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Chapter 1. 
Introduction

Thermonuclear fusion reactions are the source of the energy of the sun anti 

the other stars. Nuclear fusion reactions are also the most promising solution 

for our future energy source. The ideal of controlled thermonuclear fusion is to 

heat a plasma hot enough so that the kinetic energy of some ions can overcome 

the long range Coulomb repulsion force and approach each other closely enough 

such that the short-range nuclear attraction force can lead to the formation 

of a compound nucleus. For light nuclei with 60. the average binding 

energy per nucleon increases as the mass number A increases, and energy is 

released when the fusion reaction occurs. The most attractive reactions for use 

in a thermonuclear fusion reactor appear to be the D-D reaction and the D-T 

reaction.1 Deuterium fuel is almost inexhaustible, which is its major advantage.

The kinetic energy required to place two nuclei at a distance of the sum of 

the nuclear radii ~ 10-14m can be estimated from the electric potential energy, 

Ep ~ ZiZ2e2/47reor = O.I5Z1Z2 Me\*. While quantum mechanical tunneling 

allows the nuclear fusion reaction to occur at lower energy, however, it is still 

necessary to raise the mean energy of particles to high enough temperature 

that high reaction cross sections for the nuclear reactions are obtained. For the 

D-T reaction, the reaction rate is negligible for temperatures below 4 KeV.2

Particles in gases at such temperature will be fully ionized due to collisions 

and turn into the plasma state. The plasma has to be heated to high enough 

temperature and confined for a sufficiently long time that the thermonuclear 

reactions release more energy than that necessary to maintain the hot plasma.

The design of a controlled fusion reactor has been approached by two dif­

ferent methods. One is related to the fact that the nuclei have finite mass, 

their accelerations are finite, and therefore it will take a finite time to dis­

assemble when they are heated to high temperature. The fuel needs to be 

compressed to extremely hiffh density in a small volume, n ~ 103"m~! which
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is ~ 5 x 103 denser than liquid DT. so that the fusion reactions can occur be­

fore the plasma expands significantly. This is called inertial fusion." Another 

approach is to use fuel at much lower density 10"° m-’) in a larger volume 

and the plasma is confined by use of the magnetic field, which is called mag­

netic fusion. The condition for the fusion reactor to have net energy output is 

described by Lawson’s parameter nrE, where n is the plasma density and rE 

is the energy confinement time. At break-even condition. nrE = f(T). where 

typically f(T) ~ 2 x 1020m-3sec for the optimized temperature T ~ 20 KeV.4

1.1. Magnetic Fusion

The plasma can be held away from the reactor walls by making use of 

the fact that free electrons and the bare nuclei move in spirals around the 

magnetic field lines. There have been several magnetic fusion confinement 

concepts developed. The ideal of a magnetic mirror” utilizes the fact that 

charged particles spiraling along magnetic field lines tend to be reflected by a 

region of stronger magnetic fields. Plasma is confined between pairs of such 

mirrors. This is the linear or ’’open” type device in which magnetic field 

lines thread the plasma and terminate on the walls. Another approach is by 

wrapping the field lines into a torus, to eliminate the open field lines and 

keep the hot plasma away from the walls. The curved toroidal field lines, 

however, cause the particles to drift up or down, according to their charge 

states. The resulting charge separation will create an electric field, and the 

resulting E x 13 drift will dump ail the particles to the outer wall of the ring. 

In order to generate closed magnetic surfaces in a torus, to compensate for 

outward drifts, and to provide MHD equilibrium, it is necessary to keep rue 

magnetic field lines from closing on themselves after one pass around the torus 

by introducing a poloidal field in addition to the original toroidal field. This 

is the toroidal or "closed" type device in which magnetic field lines remain 

within the plasma volume. Several different devices have been developed to 

conrine the plasma utilizing such a concept.1



• Stellarator: Both the toroidal field and the poloidal field are sup­

plied by compficated external coils. The plasma is strongly con­

strained by the applied field. There is also a similar type of con­

finement device called the Torsatron.

• Tokamak: The toroidal component of the field is applied by ex­

ternal coils. The poloidal magnetic field, which is relatively weak 

compared to the toroidal field, is provided by the plasma currents.

The plasma is free to distribute itself and adjust the toroidal cur­

rent profile.

• Reversed field pinch (RFP): This is a device similar to the tokamak 

with approximately equal mean values of the poloidal and toroidal 

fields. The feature of the RFP is that the toroidal field has opposite 

directions on the inside and outside of the plasma column, and 

requires a close fitting conducting shell for stability.

