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Abstract 

Recent success with HIT-SI demonstrates the viability of steady inductive helicity injection (SIHI) as a 
spheromak formation and sustainment method. Results include the sustainment of toroidal current of over 
50 kA, up to 40 kA of plasma current that is separate from the injectors, toroidal flux up to 6 times the 
peak injected flux and j/n > 10-14 Am. All were achieved with 10 MW or less applied power.  This paper 
explores the requirements for a confinement test of the current drive concept using a larger proof of 
principle experiment.  The drift parameter limit and beta limit appear to play defining roles in spheromak 
performance leading to a very favorable scaling of wall loading with size. 

Introduction 

The HIT program seeks to reduce operational and maintenance complexity of toroidal confinement. 
Presently the tokamak has three coil sets and a toroidal vacuum chamber that are interlinked. The coil sets 
are the transformer solenoid, the toroidal field coil and the equilibrium coils. The transformer is used for 
current drive on present tokamaks and works very well since the plasma current is almost purely toroidal. 
However, since it is only used for startup in a reactor and other current drive methods must be developed 
anyway, it can be eliminated and indeed recent ARIES reactor studies1 do not have this coil. The 
solenoid-free startup method developed on HIT-II using CHI has been very successful on NSTX2 and the 
first DEMO will probably not have the transformer coil. Of the remaining two coils only the equilibrium 
coils are fundamental for toroidal confinement and stable equilibria have been produced transiently that 
have good confinement at temperatures in the kilovolt range using very little 3 or no4,5,6,7,8,9 externally 
produced toroidal field. The strong external toroidal field allows a broad range of MHD-stable current 
profiles, but if efficient steady-state current drive with sufficient current profile control is developed then 
this coil may not be needed.  The resulting simple vacuum vessel and greatly reduced operational and 
maintenance cost would help to make fusion power economically competitive.10  

Recent success with HIT-SI demonstrates the viability of steady inductive helicity injection (SIHI) as a 
spheromak formation and sustainment method.11 A larger experiment may be needed to study the 
confinement of plasma sustained by SIHI. The drift parameter limit and beta limit severely limit 
experiments and is discussed first followed by a discussion of a proof of principle (PoP) confinement 
experiment requirements.  Wall loading is a major issue. Suggested milestones are also given. 

Beta-limit plus Drift-Parameter-limit scaling limits spheromak temperature 

The small size of HIT-SI makes it difficult to burn through impurities and to produce a hot spheromak 
with high na (needed to prevent neutral penetration where a is the minor radius). Inductive startup in a 
tokamak starts at very low density where high temperature (~ 100 eV) is achieved with low power and the 
temperature and density are then raised together.  For a small spheromak this scenario is not possible and 
neutrals are controlled by conditioning the walls to absorb and hold neutrals. In addition to the -limit the 
spheromak also has a drift parameter limit  [= (drift of electrons relative to ions to produce current)/(ion 
thermal speed)].  The density and temperature can be expressed in terms of tor, tor, sph, Z, and jtor as: 
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where k is the Boltzmann constant. Z is the charge of the ion. Btor = ojtor /sph and Ti = Te = T were used 
in deriving these equations from the following equations: 
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Note the minimum density is at the tor and tor limits and only depends on spheromak size (1/sph).  This 
sets a minimum density for HIT-SI.  

Now we need to relate tor of the confinement region to the volume average -limit that is based on the 
rms volume averaged B-field and the volume averaged pressure.  From Taylor state calculations 
Ksph=3.510-14I2 where I is the toroidal current. The magnetic energy W = Ksph/2o = B2

rmsVol./2o and 
jtor= I/area where Vol. = 0.37 m3 and area = 0.2 m2. These give Brms= 1.63Btorr yielding tor= 2.66 vol ave .  
Figure 1 shows n and T based on vol ave and tor = 3.  

Max Temp vs plasma current for a drift parameter limit of 3 and given beta 
limits, density for each (on HIT-SI) in10^19m-3 
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Figure 1 

The effects of exceeding these limits are somewhat uncertain.  Experience shows that exceeding the beta 
limit at low temperature seems benign, at high temperature it leads to an interchange of core and edge 
plasma. If the edge is low density it can lead to the end of the discharge. If it is dense then it cools and 
lowers the pressure in the core. At low temperatures spheromaks are known to greatly exceed the Mercier 
limit.  Exceeding the drift limit has not been studied as much in spheromak but the effect should be an 
increase in resistivity perhaps hurting confinement from turbulence. The higher resistance would increase 
the power needed for sustainment and limit current growth.  

Table 1 shows the best performing shots of given experiment. These data indicate a tor-limit of about 3 
and -limit above the Mercier-limit.  The Mercier limit for the CTX and SSPX tuna can geometry was 
about 2%12.  SSPX operated with a very flat q profile for a very low Mercier-limit. HIT-SI has a bowtie 
geometry with a10% Mercier beta limit which has been exceeded because of the low temperature. S-1 had 



stabilizing cones that gave some bowtie effect.  The temperatures of CTX, SSPX, and S-1 are from 
Thomson scattering during decay when the electron and ion temperatures are nearly equal. The 
temperature of HIT-SI is the average of the electron and ion temperature during sustainment. A Langmuir 
probe measured 10eV for the electrons and ion Doppler of an OIII line gave 50 eV for the ions. All 
densities are from interferometry. 

