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ABSTRACT 

Globally coherent modes have been observed during formation in the S-1 

Spheromak plasma by analysis of magnetic field fluctuations measured from 

outside the plasma. The modes are of low n number (2 < n ^ 5), where n is 

defined by the functional dependence e * of the fluctuation on toroidal angle 

<l>. These modes are shown to be related to flux conversion and plasma 

relaxation toward a minimum-energy 3tate during the spheromak formation. The 

nodes are active while the q ptofile is rapidly changing, with q on-axis, a , 

rising to 0.7. A significant finding is the temporal progression through the 

n = 5, 4, 3, 2; m = 1 mode sequence as q rises through rational fractions 

ra/n. During formation, peak amplitudes of the n = 2, 3, 4 modes relative to 

the unperturbed field have been observed as high as 20%, while raor<5 typical 

amplitudes are below 5%. 
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I. INTRODUCTION 

Many 3che;..«s for the toroidal magnetic confinement of fuaion plasmas 

involve configurations with both poloidal and toroidal fields. Poloidal and 

toroidal denote the short and long way, respectively, around the torus* The 

poloidal and toroidal fields of two closely related configurations, the 
1 2 

rever3Ed-field pinch (RPP) and the spheromak, are sustained mainly by 

toroidal and poloidal currents in the plasma. Spheromaks are established 

without toroidal field coils linking the toroidal plasma, and the toroidal 

field is maintained entirely by plasmas currents. An interesting feature of 

these two configurations is magnetic flux conversion between the poloidal and 

toroidal fields. This conversion is important for relaxation of these plasmas 

toward a stable, minimum-energy Taylor state. Also, sustainment of these 

discharges is made possible by utilization of this relaxation phenomena. ~ 

The relaxation process is often accompanied by magnetic field 

fluctuations » 5 > 8 " 1 4
 w^ich are thought So be one possible mechanism for the 

relaxation process. Relaxation in spheromaks was first evidenced by the 

plasma's maintenance of equilibrium profiles close to the lowest-energy, 
1 5^1 7 force-free eigenmodea predicted by theory. 

•, D i a In recent S-1 Spheromak experiments, ' flux conversion between the 

poloidal and toroidal fluxes of the plasma was observed during and after 

formation of the plasma. Plasmas were observed to adjust themselves during 

formation such that the ratio of the toroidal plasma current to toroidal 

magnetic flux in the plasma, I/*, was a constant independent of initial 

conditions such as capacitor bank voltages. The Taylor state is characterized 

by the force-free condition j _ = A Jl where A is a constant independent of 

position, j is current density and B is magnetic field. If A is constant, 

then * also equals I/* by simple integration. Since A experimentally is found 
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to deviate from a constant value, I/* can be taken to be an "average X" 

value. I/* is proportional to the pinch parameter 9 = 2I/aB of RPP research 

through a simple geometric factor involving the plasna size. "Hie time 

behavior cf I/* in S-1 was very similar to that of 9 in HFP discharges. It 

was experimentally observed in S-1 that this I/* ratio was maintained for the 

duration of a discharge. If the plasma evolved after formation sua; that the 

I/* ratio deviated too far from an acceptable range, then relaxation 

oscillations, with the associated precursor oscillations, restored I/* to a 

range commensurate with that theoretically predicted on the basis of a 

force-free, minimum-energy state equilibrium. The theoretical value of I/*, 

in HA/Vsec, based on a classical spherical-boundary spheromak configuration, 

is 3.581/rc, where r c is the geparatrix radius in meters. In an attempt to 

understand further these phenomena, a magnetic coll system external to the 

plasma was installed to 1 ) look for possible toroidal mode structure of the 

magnetic fluctuations, and 2) monitor the gross behavior of the spheromak 

plasma (shift/tilt). Long-lived (~ 0.5 ma) spheromak plasmas almost 

completely detached from the flux core were produced. Well-defined modes with 

an assumed form e m n " are observed almost always during the formation 

phase, with n in the range 1 to S, where 8 is the poloidal angle and 4> is the 

toroida* angle. These modes are important for two reasons: they can play an 

important function in the relaxation of these plasnsas toward a minimum-energ/ 

state; and they probably negatively affect energy and particle confinement. 

