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Introduction The Helicity Injected Torus (HIT-SI) is a spheromak device driven by two helicity 

injectors configured as ½ toroidal pinch handles attached to opposite sides of the confinement volume 

and driven sinusoidally in quadrature at 14.5 kHz. Steady magnetic helicity injection, by purely 

inductive means, is thereby achieved
(1)

. Recent success using Deuterium gas and conditioning walls 

with pulse discharge cleaning in He has allowed significant improvement in the performance of 

formation and sustainment of Spheromak discharges using Steady Inductive Helicity Injection (SIHI) in 

the HIT-SI experiment, as shown in Fig. 1.  Toroidal currents, Itor, of 50 kA with ratios of 3 to injector 

currents summed in quadrature have been achieved and sustained on ms time scales
(2)

. Internal probing 

measurements using a probe array of 3d pickup coils extending in major radius from the magnetic axis, 

Rma, to the shell has been used to study the MHD behavior of the toroidal, poloidal and radial magnetic 

fields. 

 

Fig. 1  Global discharge traces. The x and y 

injector currents, the toroidal current, Itor,  

from averaging 4 Amperean shell probe 

arrays and the ratio of Itor to the quad Iinj 

current. 

 
This study has tried to find or associate some MHD behavior that would help to explain some of the  

phenomenological features that are common to this higher performance level by itself or in reference to 

past discharges with ratios of Itor/quad Iinj of order unity. 

The plasma behavior has been categorized into four phases: 1) formation phase  noted by an abrupt 

step in Itor to a ratio of about unity (~20 kA), 2) a steady linear growth of Itor to ~50 kA, 3) a leveling off 

of Itor with a definite knee and 4) an exponential decay of Itor after the injectors have been shut down, 

indicative of an axisymmetric, finite beta plasma. The magnetic data has been examined in the time 

domain, the frequency domain, with respect to external circuit phasing and for the decay phase a Grad 

Shafranov equilibrium code was developed for the specific HIT-SI geometry to use the internal field 

measurements to reconstruct the full MHD equilibria. 
 

Magnetic probing 

Time domain results: 
From the traces shown in Fig. 2, one sees that there are two components to the internal fields: a 

modulated component at the driving frequency 14.5 kHz and a DC component corresponding to Itor. For 

the most part the superposition of the injector and confinement volume Taylor states describe the internal 

field behavior, traces shown in red. hat is, the modulation amplitude for toroidal field peaks at the 

magnetic axis as for the radial fields and the modulation peaks near the shell for the poloidal fields. Also, 

the distribution of DC offsets Vs R for Btor and Bpol are Spheromak-like.  But there is a lowering of the 

internal fields compared to the symmetric Taylor state that persists into the decay phase. This deviation is 

not as prominent for low performance discharges. The offset suggests, from the equilibrium solutions in 

the decay phase that the driven plasma has a finite beta and it is argued that a substantial percentage of the 

toroidal current (the non-modulated Itor) does not link the either injector and is contained totally within the 

confinement volume, a so called separatrix current 
 



 

Fig. 2 The internal fields are shown for Shot 

122385. The upper are the toroidal fields Btor(r) 

from the m.a. to the shell. The middle the radial 

fields, Br(r), and lower, poloidal fields Bpol(r). The 

red traces are the sum of the Taylor solutions of the 

inj. fields and the symmetric state given the 

measured injector currents and measured Itor. 

 

  
 

Frequency domain results:   
The spectral analysis of the probe signals as shown in Fig. 3, suggests that there are low frequency 

modulations like the 24 kHz beat in the  poloidal data that is across several probes. It is difficult to resolve 

these features with a shot duration of a few ms. No high frequency fluctuations have been observed. To 

500 kHz. The low frequency fluctuations do not correlate or change behavior with the termination or start 

of a new phase 
 

Fig 3. Power spectra Vs radius for the 

poloidal(below left), toroidal (below right) and 

radial fields(to the right) at the time shown during 

the linear growth phase(2). 

