
Confinement and Power Balance in the S-l Spberoroak 

F. M. Levinton.' D. D. Meyerhofer.* R. M. Mayo. T 1 A. C. Janos, Y. 

Ono. Y. Ueda. and M. Yamada 

Princeton Plasma Physics Laboratory. PPPI> 

Princeton. New Jersey 08543 D E 8 9 0 U U 2 

Abstract 

The confinement and scaling features of the S-l spheromak have been 

investigated using magnetic, spectroscopic, and Thomson scattering 

data in conjunction with numerical modeling. Results from the multi

point Thomson scattering diagnostic shows that the central beta re

mains constant(3 t s — 5%) as the plasma current density increases from 

0.68 — 2.1 MAjm7. The density is observed to increase slowly over 

this range, while the centra] electron temperature increases much more 

rapidly. Analysis of the global plasma parameters shows a decrease in 

the volume average beta and energy confinement as the total current 

is increased. The power balance has been modeled numerically with 

a 0-D non-equilibrium time-dependent coronal model and is consistent 

with the experimental observations. 
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1. INTRODUCTION 

The spheromak 1 is an attractive alternate concept for a reactor 

because its compact nature can lead to simple coil and blanket designs. 

In order to evaluate the spheromak potential as a reactor its confine

ment and scaling must be determined. The S-l spheromak 2i forms 

a plasma by an inductive scheme 3 . Both the toroidal and poloidal 

plasma currents are inductively generated by a "flux core," The plasma 

is then detached from the flux core by an externally applied equilibrium 

field and relaxes into the minimum-energy state theorized by J. B. Tay

lor 4 and the spheromak configuration is formed. Typical parameters 

for S-l are a major radius of 50 cm and a minor radius of 25 cm. The 

plasma current can be varied from ~ 100 - 300 kA and the density from 

3 - 5 x 10 ! 3 c m - 3 . The electron temperature ranges from ~ 10 - 100 

e \ \ In order to keep the plasma stable to the n=l shift instability, close 

fitting conducting panels are situated around the plasma on the inside 

half of the major radius as shown in Fig. 1. 

The purpose of this paper is to discuss the results of our measure

ments of the magnetics, electron temperature and density, and to eval

uate their relation to the plasma current density and energy confine

ment. The next section will describe the diagnostic measurements and 

the data obtained from them. In 5ec. 3 the analysis of the data and 

results of the beta and energy confinement scaling are discussed. In 

Sec. 4 detailed modeling of the data with a 0-D power balance code 

is described which has enabled us to estimate the power lost due to 
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radiation and transport processes. 

2. DIAGNOSTICS 

Electron temperature and density profile measurements have been 

obtained from a multipoint Thomson scattering diagnostic 5 . The 

viewing geometry cuts across the midplane at an angle of 2b' as shown 

in Fig. 1. The scattered light is collected by an / / 3 lens and im

aged onto a fiber-optic bundle which views a 72 centimeter chord and 

transmits the light to a spectrometer, The dispersed light from the 

spectrometer is imaged onto a muhianode microchannel plate(MCP) 

detector. The MCP has a 10 x 10 array of anodes to collect the am

plified current, giving it the capability for ten spatial and ten spectral 

channels. The signals are integrated for 20 nanoseconds by two sets 

of analog to digital converters (Lecroy 2249A). The first set integrates 

at the time of the laser signal and the second set is gated on 50 ns 

later to measure the background light. An example of a density and 

temperature profile is shown in Fig. 2. 

Magnetic probes internal to the plasma are used to measure the 

toroidal, poloidal. and radial magnetic fields. The perturbation of the 

probes is believed to be small, particularly for the lower temperature 

(Tt < 50 e l ' ) and current density plasmas where the probes arc used. 

The array of probes can scan a cross section of the plasma on a shot-

to-shot basis to map out the flux surfaces. These data are used to 

compute the current density, magnetic energy, and input power. A 
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Rogowski coil is also used to measure the total plasma current. The 

average plasma current density obtained from the Rogowski coil can be 

related to the peak current density measured by the magnetic probes. 

This is necessary for obtaining the peak and average current density in 

cases when the probes are not in the piasma. 

The ion temperature is measured using Doppler broadening of in

trinsic impurities in the plasma such as carbon and oxygen. The ion 

temperature has been found to be equal or greater than the electron 

temperature 6 . For all calculations involving the ion temperature it 

will be taken as equal to the electron temperature. 

3. RESULTS 

In this section results from the magnetic probe and Thomson scat

tering are used to compute the plasma beta, confinement limes, and 

the resistivity. Their scaling with the current density is also examined. 

The Thomson scattering data base is derived from over 1-10 discharges. 

