
ABSTRACT

SPHEROMAK FORMATION & HIT- SI DESCRIPTION

ENHANCED DIAGNOSTIC STRAP

INCREASED HELICITY INJECTION

•The current capability of the flux circuit is being increased by
doubling the number of flux power supplies.  This increases the 
available helicity injection rate by allowing operation at higher flux.

•The flux coils are being modified to accept the additional current 
by replacing the four 12-turn coils with eight lower inductance 8-
turn coils on each injector.

•Modification of the injector flux coil winding configuration will also 
reduce field errors that lead to plasma-wall interactions.  

•The flux circuit lead inductance is greatly reduced by replacing
large welding cables with a greatly increased number of parallel
leads. This allows greater voltage to be directly applied to the flux 
coil and increases the flux by 25%.  The number of switching 
power amplifier supplies on the flux circuit are being doubled to 
allow operation at still higher flux.  

•Spheromak production in HIT-SI is dependant on power input, and 
higher plasma currents may be achieved by increasing the injector 
voltage. 

•The injector voltage has been limited by the capabilities of the
insulating surface, and by voltage spikes (due to plasma dynamics) 
in the desired waveform which further limit the allowable voltage 
demand. 

•Replacing the previous series-LC voltage circuit with a parallel-LC 
circuit has smoothed the injector loop voltage as seen at the injector 
gaps, and has also served as a snubber for plasma-produced 
transients. (See Figure 4)  

•More reliable operation is realized with this configuration and it 
allows the voltage demand to use more of the allowable insulation 
voltage rating. 

•HIT-SI is designed to study electrode-less helicity injection and current drive, by means of 
steady inductive helicity injection.  To prevent electrode effects, an insulating coating covers 
the conductive flux conserving walls of HIT-SI.  

•During the operations development of HIT-SI, the insulating coating was eroded in several 
locations due to arcing and is now undergoing repairs.

•A stronger repair material is desired, that would have high resistance, a high melting point, 
low thermal expansion, high heat conduction, and high fracture tolerance. 

•From the table below it can be seen that a compromise material is necessary.

•Mullite (formed by the melting and fusing of a mixture of silica and alumina ) may be the new 
plasma facing insulating coating for the HIT-SI vessel, due to initial successful results.  Table 1 
and Figure 5 compare mullite to other materials.

•A test program is nearing completion, which is evaluating variations of the 
existing alumina coating presently in use as replacement options.  

•The testing uses an RF glow discharge plasma, with a voltage placed between 
an insulation coated copper plate and a ground plane in contact with the plasma.  
The voltage is increased until the alumina coated surface “breaks” as evidenced 
by a sharp drop in the voltage when current begins to flow between the copper 
plate and the plasma.

•Mullite, a stronger material than alumina, is being considered.

•Mullite is expected to reduce impurity levels due to a reduction in arcing.  While 
mullite is not an adsorbant, which helps in lowering base pressure, it may have 
increased surface strength and it may react less with hydrogen plasmas. 

PROGRESS IN FEEDBACK CONTROL

•A flexible programmable digital controller is under 
development that successfully used a micro-controller 
(Analog Devices Inc. Blackfin model 537) as a working 
prototype for SPA feedback to a single-channel 
input (Figure 6).

•Software was developed for the off-the-shelf 
microcontroller evaluation board (ADI STAMP-537) and 
single ADC channel. This board uses embedded Linux 
(uClinux) and uses an Ethernet port for communication. 

Reduced Power Losses due to:

-Stronger surfaces to prevent arcing and carbon injection
-Improved copper strap in the diagnostic gap to reduced flux leakage and plasma-wall interactions 

-Turbo pump upgrade to provide lower base pressures and reduced initial impurities 

-New flux coil windings to reduce plasma-wall interactions in injectors

All combine to produce a cleaner plasma with reduced impurity radiation.

Increased Power Inputs due to:

-Increased number of flux power supplies
-Higher voltage standoff of insulating coating, 

Allow greater helicity and power injection rates.

SUMMARY

NEW TURBO PUMP

HIT-SI has successfully established spheromaks of 28 kA using only 6 MW of helicity injection power. Further 

advancements have been hampered by damage to the insulating wall in the injectors.  Machine upgrades are 

underway on the insulating wall and other areas to further increase spheromak performance.  Testing has 
been done on new plasma facing insulating coatings for the HIT-SI vessel, to identify a stronger insulating 

coating that may withstand higher injector voltages.  The diagnostic gap that separates the close fitting 

conducting walls in HIT-SI will be fitted with an enhanced copper bridge to reduce flux leakage.  Improved 

performance has been observed in operations with a copper strap bridging the diagnostic gap, motivating the 
upgrade to a more effective conductive bridge with longer L/R time.  Feedback is also being considered to 

counter resistive wall modes and help correct for long term soak through of fields into the flux conserver.  

Modification of the injector flux coil winding configuration will minimize field errors that lead to plasma-wall 

interactions.  In conjunction the power supply available to the injector flux coils will be doubled through the 
addition of 8 more Switching Power Amplifiers.  Installation of a new turbo pump will increase pumping 

speeds from 450 to 1100 L/s, in efforts to further reduce base pressure.