 

  
 

The spectral analysis of the probe signals as shown in Fig. 3, suggests that there are low frequency 

modulations like the 24 kHz beat in the  poloidal data that is across several probes. It is difficult to resolve 

these features with a shot duration of a few ms. No high frequency fluctuations have been observed. To 

500 kHz. The low frequency fluctuations do not correlate or change behavior with the termination or start 

of a new phase. 

Phasing of 14.5 kHz modulation 

The only correlation that has been found in the fields modulated at 14.5 kHz is the phasing of Br(r) with 

a reference external signal, the xinj current in this case. It is found that the radial fields are synchronous with 

this signal across the entire outboard plasma for high current discharges but out of phase for the low 

performance discharges which are ideally fit by superposing the injector and symmetric Taylor profiles as 

shown in Fig. 4. 
 



 

 
Fig. 4  The phasing of the radial fields Br(r) indicate a correlation with low and high performance. For the 

recent high Itor discharges, Br is uniformly locked in phase with the Xinj, say during the linear current 

ramp. But for the previous low Itor discharges, these waveforms are out of phase. This suggests that the 

observed n=1 component is not purely the Taylor injector state in the high performance regime. 
  

Dynamic phases of the discharges -  

1) Formation phase: Fig. 5 shows an unusually large initiation current. Typically the initial current is the 

quad injector current and no more. This was exceeded in shot 122131 but only temporarily. The field 

profiles at onset have been likened to the behavor during a reversal of  Itor and seems to be the injector 

current channels relaxing (settling) into the axisymmetric confinement volume.  
 

  

 
 

Fig. 5  The initial formation in shot 122131 showing the rapid onset of current and the internal 

magnetic fields, Br-top, Btor left bottom and Bpol right bottom. 
 

4) Decay phase:  After the injectors are turned off the fields are quiescent and the profiles suggest a 

Taylor state as shown in Fig 6 but not quite. The poloidal and toroidal fields are lower than Taylor for a 

given Itor and there is a shift outward in the rma. This suggests a finite beta. 
 

 

Fig 6 A comparison of the internal poloidal 

and toroidal field profiles compared to Taylor 

at the time shown during the decay phase, 

Shot 122372. 

 



The fits to the magnetic data were accurate out to the shell only for the last three time points as shown 

in Fig 7c,d). The λ profiles are close to the eigenvalue of 10.4 m
-1

 (Fig 7e). The toroidal current is 

concentrated near the neck of the machine (Fig 7f). A Langmuir probe and a tangential interferometer 

measured ne ant Te neat the m.a. (Fig 7h) and from that a rough estimate of plasma is inferred at time t3.  
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This is confirmed by fitted <β>vol at t1-4: <β>vol = {25%, 38%, 41%(32%) and 72%}. 
 

 
Fig 7 Selected outputs from the 

equilibrium fits at 4 times  

during the decay phase for Shot 

122372 are shown.  

 

 

 

 

 

 
a) Itor during decay and times used 

 
b) mid-plane q profiles 

 
c) Btor data and fits to data 

 
d) Bpol data and fits to data 

 
e)  mid-plane λ profiles 

 
f) Itor density at t2 

 
g) Ψpol(Taylor and Eq) 

 
h) Measured <ne> and Te 

 

2) and 3) The linear growth and plateau phases:  The linear growth phase demonstrates similar 

symmetric (DC) field profiles as the decay phase which seems to indicate a spheromak-like equilibrium 

with pressure. No MHD indicators have been found for the knee in Itor. A rising density (falling J/n) has 

been suggested but the knee and level are abrupt and flat which doesn’t seem to agree with that 

explanation.  
 

CONCLUSION 
Internal magnetic probing has been successful on HIT-SI with little perturbation to performance. 

Probing data suggests a correlation between the phasing of the modulated internal Br fields and high 

performance discharges. No MHD fluctuations have been found that correlate with the dynamics of these 

discharges.  After the injector drive is turned off, the equilibrium is axisymmetric with 0.65 ms decay 

time. Fitting to the measured fields with a GS equilibrium fitting code shows a finite beta plasma relaxing 

towards the Taylor state on a ~ms time scale. Measurements of ne and Te confirm the fitting results and 

extrapolation to the driven phase suggests that a confined plasma with finite beta is present during the 

linear growth phase. 
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