansion in ti#e there is no external toroidal field, owing to the circulation of
direction, assuming no axial variationd/gz=0). A  particles along the closed magnetic field lines.
predictor—corrector algorithm is used in temporal iterations.
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