The tokamak is the most technologically advanced fusion confinement device 

to date. A confinement parameter nrE ~ 1020 with plasma temperature > 20 

KeV has been reported.5-6 A self-heated fusion plasma experiment is under 

design.' However, there are some inherent difficulties to develop the tokamak 

into an economic fusion reactor which are associated with the large size of 

tokamaks, their low power density and their relatively complex topoiogy.

Spheromak is a compact toroid device which combines the favorable con­

finement properties of both the closed and open field line configurations.8 A 

closed field line structure is formed in an axisymmetric mirror. This mir­

ror provides the necessary external confinement field. Within the closed field 

lines, the toroidal magnetic field is generated entirely by the plasma current 

and most of the poloidal field is produced by the toroidal plasma current. The 

plasma is less constrained than m the tokamak and can adjust itself to iorm 

the lowest available magnetic energy state.

The spheromak is one of the most promising alternate confinement con­

cepts. There are several advantages to choose the spheromak in the design ot

3



an economic fusion reactor. Unlike the tokamak. there is no need of toroidal 

magnetic field coils linked through the center of the plasma. Spheromak is a 

much simpler configuration which would simplify the design and maintenance 

of the reactor. It is also possible to form the plasma in one region and translate 

;t to a separate reactor region. The external magnetic field which is needed to 

confine the spheromak is much smaller than the magnetic field at the center 

of the spheromak. and it is possible to obtain higher internal field with appre­

ciably smaller currents in the external coils than in the tokamak. All these 

features make the spheromak a very attractive fusion device. So far. however, 

the confinement and stability properties of this configuration have not been 

well established in experiment.

1.2. Spheromak Experiments

Spheromak plasma was first produced by a combination of theta and Z- 

pinch discharges (8 &zZ) at the University of Maryland.9 Since that time, a 

number of machines have been constructed to pursue the research. Even 

though a number of different formation schemes were used to form the plasma, 

the same spheromak configurations were produced; there are the (9-pinch k Z- 

omch Zfi9 the flux core Electrodeless Induction (Er)/0 the Magnetized 

Coaxial Gun (MCG),11 and the kinked Z-pinch.1'

Table 1.1 lists some of the most recent efforts. The 9-pinch M Z-pinch 

formation scheme will be described in Chapter 3. The experiments listed 

in Table 1.1 and their formation schemes are discussed extensively in rhe 

literature.10-16

One of the most important scientific results that has come out of the 

-pheromak experimental research is the verification of Taylor s relaxation The­

ory (see Chapter 2 for more detail). The basic idea of such theory is that the 

plasma has a tendency to relax toward a force-free, minimum-energy state. 

The magnetic field profiles of the plasma are essentially independent of the

t



Institution l inv. ot 
Maryland LANL PPPL OsaKa

l.'niy.
Device MS® CTX1-4 S-P5 CTCC1'
t lux

coniajnen m i .76 x .51 67 x .67 .30 x .55 .20 x .25
Plasma

current (MAI 0.8 1.0 0.3 0.1
Duration! msec 1 0.4 xo 1.0 (\.b

Peak r.leV i ! 5 80 < 100 to
density

no30m-u 8. 0.45 0 5 0.5
Formation 9LZ MCG El MCG

* LANL I Los Alamos National Laboratory)
* PPPL (Princeton Plasma Physics laboratory/

Table 1.1: Spheromak Experiments.

particular experiment or the previous history of the discharge. Taylor's the­

ory first successfully explained the magnetic profiles in the RFP experiments, 

and later, has been applied in the spheromak research. The early experiments 

have demonstrated the ability to stabilize the spheromak against its most com­

mon magnetohydrodynamic (MHD) tilt and shift modes17,18 by either using a 

conducting flux conserver or conducting coils ("figure-S'1 coils) at the plasma 

boundary,19 or conducting cones on the axis of the plasma.20 The early sphero- 

maks produced were all reported to have radiation dominated cold plasmas, 

with electron temperature ranging from 10 to 20 eV.21 The dominant factor 

which limited the temperature of the spheromak. was the low Z impurities, 

mostly carbon and oxygen.22

Because of the low temperature of the spheromak, the resistivity of the 

plasma became large and drove the plasma current to decay rapidly. The 

early experiments all had plasma life times less than 200 psec. The most recent 

efforts were devoted to burn through the low Z radiation barrier, and to study 

the plasma at higher temperature with longer confinement time. Spheromaits 

with 100 eV electron temperature and plasma life time up to 2 msec have been 

reported.11'10

There have been a series of experiments designed to study the physics ot 

spheromak at the University of Maryland. The previous experiments are PS-1. 