The plasma current varied over this scan, but the size and shape of the 

plasma *-*s constant. For cases where central values of beta, density, or 

temperature are quoted the three central Thomson scattering positions 

are averaged. This corresponds to about 22 cm or one half of the minor 

radius. For volume-average quantities as much of the profile as possible 

is used. This will vary depending on the quality of data at the edges 

of the plasma where the signal is poor due to low electron density and 

vignetting from obstructions in the vacuum vessel. 
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3.1. CENTRAL AND VOL L'ME-AVERAGE BETA 

The scaling of the electron temperature and density product, as 

shown in Fig. 3. is found to be approximately proportional to j 2 where 

the values for n, and Te are in the central region of the plasma. The 

current density varies from 0.68 - 2 . 1 MA/m1. The electron density 

increases slowly over this range, while the temperature varies from 

10 eVto over 100 eV. This j 2 scaling implies that the central beta 

remains constant and is -- 59c which is defined as. 

where Bto is the toroidal field at the magnetic axis. Similar results have 

been found in reversed field pinches(RFP) 7 . If the electron pressure 

is volume averaged over the entire profile, then the electron pressure is 

found to scale linearly with the average current density as shown in Fig. 

•3. Experimentally it is observed that the central electron temperature 

increases rapidly with current density, but the edge temperature does 

not. The result is the volume average electron pressure changes more 

slowly than the central pressure. This causes the volume-average beta. 

[3) = ffl"w2" i t 0 decrease inversely with the current density as shown 

in Fig. 5-

3.2. DENSITY LIMITS 

Density limits have been observed in S-l which are characteristic 

of that seen in other devices 8 . At high density the radiated power 



increases, resulting in a low temperature radiation-dominated plasma, 

similar to the Murakami limit observed in tokamaks. This occurs when 

the ratio of the local current density to the electron density is less than 

-̂  1 x 10" u .4 - m, which agrees well with theoretical estimates 9' based 

on a radiation limit. At low densities or higher j/nr the data(shown 

in Fig. 6) fall in a region where the streaming pararneter(f). which 

is the ratio of the drift velocity to the thermal velocity. vd/vtflx, is 

less than 0 1 . If the density is lowered any fur (i.e. £ > 0.1). the 

plasma becomes very unstable and short-lived. Tins limit may be due to 

current driven instabilities resulting in anomalous diffusion, resistivity, 

and ion heating 10,11 - The relation of the streaming parameter to 

current-driven or other instabilities in the S-l spheromak is not well 

understood and requires further investigation. 

3.3. RESISTIVITY 

In order to compute a 0-D power balance the input power into the 

central region of the plasma is needed. This requires a knowledge of 

the resistivity and current density. Anomalous resistivity has been ob

served in spheromaks 12 and RFP's 13 . In S-l this is also the case. 

The resistivity of the plasma both as a function of space and current 

density has been investigated with the aid of the internal magnetic 

probes. The decay time of the magnetic field at a given point in space 

is determined by the decay of the plasma currents contributing to that 

magnetic field. Measurements of the temporal evolution of the poloidal 
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and toroidal magnetic fields in the plasma were used to estimate the 

plasma resistivity and obtain some idea of the resistivity profile by com

paring to a mode]. A summary of the measured decay rates, toroidal. 

r B , and poloidat. TBV. are in Table I. 

The sensitivity of the rate of decay and the ratio of the poloidal 

to toroidal decay rales to the resistivity profile has been investigated 

using the classical spheromak model of Rosenbluth 1 . From the force-

free description of Taylor 4 . we may write 

T*B-k1B = Q< (2) 

where k is the eigenvalue. Rosenbluth and Bussac 1 have demonstrated 

the solution to Eq.( 2) in spherical coordinates 

B = £ £ b"me"~{m(m - i )/£{«* flJ^K, 
n=0 m=n *'" 

in 1 /V 

- s i n * / ^ - — P ^ - - ( r j m ) e p } . (3) 
sin tf kr ar 

where P^cosd) are the associated Legendre functions and jm(kr) are 

the spherical Bessel function;.. Here bJJ, is related to the relative mag

nitude of poloidal (m) and toroidal (n) mode amplitudes. The 73 = 

0. m = 1 solution is the classical spheromak in a spherical boundary. 

To approximate the equilibrium in the S-l experiment it is sufficient to 

choose the n = 0 (axisymmeirici. m = 1.3 contributions. The m = 3 

component provides a controllable degree of shaping to the equilibrium 

through the parameter £ = J . The case £ < 0 implies an oblate 



spheromak and £ > 0 a prolate one. For S-l -1 .0 < £ < -0 .3 is 

appropriate. 