The important relation of these modes to flux conversion and relaxation 

during formation and to the evolution of the qCH-profile is demonstrated, 

where q is the usual "safety factor" of tokamak terminology and V is the 

poloidal flux. A significant finding is the temporal progression of the MHD 

activity through an n = 5, 4, 3, 2; m = 1 mode sequence during formation. 
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This is shown to correspond with the time evolution of the central q through 

the rational fractions m/n = 1/5, 1/4, 1/3, 1/2 to a final value of ~ 0.7. 

This progression is analogous to that for magnetic oscillations seen in a 

tokamak during the start-up phase. Experimental and theoretical data suggest 

that these modes in S-1 are probably internal resistive HHD instabilities 

originating on rational surfaces in the plasma. 

Section II contains a discussion of the experimental details and the 

Manipulation of the data. Section III describes the behavior of the modes and 

their relation to plasma relaxation and the q profile. Section IV contains a 

summary and conclusions. 

II. EXPERIMENTAL APPARATUS AND MAGNETIC PROBE DATA ACQUISITION AND ANALYSIS 

The plasma formation in the S-1 type of spheromak device is based on an 

inductive transfer of toroidal and poloidal magnetic flux from a toroidal 

"flux core" to the plasma. Figure 1 shows a cross section of the S-1 device 

displaying the vacuum vessel, equilibrium field coils, flux core, Figure-8 

stabilization coil system, n-mode diagnostic coil arrays, and plasma. The 

experimentally obtained contours of constant poloidal flux towards the end of 

the formation phase wherei.n the spheromak configuration is not completely 

detached from the flux core are also shown in Fig. 1. 

The foruation process proceeds as follows. Initially, a steady-state 

poloifial equilibrium field is generated to support the final plasma 

equilibrium. A poloidal field generated by a toroidal current inside the flux 

core is pulsed on (see Fig. 2, bottom). The superposition of these two fields 

creates a field weaker on the small-major-radius side of the core. A 

toroidal solenoid inside the core is then pulsed on at time t = 0, and a 

plasma discharge is initiated. The increasing toroidal Clux in this solenoid 
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induces a poloidal current in a toroidally concentric plasma surrounding the 

core. The associated toroidal field distends the plasma, stretching it 

towards the device axis where the polcidal field is weakest. Simultaneously 

the toroidal current in the core is reduced to induce a toroidal current in 

the plasma. Magnetic reconnection of .the poloidal field occurs and a plasma 

toroid, the desired spheromak configuration, is created. 

The S-1 device has been creating a plasma with a major radius of about 

55 cm and a minor radius of about 30 cm. Toroidal plasma currents up to 

350 kA ar<=! obtained. Peak plasma electron densities for the discharges 

reported herein range from 2 * 1 0 1 3 Cm to 1 * 1 0 1 4 cm" ; measured electron 

temperatures range from 20 - 60 eV. 

Stability ,-gainst rigid-body n = 1 modes, provided by a passive Figure-8 

stabilization coil system, has allowed the formation of spheromaks which are 

nearly completely detached from the core and are sufficiently <3table and long-

lived (~ 0.5 msec) to allow the observation of the evolution of n £ 2 modes as 

the plasma forms and decays. The results in this paper cover operation after 

installation of the Figure-8 coils. 

Our investigations of the MHD fluctuations have utilized a variety of 

diagnostics. The h-mode diagnostic coil array consists of 16 pairs of 

magnetic pick-up coils distributed toroidally, at equal angles over the full 

360°, inside the vacuum vessel at a major radius of R Q = 50 cm and an axial 

position of z Q = 60 cm (Fig. 1). The coils are located just outside of the 

Figure-B coil system and the Figure-3 coil system is, in turn, outside the 

separatrix of the spheromak magnetic configuration. Each pair of coils 

measures the time derivative of the magnetic field components in the major 

radius direction (BR) and the toroidal direction (B^). The coils were 
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designed to measure magnetic field fluctuation levels of 1G (~ 0.1%) in a 

typical frequency range of 5-10 kHz. Coils are comprised of 50 turns with 

diameters of 0.77 cm (BR) and 0.60 cm (Bi), The high frequency cutoff of this 

coil system is 80 kHz, and at 200 kHz the signals are attenuated by a factor 

of approximately 2.5. An example of the ^(t) data from the 16-chpnnel array 

is shown in Fig. 2. 

Globally coherent fluctuations, or modes, are often evident from the 

plot of the 16 channels of B versus time. When one mode is predominant, its n 

number can be determined simply by counting the number of maxima in B 

appearing in tht 13 channels at an instant of time as can been seen in Fi'/. 2. 