•A spheromak is formed for the first time by our new steady state
inductive helicity injection method.1

•Using two inductive injectors with n = 1 symmetry and oscillating 
at 5.8 kHz, a steady state spheromak with n = 0 symmetry is 
formed and sustained through non-linear relaxation. 

•Shown in Figure 1 is a cross-section of the HIT-SI device, with 
the bowtie shaped spheromak confinement region.2

•Two helicity injectors, 180° segments of a small oval cross-
section RFP, attach to the spheromak confinement region.

•In each injector the loop voltage and toroidal flux are oscillated 

in phase. The injectors are 90° out of phase with each other but 
have the same amplitude of voltage (Vo) and flux (ψo), giving a 
constant helicity injection rate of 2Voψo. 

•The insulating breaks (gaps) in the copper shell allow the 
application of the oscillating loop voltage and toroidal flux. 

•The copper shell is plasma sprayed with 0.3 mm of alumina to 
insulate it from the plasma.  

•A diagnostic gap separates the close fitting conducting walls in
HIT-SI (Figure 1).  Magnetic flux leakage has been measured 
through this gap, reducing the effective helicity injection rate.  

•Flux leakage is a net outgoing magnetic flux through the 
diagnostic gap, and is given as the percentage of injector flux 
that escapes through the gap.

•The toroidal diagnostic gap was sealed by the installation of 
bridges across the gap, in the form of a copper strap (Figure 2).  

•This reduced the average peak-flux-leakage from 78% to 49% of 
peak injector flux (Figure 3).  This has improved spheromak 
performance and contributed to plasma currents of up to 28kA 
and Itor/Iinjector ratios of over 1.5.

PLASMA SPRAYED INSULATING COATING
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•A driver module and control program was developed to reproduce the HIT-SI analog controllers, 
allowing command-line modification of the pulse-width-modulation operating frequency, gain level, 
and demand (Figure 7).

•Features under development for the feedback system include: integral and derivative feedback 
control, more than one ADC channel, further improvement to fidelity, and operation of the flux circuit 
with higher demand values by using the second ADC channel as a current-ceiling monitor.  

•Use of the digital controllers for both the injector flux and injector voltage circuits on HIT-SI will 
allow greater flexibility in operations and possible protection of the insulating surface.  Use of the 
digital controllers is also being considered for a magnetic feedback system to counter resistive wall 
modes.

Figure 1. Cross section of HIT-SI flux 

conserver and vacuum vessel, depicting the 

locations of voltage and flux gaps.  A probe 

array has been drawn in the diagnostic gap.  

The flux and voltage coils are not shown.

Diagnostic Gap

Figure 2 The midplane diagnostic gap is a 

toroidal break in the flux conserver.  Though 

recessed, measurable flux leakage occurs, 

reducing helicity injection.

Figure 2.  A copper strap bridges the diagnostic 

gap, reducing flux leakage.  It is crafted to allow 

diagnostic access to the plasma.  Shown center 

is the Internal Magnetic Probe Array.
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Figure 3.  The peak flux leakage through the diagnostic gap, as a percentage of 

peak injector flux. The flux leakage was significantly reduced by the use of a 

copper strap bridging the gap, as measured and calculated from an array of 

3-axis surface magnetic probes.

Figure 4. The upper trace shows the injector voltage with the series 

tank circuit. The lower trace shows the smoothed injector voltage 

with the parallel tank circuit.

VOLTAGE COIL POWER SUPPLY IMPROVEMENTSFLUX COIL & POWER SUPPLY IMPROVEMENTS

1.9X1074.5X10-6134163369519250Tungsten

2.3X10-58.6X10-65281719414507Titanium

1.58X10-125.5X10-76701.410752200Silica, Fused

1.4X1031.8X10-550016.214008060Stainless

1.0X10-136.0X10-616.83.518282800Mullite

4.6X1071.8X10-538032010758890Chromium 

Copper

7.3X10-43.0X10-6710.61193652 2267Carbon

3.13X1071.1X10-5182020112841848Beryllium
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Material

Table 1.  Representative material properties of candidate plasma facing materials for HIT-SI along with chromium 

copper and stainless steel for reference.
Figure 5: The breaking voltage of sample coatings is plotted against the minimum measured thickness of the 

sample. The horizontal error bars indicate the range between the maximum measured thickness and the minimum 

measured thickness. 

Material Comparison Chart

Insulation Material Selection Test Results

Figure 7. The proportional 

pulse-width modulation 

control simulation results, 

showing good tracking to a 

linear demand. This very 

flexible and powerful micro-

controller was successfully 

operated using the micro-

controller Linux “uClinux”

operating system, with single 

channel proportional results 

at left.

Figure 6. Blackfin microcontroller 

evaluation board is an affordable off-the-

shelf platform.

Proportional Feedback Results

•Due to the performance improvements with the initial copper strap, a thicker replacement strap that makes 
a better connection to the flux conserver and has a longer L/R time is being built.  This will further reduce 
flux leakage through the gap, lowering plasma-wall interactions and increasing the effective helicity injection. 

Alumina Spray Test Results
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•Base pressures of high 10-9 torr have been achieved to date, facilitated by a baking system and 
differential pumping.

•Installation of a new turbo pump will increase pumping speeds from 450 to 1100 L/s.

•This should further reduce base pressure and allow greater gas loads during a shot, increasing the 
available operational space.