The quantities of interest. \rBp) and {rBt) may be calculated from 

the integral relations 

(Tfl _,iASiL {4) 
l B p ' - J v i j j ? ^ ( 4 ) 

and 

"*» -'l^ipr- , 5 » 
where the subscripts p and £ denote poloidal and toroidal, respectively. 

Equations (4) and (5) can be evaluated using Eq. (3), the force-free 

condition j p . ( = — Bp.« for the current density, and specifying a resistiv

ity profile. A parameterized resistivity profile which can be varied from 

a hollow profile representing a " Spitzcr-like" profile to a flat resistivity 

profile. This is achieved by employing the following flux surface profile. 

r/(r.S] = T;, - r,c(l - -'sin fl/cr^r)'1'". (6) 
Q 

Here 17, is the edge resistivity which is a constant that corresponds to 

the expected classical resistivity at 10 eY. The a parameter represents 

the resistmty well depth. In the simulation the range ] < Q < 70 is 

used where a = 1 corresponds to a constant resistivity and a = 70 to 

a classical resistivity for Tr — 100 eY. f is a peaking factor for the 

resistivity profile. Values for -> of 5-30 are appropriate for S-l. After 

specifying a resistivity profile, the above integrals may be evaluated. 

The results for \TBp) and <-TBt) are shown in Fig. 7. We see that 

the absolute values of these decay times are quite sensitive to the 7j 
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profile. However, the ratio of decay times is very insensitive to the 77 

profile and consequently may not be used quantitatively in determining 

the resistivity profiles. Comparing the values of the modeled decay 

times with those found in the experiment, a reasonable estimate within 

the uncertainty of our measurements is that a is in the range of 1 to 

3 . This implies that the resistivity is constant or close to constant 

across the profile. The fact that the measured decay rates in the low 

temperature case where the temperature is constant and hence the 

resistivity profile is expected to be constant has similar decay rates to 

the high temperature data suggests the resistivity profile is not changing 

as the temperature is increased which fuither supports our conclusion of 

a flat or close to flat resistivity profile. This result for high temperature 

(~ 100 e l ' ) is quite far from the classical expectation of a ~- 70 . 

3.4. EXERGY COXFISEMEXT 

In order to determine the energy confinement time both the stored 

energy and the input power are needed. The stored kinetic energy is 

obtained from a volume average of the Thomson scattering data. If the 

plasma decays self-similarly and remains in a minimum energy state, 

then average input power can be determined from the magnetic energy 

decav rate. 

where H ' m = p /d\ 'B" 2 ,'2fiQ and is shown as a function of the current 

density in Fig. 8. It is found to be proportional to 'J}23- The global 



Table I: Summary of the 5-1 magnetic results 
Voltigr (">} */>,») j , Pm i-rs.) (TSr) ( T B , ) ( T B F > 

(kV) ( A / J / m - j ( A / H V m 3 | ( A M / m 3 ) ! ( A n i V m 3 ) . ( » « c ) ( w c ) i ( w « c ) < T B « » . 

0.67 28 1-1 90 200 141 1.4 

10 0.82 3S 1.3 : 91 111 264 193 1.4 
12 0.99 S3 i.s ; 135 138 280 1S6 1.7 
U 1.1 07 1.7 | 248 97 229 1S9 1.2 ;' 
16 157 393 270 

energy confinement time, (rfc). is given by 

Hi ^EI P - €ili" 
r ' n at 

(8) 

where II", = £ | fd\'[neTt — njTf). Since ^ * is small compared to the 

input power, it will be ignored. Over the range of {)) in this data set 

the global energy confinement time is 6 — 12 fisec and scales inversely 

with the current density as shown in Fig. 9. Based on the average 

electron pressure scaling of (ntTe) ex (j) 1" 3 a n ^ Pm » ij / 2 ' 3 i the scaling 

for the confinement time is 

<r«) ' 5 oc 1 /0 ) . (») 

The range of the data is small and the scatter too large to draw any 

definitive conclusions. A comparison with other spheromaks to extend 

the range might be helpful. Also any dependence of the confinement 

time on other plasma parameters, such as density, is unknown. In 

Tables I and II are summaries of the magnetic and confinement results. 
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Table II: Summary of the S-l confinement results 
\oltagc 

fkV) 
<2> l.r,) 

{istcc) po' 3 cm'*) 

8 T.5 12 5.0 14 15 

1(7 6 0 11 4.5 18 20 

12 1.0 9 4.9 , 20 30 

14 3.7 T 4.3 3i. 48 

16 2A 6 4.9 ! 33 SO 

4. POWER BALANCE 

The power balance of the S-l spheromak has been studied using 

a zero-dimensional nonequilibrium time-dependent coronal model[14". 

The code includes power losses from particle conx'ection. conduction, 

electron-ion coupling and radiation. The loss rate from particle diffu

sion is ^ r 1 - The particle confinement time. rp is measured using a 

caxbon injection technique[15j and has been found to be approximately 

five times Bohm[16,17]. 