The B data are digitally integrated to obtain the magnetic fields as a 

function of toroidal angle $ and time t. These fields are then resolved into 
21 

t o r o i d a l n-modes by use of d i s c r e t e F o u r i e r t r a n s f o r m a t i o n as f o l l o w s : 

N-l i n * k 

B (*. t> = I B ( t ) e (1) 
* ' n=0 

and 

1 " F 1 - l n * k 
B < t ) = -j. I B{4>. t ) e (3) 

n N k=0 * ' 

i « n = c e n 

wfrtere ^ = 3~x/N, N ig the number of c o i l s (= 16} and k l a b e l s each c o i l . 

C o n s i d e r i n g the r e l a t i o n BJJ = B n , t h e ampl i t ude of mode n i s 

2o -\ f 1 , 2, . . . , 7 
n ' ' 

c 0 > f o r n =<, 0 n =-i 0 

I 8 

and th i s i s p lo t ted versus time. 
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The q-value is the reciprocal of the rotational transform, i = 2ir/l» and 

is conveniently calculated from q = di/df where * and V are toroidal and 

poloidal fluxes, respectively. The time evolution of the qC?) profiles is 

experimentally determined as follows. The magnetic configuration is measured 

as a function of space and time with a movable multicoil magnetic proce 

inserted into the plasma. The time evolution of a magnetic field profile in 

major radius, R, is obtained on a 3ingle shot for fixed z (distance along 

device axis) and $. A two-dimensional crnss section of the plasma in a chosen 

R-z plane is then obtained by scanning thi3 probe in the z-direction on a 

shot-to-shot ba3ia. This plot requires data from approximately 40 consecutive 

and reproducible discharges. This yields a (R,z,^,t) data array with spatial 

mesh size of 7.5 to 15 cm. B z and B± data are then interpolated to produce a 
R 

finer mesh. The poloidal flux function V = J B 2HR dR is then calculated 
o 

to determine the contours of constant f, and the toroidal flux t enclosed by a 

constant * surface is calculated. Figure 1 shows an example of the contours 

of constant poloidal flux in the R-z plane. The qCfJ-profile is obtained from 

q(V) = &$/hV, where 4* is the difference in toroidal flux be'-.ween two nearby 

surfaces * and * + AT. 

Other diagnostics used to observe fluctuations include an ultra-s^ft (> 

22 10 eV) X-ray detection system to measure emissivity profiles. An array 

comprised of 19 silicon surface-barrier detectors views perpendicular to the 

midplane with the individual detectors viewing along chords at different major 

radii distances from the device axis. Also, a triple Langmuir probe is used 

to measure, at the plasma edge, time-resolved electron density and 

temperature. 
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III. DISCUSSION 

Aj Properties of Heaaured Modes 

Well-defined modes of low n-number (1 < n < 5) are typically observed 

during formation from both the B B and 3^ coils, and the B^ and B^ data agree 

with respect to modes and their evolution. Since the n-mode diagnostic coils 

are outside the magnetic separatrijs of the spheromak configuration, thi 

toroidal field signals cannot be due to polotdal plasma currents. Instead, 

these modes must be associated with some helical deformation which generates a 

toroidal component of B from the unperturbed axisymmetric poloidal field. 

The larger amplitude modeu are easily seen on the B data, and sometimes 

even on the integrated B data, as disturbances periodic in $ with an integer 

number of periods around the torus. An example of B R data exhibiting a well-

defined n = 3 mode is shown in Fig. 2. The n = 3 mode is evident between t = 

0.15 and 0.25 Msec and is seen to be propagating in the direction of 

increasing "toroidal location number." Time t = 0 indicates the initiation nf. 

the plasma discharge. Tne signal before t = 0 is due to the pulsed poloidal 

vacuum field. 

Fourier analysis of these fluctuations 3hows that these are well-defined 

modes with activity levels peaking midway through the formation p'.iase and 

sometimes lasting into the post-formation phase. An example of this for ^ 

different discharge from above is shown in Fig. 3. There is usually one 

dominant mode present at a time and it has an amplitude well above (up to 20 

times) the "background" level. Typical mode amplitudes are 5-10 times the 

background level. The low level background amplitude shows no clear evolution 

through a discharge. The imperfect alignment of the Figure-3 coils causes 

currents to be generated in them not only from the rise of the vacuum poloidal 

field but also from the axisymmetric formation of the spheromak discharge. 