 CTX13 SSPX14 S-115 HIT-SI11  
T(1/2 peak 
eV) 200 250 100 30
I (MA) 0.7 1 0.2 .053
j (A/m2) 9.00E+06 4.00E+06 8.70E+05 2.7E+05
n (m-3) 3.00E+20 1.00E+20 2.00E+19 2.5E+19
sph (m

-1) 18 10 10 10.3
j/n (Am) 3.00E-14   4.00E-14   4.35E-14  1.1E-14
 (%) 4 3 6 22
tor 2.6 2.2 3.5 1.7

Table 1.  Data from some of the highest temperature conditions on four experiments can be 
used to estimate the drift parameter limit by assuming these experiments push the limit.  
HIT-SI is the only sustained experiment. CTX results were with helium plasma the others 
used deuterium.  

PoP experiment 

A PoP has to reach the parameters needed for a confinement experiment. The conditions for confinement 
experiment are the following: 

 Drift parameter not exceeded 
 Beta-limit not exceeded 
 Wall loading limit not exceeded 
 j/n exceeds 10-14Am 
 na > 2x1019m-2 to exclude neutrals  
 T  200 eV to test magnetic confinement (T = (Ti + Te)/2) 

The following are the milestones towards a confinement experiment: 
Startup: Minimize power 
1. Start at drift parameter and beta limit minimum density. DONE 
2. Raise current until j/n exceeds 10-14 Am. DONE at T = 30 eV 
3. Raise temperature to 100eV demonstrating some confinement. (10% beta and drift parameter of 3) 
Confinement: Exclude neutrals and raise temperature  
4. Raise current and density keeping j/n > 10-14 Am until na > 2x1019 m-2 (present na = 0.5x1019 m-2, 

need n = 1020 m-3) . 
5. Raise current and temperature until T > 200 eV 

Voltage-requirement scaling is needed to extrapolate to a PoP experiment. If we reach the drift parameter 
and beta limits and the spheromak is well confined and quiet the power needed by the spheromak is less 
than a megawatt and decreases as the current increases. Most of the power is needed to power the 
injectors and the edge region that connects to them. The following assumptions are made for the 
milestones: 1. Power dissipation is dominated by losses on driven flux. 2. The impedance is dominated by 
dynamics, is real, and scales as 1/A that is as Ip/a

2n1/2 since B  Ip/a .   3. Injector current is constant. 
Therefore the loop voltage and injector power are proportional to the plasma current in a given 
experiment at fixed density, which is observed on HIT-SI for good deuterium shots. The impedance is 
also observed to decreases as the density increases. 



In scaling to a 3 times larger experiment the following are assumed: 1. The j/n goal will be achieved at the 
optimum n. Thus j/n achievement occurs at 53 kA independent of a. 2. Injector current is 20 kA. 
Conclusion: power and wall loading for present and three times the size is given in Table 2. 

 
 HIT-SI  (wall area = 3m2) 

 
HIT-PoP (wall area = 27m2) 

Milestone  LoopV 
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Ip  
kA 

Power 
MW 
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MW/m2 

Loop V 
V 

Ip
 

kA 
Power 
MW 

Power/area 
MW/m2 

T 
eV 

2) j/n> 10-14    500 53 10 3.3  167 53 3.3 0.12 30 
3) T=100eV   1400 125 28 9.3 460 125 9.3 0.34 100 
4) na > 2x1019   1650 350 33 11 578 636 11.6 0.42 160 
5) T = 200 eV   1970 417 39 13.0 646 711 12.9 0.48 200 

Table 2 

The current for milestone 4 of the PoP is required to keep j/n equal 1.1 x 10-14 Am and the temperature is 
from a 10% beta limit. As the temperature increases to 100 eV it is assumed that the spheromak beta 
lowers to the Mercier beta limit of 10%. In milestone 5 the 200 eV is a volume average temperature with 
peak temperatures probably about 400 eV, more than enough for the PoP.  

The biggest limitation with HIT-SI is the wall loading. At the powers required for milestone 2 , on some 
shots, random spots around the injector openings light up. If the power is too high or on too long, the 
insulation can be damaged. The fast camera shows the spots getting brighter and brighter each cycle 
indicating a heating problem and going to a short pulse length allows higher power operation. We are 
trying different insulating surfaces for better performance and HIT-SI3 has, we think, an improved 
opening design. The problem occurs at an average wall loading of 3.3 MW/m2 for 2 ms. The diffusion 
time of the 0.25 mm mullite surface insulation is 35 ms, after which the copper substrate keeps it cool. 
Since transient wall loading limits scale as Qt1/2, the wall loading needs to decrease by (35 ms/2 ms)1/2 for 
steady state. Thus, the average wall loading is limited to 0.8 MW/m2. The wall loading for each milestone 
has a very favorable scaling with size and a machine about 3 times the size of HIT-SI will be able to 
safely reach the milestones required for a PoP. 
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