PS-2.23 PS-3 and PS-3.5.21 where PS means Paramagnetic Spheromak. The



MS and PS comparison

Machine .Main chamber
volume! o

t ormauon 
'imei aseci

Plasma life 
timei user i

Chamber
material

PS-3.5 30. 10 >0 pyrex “lass
MS 300. 100 too stainless steel

Table 1.2: Major differences between MS Sc PS.

current experiment is called the Maryland Spheromak (MSI. The principal 

differences between the latest PS and MS are listed in Table 1.2.

The earlier PS experiments are characterized by fast #-pinch/Z-pinch for­

mation schemes. To avoid instabilities, and to keep the current density on 

electrodes small, a slow, inductive formation scheme was developed"5 and was 

proven to successfully form a spheromak.

The main objectives of the MS research program are

• To study the formation of ohmicaily heated spheromak with the 

new slow formation scheme.

• To study the physics of the spheromak configurations in the regimes 

where the radiation barrier has been exceeded.

The construction of the machine was finished in 19S6. In early 19SS. 

the plasma produced had configuration lifetimes of about 150/isec and 3 kilo- 

Gauss(kG) peak poloidal field. At that time, the plasma was forming initially 

off-center, and then drifting, generally further off center. The direction <u me 

otfset was consistently the same. Numerous passive stabilizing techniques were 

tried without much success. From the analysis of the fields obtained from the 

magnetic probe measurements, two modifications were made to the machine, 

resulting in major improvement in the plasma condition. First, the global 

Anft of the plasma was eliminated by completely insulating the reversal rods 

of the machine to prevent any direct contact with the plasma. An axisym- 

metric plasma configuration with similar field strength was obtained. Then, 

attempts were made to modify the L discharge current paths, which led to 

rhe production of 10 kG field plasma. The details of these processes are ail 

nescnbed in Chapter o.



However, it is still a radiation dominated cold plasma with electron tem­

perature ~ 15 eV. The limiting factors aie the high plasma density (electron 

density ~ 6 — S x 10"°m-3) and the presence of low-Z impurities (mainly car­

bon and oxygen).26 The most recent MS studies have been concentrated on 

burning through the radiation barrier.

Magnetic helicity, which measures the linkage of the poloidal field and the 

toroidal field lines, describes the global topological property of the magnetic 

field structure.27 Magnetic helicity injection is an important factor to be con­

sidered in the formation scheme and has been verified to be able to sustain 

the plasma.28 Helicity injection as a means of current drive, and steady state 

operation is of great interest in the Tokamak, RFP and the compact toroid 

communities.29-31 Current drive by injecting small spheromaks into the toka­

mak as a magnetic helicity injection process has been reported.32

This thesis describes studies of the magnetic field structure of the MS 

spheromak. The magnetic field structure of the plasma has been mapped out 

by arrays of passive magnetic pickup coils. Magnetic field configurations close 

to the Taylor’s force-free states have been observed. Magnetic flux conversion 

between the toroidal field and the poloidal field during the formation phase 

of the spheromak was witnessed. Amplification of the poloidal magnetic flux 

was also seen in MS.

A numerical code first written by John Finn was modified to satisfy the 

boundary condition of the MS experiment. Axisymmetric equilibrium states 

that could exist in the MS configuration are calculated for various assumptions 

of the plasma pressure and the poloidal current profiles. Results from the Grad- 

Shafranov axisymmetry equilibrium code calculations are compared with the 

experimental measurements. Magnetic helicity for the axisymmetric system is 

studied and compared with the experimental results.



1.3. Outline of Thesis

The theoretical aspect of the spheromak is described in the next ('hao- 

rer. In chapter 3. the MS machine hardware will be explored alonst with the 

tormation scheme and diagnostic systems.The magnetic pickup probes, their 

calibration procedures and the data analysis methods will be illustrated in 

chapter 4. Observations from the probe measurements are discussed in Chap­

ter 5. In chapter 6. magnetic properties of the MS spheromak are studied. The 

axisymmetric Grad-Shafranov equilibrium code calculations are presented in 

chapter 7 and compared with the measurements. Magnetic helicity and its 

correlation with the experimental observations is described in chapter 3. The 

rinai chapter summarizes the mam results and conclusions.