9 

This is the largest source of the background. For the discharge in Fig. 2, 

the peak amplitude of the n = 3 mode is 20 times the background level. 

Figure 3 represents a typical experimental measurement of the time 

evolution of mode amplitudes. In thi3 case, an n = 3 mode starts developing 

at ~ 0.1 msec into the discharge, reaches its half maximum at 0.18 msec, its 

peak, at 0.24 msec, decays to half maximum at 0.38 msec, and disappears by 0.45 

msec. An ti = 2 mode undergoes similar evolution, peaking at 0,32 msec. In 

this case, the formation phase is completed by 0.4 msec, and the discharge 

terminates at approximately 0,75 msec. 

The n = 0 component of the measured B R fields, which is primarily 

comprised of the unperturbed axisymmetrlc poloidal field of the spheromak 

configuration, is on the order of O.S to 1.0 kG, comparable to the peak 

toroidal and poloidal fields measured with magnetic probes internal to the 

plasma. Peak amplitudes of the n = 2, 3, 4 modes relative to the unperturbed 

field have been observed as high as 20*. More typical amplitudes are below 

5%. After formation, amplitudes are less than 1%. These amplitudes are 

similar to those observed in magnetized-coaxial-gun generated spheromafcs after 
1 3 23 injection into flux consecvers. ' 

The n = 1 mode is most often associated with a shift or tilt, of the 

plasma and leads ultimately to the termination of the discharge for well-

detached plasmas. The n = 2 mode often rotates; the n = 3 and 4 modes almost 

always rotate. The rotation is always in the electron diamagnetic drift 

direction, V D , same as the direction of propagation of magnetic field * 
e 

fluctuations observed in tokamaks. The modes in S-1 have been been observed 

to rotate at velocities ranging from 0.12 to 1.2 x 10 e cm/sec, approximately 

an order of magnitude slower than the Alfven velocity. Occasionally, two 

modes are present simultaneously and it is observed that these two modes car. 
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have rotation velocities differing by as much aa a factor of three. TUs 

implies mode rotation is not associated with a rigid-body rotation of the 

plasma. Also, the rotation velocity often slows with time, indicating a 

possible dependence of the rotation velocity on magnetic field, electron 

density, or electron temperature. 

Mode structures often do not make much more than one full toroidal 

rotation before diminishing or changing into another mode structure. 

Therefore, the growth and decay times of a mode are often on the same time 

scale as a period of revolution (~ 0.1 msec), while being much shorter than 

the discharge time. Nevertheless, a dominant magnetic-field-fluctuation 

frequency is easily read from the raw data or the Fourier-analyzed data when a 

mode is present. Observed frequencies range from 2 kHz to 10 kHz and above. 

It should be stressed that the above-described modes are prevalent 

duri.ig formation ard shortly thereafter. The MHD activity in the post-

formeition phase does not show such large-amplitude global fluctuations with 

the n-mode diagnostic system. However, in addition to the above-described 

modes, there are fluctuations which are locally but not globally coherent in $ 

with frequencies of 100 to 200 kHz. Amplitudes of these high frequency 

fluctuations are also on the order of B/B £ 5%. These fluctuations -seem to be 

correlated between up to five or six adjacent coils, and ar;1 therefore 

localize'' in toroidal angles of 100° or less. High frequency fluctuations 

have also been observed earlier ' on the total toroidal plasma arrant and 

total magnetic flux in the plasma. Whereas the fluctuation levels on the 

total current and flux were high only during formation, the levels measured by 

these 'iical pickup coils persist throughout the discharge. 'Ugh frequency 

fluctuations are also observed in other local measurements such as electron 

density, measured with Langmuir probes, ond in line-Lntegrated measurements 
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such a3 ultra-soft JC-ray. These spatially localized fluctuations may be 

"modes" of higher n number v?ith n A 10. These will be studied elsewhere. 

B. Evolution of Modes a-jrinq Formation 

The mode numbers whi-h occur and the mode amplitudes are very dependent 

on the programming of the formation process- Fct typical operating 

conditions, modes n ^ 2 and 3 occur most often. 

