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Outline 

•  HIT-SI overview 
•  Improved current amplification and symmetry 

at higher frequencies 
•  Evidence for n = 1 kink stability 
•  Evidence for pressure confinement at higher 

frequencies 



Injectors drive edge poloidal current 
and apply n = 1 magnetic fluctuations 

Injectors have been operated at 5.8, 14.5, 36.8, 53.5 and 68.5 kHz 



HIT-SI design features and parameters 

Parameter Range 
R0 0.33 m 

axial length 0.57 m 

finj 5.8 – 68.5 kHz 

Iinj ≤ 30 kA 

Vinj ≤ 600 V 

Ψ inj ≤ 3.0 mWb 

Pinj ≤ 15 MW 

ne 1 – 5 x 1019 m-3 

Itor ≤ 90 kA 



Recent Experimental Highlights 
90 kA of toroidal current at 14.5 kHz Current amplification near 4 at 68.5 kHz 



Surface magnetic probes 
Poloidal cross section 

Probe construction and calibration by J.S. Wrobel 

•  There are four poloidal arrays 
used to calculate the toroidal 
current 

•  Two toroidal arrays of 16 probes 
are used for spatial mode 
decomposition 



•  Mean and standard 
deviation from the 
four toroidal angles 
are plotted 

•  Standard deviation 
increases after the 
injectors are shut off 
for the 68.5 kHz shot 

Current centroid calculation shows outward shift 
and improved symmetry at higher frequency 

R
c

=

P16
i=1 Ri

B
pol,iP16

i=1 Bpol,i



Outward shift in current centroid 
seen at 53.5 and 68.5 kHz 

•  6 shots at 14.5, 8 shots 
at 36.8, 8 shots at 53.5 
and 5 shots at 68.5 kHz 

–  60 µs interval between 
data points 

•  Vertical error bars 
represent the standard 
deviation in the 
centroid measurement 

•  Horizontal error bars 
represent the 5% 
uncertainty in the 
current amplification 



During sustainment the n = 1 mode 
correlates with the imposed fluctuations 

a)  n = 1 mode 
amplitude 

b)  n = 1 mode 
amplitude after 
subtracting off 
injector correlated 
portion 

c)  n = 1 mode 
compared to injector 
amplitude 

•  Initial n = 1 mode from 
an n = 1 instability in 
confinement volume 

•  After toroidal current 
formation n = 1 mode 
is correlated with the 
imposed fluctuations 



Current sustainment with a 
kink-stable equilibrium 

•  Cowling’s theorem states that non-
axisymmetric perturbations are required to 
drive toroidal current 

•  By imposing non-axisymmetric fluctuations, 
the magnetic dynamo can be driven directly 

•  Correlation between imposed fluctuations and 
the measured n = 1 mode on HIT-SI shows 
the toroidal current is being driven without the 
need of n = 1 instabilities  



Internal magnetic probe 

•  3D pickup coils measure 
the magnetic field in the 
toroidal, poloidal and 
radial directions 

•  Innermost coil at 
R = 33 cm 

•  3D coils spaced 12.7 mm 
apart 

Internal probe designed and built by Roger Smith 



Shafranov shift seen at higher 
operating frequencies 

•  Time-averaged 
equilibrium fields 
are plotted 

•  Fields normalized 
by the toroidal 
current to facilitate 
comparison of the 
profile shape 

•  Error bars are less 
than the symbol 
size 



Possible sources of the Shafranov shift 

•  Rotation 
–  Assume rigid rotor model 
–  Requires a velocity of ~70 km/s at the magnetic axis 
–  Measured ion velocity at the magnetic axis for a 68.5 kHz is 

4 ± 3 km/s [P1.035 Aaron Hossack] 

•  High inductance indicative of a peaked λ profile 
–  Peaked λ profile does not match the data 
–  Helicity flows downhill in λ 
–  Past experiments have had high edge λ during injector drive 

•  Pressure 
–  Good match to data as will be seen on the following slides 

rP = ⇢R⌦2



14.5 kHz have low β equilibrium fits 

Fixed boundary Grad-Shafranov equilibria 



68.5 kHz have high β equilibrium fits 

Fixed boundary Grad-Shafranov equilibria 



Flux surfaces show shift at high frequency 

•  68.5 kHz IDCD profile 
compared to zero β 14.5 
kHz IDCD profile 

•  Internal probe location 
extends to near the 
magnetic axis 



Ratio of density fluctuations to mean density 
decreases as frequency increases 



Characteristic frequency needed for confinement 
calculated from density fluctuations 

•  Assuming the decrease 
in density oscillations 
correlates with 
pressure confinement, 
the characteristic 
frequency needed to 
achieve confinement 
can be calculated 
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Possible explanation for 
confinement above the MHD β limit 

•  Imposed fluctuations at higher frequency (53.5 and 
68.5 kHz) stabilize pressure driven modes 
–  High frequency fluctuations prevent the growth of 

instabilities 
–  May apply to other instabilities 

•  Transition frequency related to the ion transit 
frequency, ω=vi/a 



Future work: HIT-SIX 
high temperature test of IDCD 

Minor radius = 0.55 m 
Major radius = 0.825 m 
 
Tpeak = 1 keV 
Itor     = 1.35 MA 
Density = 7.0 x 1019 m-3   



Future work: test effects of high frequency 
fluctuations on other experiments 

•  Test the theory that the transition frequency is 
related to the ion transit frequency 

•  Can high frequency resonant magnetic 
perturbations (RMPs) provide a similar effect? 
– May need to drive edge current in addition to the 

magnetic fluctuations 
•  Test this effect on HIT-SI3 with Thomson 

scattering 



Summary 

•  HIT-SI has efficiently sustained a kink-stable 
spheromak that self-heats to the MHD β-limit. Thus, 
HIT-SI has achieved the primary goal of spheromak 
fusion research but at low temperature  

•  Toroidal current of 90 kA and current amplification 
near 4 have been achieved separately 

•  HIT-SIX, a proposed high temperature test of IDCD, 
is needed 