The conduction loss is assumed to be enhanced due to the relatively 

large magnetic field fluctuations observed with (SB/B) — 0.02 - 0.1. 

The stochastic fields result in a radial thermal conduction where K P = 

(6B/B)2K-f\l8,l9}. If the magnetic field fluctuations are not due to re-

connection, but due to plasma motion, which does not produce stochas

tic fields, then this would substantially overestimate the conduction 

loss. Experimentally the two processes cannot be distinguished. In the 

0-D analysis it was assumed that the fluctuations were stochastic in 

nature. If the conduction term is not included, then the 0-D model 

11 
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predicts electron temperatures much higher than actually observed. 

The heating of the ions is significantly enhanced over the classical 

electron-ion coupling power to account for 7", -- Te. This increased ion 

heating rate has been observed in other devices[20 . 

Thomson scattering data from the central region of the plasma were 

used in the code where the density and temperature gradients are min

imal and the model works best. Also, impurity densities were obtained 

from an absolutely calibrated VUV spectrometer. 

The input power in the central region of the plasma is computed 

from Pm = »u£i where jpt is the total current density in the central 

region of the plasma and IJ is the resistivity from the model discussed 

in section 3.3 using a = 1. When the magnetic probes are not in 

the plasma, the current density is obtained from the average current 

density using, the relation, jpt = 2{jt), which was determined from 

previous magnetic probe and plasma current Rogowski data. 

At each current density the electron temperature evolution is deter

mined. The final electron pressures are shown in Fig. 10 as a function 

of current density. Also shown is an average of the measured pressures 

from Fig. 4 which is in good agreement with the code results. 

Shown in Figs. 11 and 12 is the power balance and temperature 

evolution from the 0-D code for a case with j = 2.1 A/.4/m J and 

l9t carbon and oxygen impurities. The temperature has reached an 

equilibrium after 200 fisec. Comparisons of the data to the 0-D model 

are made after this time so as to avoid the formation characteristics 
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of the plasma which are very difficult to model. From the electron 

power balance, for the low density, high temperature case the dominant 

loss is due to conduction. For cases with lower current density and 

temperature, radiation is the dominant loss. 

5. SUMMARY 

In conclusion, results from electron temperature and density scaling 

show that in S-l the central plasma beta remains constant, covering an 

order of magnitude variation in the electron pressure. However, the 

volume-averaged beta decreases with increasing current density. This 

is due to the edge temperature of the plasma remaining low. The 

global energy confinement time is about 10 ftsec and has an inverse 

dependence on the current density. The central energy confinement 

time, with a ~ 1 - 3, is in the range of — 10 - 35 psec. The global 

quantities and. in particular, their scaling strongly reflects the fact that 

the edge parameters, particularly the temperature, remains constant. 

This could be due to the free boundary configuration of the plasma, 

which has a large volume of neutral gas and cold dense plasma outside 

the separatrix. it may be preferable to have a fixed boundary with a 

close-fitting conducting shell. The conducting shell may also improve 

the edge parameters by keeping the plasma more stable against current 

or pressure-driven instabilities. 

The observation of large resistivity and T, ~ Tt is consistent with 

the hypothesis of an enhanced electron-ion collisionality. This could be 
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caused by current-driven drift instabilities when VdiVth ~- 0.1. which 

can result in increased resistivity and turbulent ion heating. 

Results from the 0-D code are consistent with the experimentally 

measured quantities, which makes the code a useful tool for predicting 

the spheromak performance under different conditions. The major loss 

channel at high temperatures is due to thermal conduction caused by 

large (SBIB) fluctuations. It is probable that the driving mechanism 

which is responsible for the enhancement in the anomalous resistivity 

and large input power is also producing the large fluctuations and power 

loss through conduction. 
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Figures 

Fig.l. Layout of the Thomson scattering diagnostic in the S-l sphero-

mak. 

Fig.2. Example of the electron density and temperature profile obtained 

from the Thomson scattering diagnostic. 

Fig.3. The electron pressure is in the core region of the plasma (r < a/3). 

The current density is the peak current density. 

Fig.4. Average electron pressure vs the average current density. 

Fig.5. Volume average beta vs the average current density. 

Fig.6. Electron temperature vs the local j/nt. 

Fig.7. The computed decay times of (a) (T^) and (b) (T^). 

Fig.8. The volume average input power vs the average current density. 

Fig.9. The global confinement time vs the average current density. 

Fig.l 0. The measured electron pressure compared to that determined 

from the 0-D model plotted versus current density. 

Fig.l 1. Electron power balance. 

Fig.12. Electron temperature evolution. 
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