A significant finding is the observation of a tempora1. progression 

through t>e n = 5, 4, 3, 2 mode sequence during formation. Sequences are 

almost always fron high n co lower n. The n mode usually is decaying while 

the (n - 1)'" mode is growing. Figure 3 shows a typical time progression 

through * n = 3, 2, 1 mode sequence. Figure \ shows the time evolution of the 

n component of BR(i)>) from the Fourier analysis fee n = 1 through 4. The 

well-defined mode structures are evident. Higher n-mode lobes are often 

observed to develop into lobes of the lower n-niode structures. 

The relative weakness of the n * 4 modes nay Je in part attributable to 

their development earlier in the formation process and hence their further 

distance from the magnetic toils. Occasionally, however, a strong 

well-defined n = 4 or S mode does appear. 

rhe plasma always survives the n > 1 modes. Only the n = 1 leads to 

termination for well-detached plasmas, if the plasma does not simply decay 

away before shifting and/or Hlting, 

C. Mode Evolution and q-Profilea 

This temporal progression of modes is reminiscent of that for the 

magnetic oscillations observed during the start-up phase of a tokamak plasma 

as early as the 1970's. In the tokamak case, a progression of m = 6, 5, 4, 3, 
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2; n - 1 modes is observed ss q(*) decreases and q = m/n rational surfaces 

enter the plasma. These modes rotate in the electron diamagnetic drift 

direction and are now believed to be due to tearing modes. ?' 2 For the 

spheromak case, comparison of the time evolution of the q(f) profile with that 

of the modes also shows a close relationship. 

Figure 5 represents the time evolution of q(¥) versus * derived from 

flux plots such as the one 3hown in Fig. 1. These flux plots represent art 

average behavior over many shots and therefore the modes are not evident on 

them. The right-hand side of each q<*) curve represents the magnetic axis 

(peak * ) . The left-hand sides are not continued to * = 0 (major axis of the 

spheromak) due to increasing experimental uncertainty in the computation of q 

as magnetic surfaces begin to extend beyond the measured range. The q-value 

at the magnetic axis, q 0, is observed to rise through the rational fractions 

1/5, 1/4, 1/3, 1/2 midway through the formation phase. The temporal evolution 

of the modes described earlier follows a sequence of n = 5, 4, 3, 2; m = 1 

during the precise time interval q 0 is rising through q Q =» m/n values, where 

n = 5, 4, 3, 2; m = 1. Once q > m/n, the m/n rational surface ig inside the 

plasma. 

It is interesting to compare the experimental observatj ̂.ia to 
28—30 

expectations from resistive stability analysis of various spheromak 

equilibria. The experimentally observed temporal sequence of unstable modes 

agrees with the analysis of J. Detucia et a l . 2 3 Figure 6 shows the linear 

growth rate contours in the continuous space formed by nq Q and na/R from their 

work, where a and R are the minor and major radii of the spheromak. This 

figure corresponds to m = 1 perturbations. A straight line from the origin 

represents one possible equilibrium. The two lines labeled t 1 and t^ 

represent two experimental equilibria during the magnetically active period of 
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spheromak formation, with tj > t^. It is seen that for th'2 t, curve, the 

n = 3 mode is resistive HHD unstable while the n = 2 mode is stable. Modes 

are more unstable the higher n is. For the tj curve, the n = 2 mode also 

becomes resistive HHD unstable. Theory also predicts" that higher n-modes 

(n » 4) nonlinearly saturate at low amplitudes. This may account for the 

experimental observation that n > 4 mode3 usually have low amplitudes compared 

to n = 2 and 3 modes. It is of additional interest that the experimental 

equilibria are never Ear from the least unstable configuration with q 0
R/a ~ 

0.67. It thus appears that these modes are due to internal resistive MKD 

instabilities. 

There is good evidence that the poloidal mode stu ucture of these 

fluctuations is m = 1. A dominant m = 1 mode structure is observed with the 

uitra-r.oft X-ray system during the time period of strong magnetic mode 

activity. Second, theoretical analysis indicates that the m = 1 modes are 

most unstable. 

looking at q(*) in more detail, q(*> is zero at the start of the 

discharge due to the purely poloidal field configuration in vacuum. During 

the early part of the formation before closed flux surfaces develop (t < 

0.24 msec), q rises away from the magnetic axis. Magnetic reconnection occurs 

after 0.24 usee allowing the formation of closed flux surfaces. Also the 

basic shape of the qC?)-profile changes from one with a minimum at the 

magnetic axis before reconnection to one ufhich is an increasing function of * 

after reconnection starts. After formation (t > 0.4 msec), q(V) is a 

monotonically increasing function of T from the aeparatrix (R = ±80 cm) to q Q 

= 0.73 at the magnetic axis (R = ±60 cm). This general profile is then 

maintained for the remainder of the discharge. For comparison, the classical 

spherical-boundary spheromak configuration2 has q 0 = 0.82, with q 
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tuonotonically decreasing to g 8 = 0.72 on the separatrix; a classical spheromak 

with the same degree of oblateness as the experimental configuration has a q^ 

of 0.65, with q decreasing to 0.47 at the separatrix:. The time evolution of 

modes is not shown for the discharges yged in the calculation of q(*)f 

however, there is sharp peaking of mode activity between 0.15 and 0,25 msec, 

with strong n = 3 and n = 2 components present. Both modes are often 

simultaneously at or above their half-maximum amplitude at some instant during 

the formation phase, leading to possible mode interaction. These modes and 

the effects of possible interaction between these modes, together with 

reconnection, probably help to change the shape of the q(¥)-profile. 

It should be noted that early in the discharge (t < 0.24 msec) there are 

no closed flux surfaces which are detached from the -:oee (that is, which do 

not encircle the flux core). The q function is numerically calculated 

nevertheless using data for which |R| < 80 cm. The error due to the t: roidal 

flux not accounted for around the core is expected to be small for not too 

small *. The calculated q is always a lower limit for the method used. A 

rough estimate of a typical deviation of the true q from that calculated is 

+ 0.1 at small * (V » 0.02 Vsec) for t " 0.3 msec. As closed flux surfaces 

develop, the portion of the q C ) curve corresponding to closed surfaces is 

indicated by bold lines. 

D. Plasma Relaxation 
18 19 

It has been earlier reported ' that flux conversion is a strong 

mechanism during spheromak formation in the S-1 Spheromak. There are several 

indications that these modes described above play a crucial role in the 

relaxation of the spheromak toward a minimum-energy state. 
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Both these modes and the relaxation are most prevalent during 

formation. In some cases, the applied coil currents would be expected to 

produce an equilibrium far from the Taylor state if the fluxes were 

transferred directly into the plasma. However, there is observed to be a 

conversion of poloidal flux into toroidal flux or vice versa during 

formation. The plasma adjusts itself during formation to achieve a constant 

ratio between the poloidal and toroidal fluxes (I/* o \ = constant), 

independent of initial conditions. The data show a final equilibrium near the 

Taylor force-free, minimum-energy state. The q-profile evolution described 

above also suggests a relaxation. 

A time evolution of the inventory of poloidal and toroidal fluxes 3hows 

that there is a sudden (relative to the formation time) and large exchange of 

fluxes during the period of strong mode activity midway through the formation; 

thereafter* a quiescent equilibrium is achieved. For the example to he 

described below, the poloidal flux captured by the spheroraak is seen to drop 

precipitously during the same period that there is a sudden and large increase 

in the toroidal flux in the plasma. Figure 7 shows the time evolution of the 

poloidal and toroidal fluxes measured from the two-dimensional flux plots 

described above. Figure 7a shows the maximum poloidal flux 1L a x defined by 

the integral / 2JTR SzdR from R=0 to R=R r a a x where R is major radius and Rmax is 

R at the nvagnetie axis if there is one, otherwise R m a x is the inside major 

radius of the flux core. Each of tho curves in Fig. 7b is the meadired 

toroidal flux within a closed poloidal flux surface defined by a constant 

poloidal flux distance I* - V-.J frew * m a v.. The J* - ¥ m a J = 0.06 Vsec curve 
1 ma A' max ' ITlaX' 

includes over S0% of the total toroidal flux. Comparison of * curves for 

different l^~^max\ reveals that toroidal flux is increased throughout the 

plasma and especially deep within the configuration (small I ̂ -^majj )• I t : 
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would be interesting to compare these results with a theoretical determination 

of the profile of the redistributed flux as a consequence of different 

instabilities, but this infornation apparently does not exist yet. As was 

stated above, there is a sharp peaking or n = 3 and 2 mode activity between 

t = 0.15 and 0.25 msec. It is precisely during this ~ 0.1 msec tine period 

that the fluxes undergo dramatic changes. The peak poloidal flux drops by 

approximately 35* (~ 0.06 Vsec) as the toroidal flux increases by more than a 

factor of 6 (~ 0.025 Vsec). Tills behavior is interpreted as relaxation to a 

lower energy state. The formation phase in these discharges is completed by 

0.4 msec-

After formation is complete, the poloidal rlux is observed to decay 

sr.owly due to resistive losses. The toroidal flux is also observed to decay, 

but at a slower rate. This difference in decay rates may be due to a 

continuous low level of flux conversion during the decay phase. 

IV. SUMMARY AND CONCLUSIONS 

We have shown strong evidence that low n-number modes play an essential 

role in relaxation of the" S-1 Spheromak plasma toward the Taylor state during 

formation, wherein there "can be a large transfer of magnetic flux* The 

temporal evolution of modes through the n = 5, 4, 3, 7; m = 1 sequence 

parallels the rise of the experimentally measured q^ through m/n rational 

fractions. This is analogous to the evolution of magnetic oscillations 

observed during the start-up phase of a tokamak plasma in which a progression 

of m = 6, 5, 4, 3, 2; n = 1 modes is observed as q decreases and q = m/n 

rational surfaces enter the plasma. Experimental observations and comparison 

of theoretical predictions with experiment suggest that the modes observed in 

S-1 are probably resonant modes due to resistive HHD instabilities. 



17 

This progression due to the (jC?)-profile evolution distinguishes 

spheromaks formed by the S-1 induction technique from those forned by 

magnetized coaxial guns. In the latter case-the qCO-profile begins with q 

high, after which q falls, so that a different progression of moues might be 

expected. In fact, such gun-generated spheromaks have been observed to 

display large n = 1 and 2 activity. Results from CTX show that coherent 

rigidly rotating n = 1 and n = 2 modes ar3 generated during the sustained and 

decaying phases of the discharge, respectively. According to ideal HHD, 

these modes are nonresonant, but the n = 2 appears when q is just below 0.5. 

The modes observed in S-1 are expected to affect energy confinement. In 

tokainaks, the energy confinement time decreases as mode amplitudes become 

large (= 1%). It is observed27 in tokamaks that strong disruptions in the 

current rise phase can degrade the plasma quality throughout the remainder of 

the discharge; proper programming of the rate of current rise avoids these 

disruptions. A cavefully programmed formation in spheromaks nay minimize the 

bad effects of these modes. Tne effects of chese modes in S-1 on plasma 

parameters have yet to be investigated in detail. 
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FIGURE CAPTIONS 

FIG. 1, Cross section of S-1 device showing vacuum vessel, equilibrium 

field coils, flux core, passive ?igure-8 coil stabilization 

system, and the n-mode diagnostic. The experimentally obtained 

poloidal flux contours of a spheromak configuration towards the 

end of the formation phase are also shown. 

• FIG. 2. Time evolution of B R for 16 toroidal angles. An obvious n = 3 

mode is evident at t - 0.2 msec, propagating toroidally. Plasma 

is initiated at t = 0 . 

FIG. 3. Mode amplitude versus time for modes n =: 1, 2, 3, 4. This 

discharge shows a clear sequential time evolution of the 

n-modes. During the rise of thy vacuum poloidal field prior to 

t = 0, the BJJ system picks up n > 0 components of B R in addition 

to the expected large n = 0 component. These are due to 

currents induced in the Figure-8 coils because of a slight 

misalignment with respect to the flux core. 

FIG. 4. Time evolution of the n t h component of Bĵ  for 16 toroidal angles 

for n = 1 through 4. This is the same discharge as in Fig. 3. 

FIG. 5. Plots of qC?) versus time. 
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PIG. 6 Growth rate contours in the continuous apace formed by nq and 

na/R. Growth rates are proportional to the Integer labels. 

Stable, ideal MMD unstable, and resistive HHD unstable regions 

are distinguished by dashed curves. An equilibrium is 

represented by a straight line starting at the origin. Typical 

experimental equilibria during the period of strong mode 

activity are indicated at times t̂  and t>2 with tg > t-j. 

FIG. 7. Time evolution of (a) maximum poloidal flux f m a x and (b) 

toroidal flux * included in the poloidal flux contour a distance 

I''"''max I f r o m 'max' There Is a precipitous drop in f m a x and a 

concurrent sudden and large increase in * during the period of 

strong magnetic mode activity. 
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