Chapter 2. 
Spheromak

The first section covers a brief review of Tavlor's relaxation theorvh 5 The

magnetic field structure of the ideal spheromak is described in the next section, 

followed by the magnetic properties of the axisymmetric equilibrium state.

2.1. Taylor’s Relaxation Theory

For an ideal plasma which resembles a perfect conducting fluid.

E + V x B = 0.

where V is the fluid velocity, E and B axe the electric field, and the mag­

netic field respectively. This lead to the famous frozen in theorem which 

states that each magnetic field line maintains its identity and the magnetic 

flux through any closed contour moving with the fluid is a conserved quantity.

For plasma with linked fluxes, the above constraint can be expressed in 

terms of a new volume integral: "magnetic helicity"

(2.1,

where a, 3 are labels for the magnetic field lines and r is the volume of the 

two flux tubes. Magnetic helicity describes the linkage of the masnetic field

lines inside a magnetic surface.34 For two localized and untwisted einsed flux 

tubes linked once, other than the scalar factor, it is the product of the linked 

fluxes.

9



where lI'i, fyo is the tiux contained in each tube. The new constraint states 

fhat if one flux tube initially links with another flux n-times then in a per­

fectly conducting plasma the two fluxes must remain linked n-times durimt 

any plasma motion.

The equilibrium state of the plasma can be obtained by minimizing the 

magnetic energy,
\V=—fB2dr -2.2)

2ho Jr

subject to the above constraint for every flux tube. We can find that the 

equilibrium state satisfies

V x B = kB. ! 2.3)

for a flux tube, where k is different for each flux tube. This implies that the 

equilibrium state depends on every detail of the initial state.

The ingenious insight by Taylor was that : in the presence of finite resistiv­

ity, magnetic field lines are no longer ’frozen-in-’ the plasma. In a time scale 

short compared with the resistive diffusion time, plasma relaxation occurs, 

which involves breaking and reconnecting of the magnetic field lines. Because 

it is no longer possible to identify the field lines, all the above invariants be­

come invalid. However, the constraint applied globally is independent of the 

need to identify field lines and is still a good invariant as long as the resistivity 

is small. The relaxed state ot the plasma with small resistivity is omy •:in­

ject to a single constraint: The total magnetic helicity integral over the whole 

plasma volume is invariant.

id = / A • B dr 2.4)
-hn Jr

The corresponding equilibrium satisfies Eq. (2.3) which is a force-freo state, 

but with k the same everywhere. This equilibrium state is essentially indenen- 

dent of the details ot the initial conditions of the plasma and can be i-nived 

subject to the appropriate boundary conditions. The solution of a force-free 

plasma enclosed in a spherical boundary is the classical spheromak and will 

ue described m the next section.
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2.2. Force Free Spheromak

The spheromak was observed always relaxed to the minimum magnetic 

energy state allowed by a given magnetic helicity, as described by Taylor's 

relaxation theory. For plasma in equilibrium.

VP = J x B and poJ = V x B 

The ideal spheromak is a force-free configuration which satisfies

(2.5)

/iqJ — ^’B '2.6)

where k is a constant, independent of position. The magnetic field can be 

expanded in terms of spherical scalar eigenfunctions

^m ~ Jm(kr) [cos 6) ein0 which satisfy V2'!'+ k'T = 0

where P^(x) is the associated Legendre function. jm{x) is the spherical Bessel 

function. Then the magnetic field can be written as35

B =r x VT + x r x V'F

771 — 0 n= — m
in

m (m + 1) P,
nJm(kr)

+ ■ a Pmjm - Sm 6P^' ~~ ( rjm )
smc kr dr

m kr 

€0

sin OP^'jm T ( rJm ,
smty kr dr

where. P”1 = ^P"d).

The classical spheromak equilibrium solution is given by m = 1. n = 0.

J\(kr)
Br - SBf cos 0

kr
]\(kr)

B0 = —1.5Brsin# ^jo(kr) —

B0 = 1.5Br sin ^ ji( kr) (2.P

where B^ is the magnetic field strength at the center of the spheromak. The 

boundary (separatrix) is itiven by the first zero of the spherical Bessel function

11



j\{x} : \k\R = 4.4934. Notice that k can be either positive or negative which 

'orresponds to positive or negative helicity spheromaks. The magnetic held 

outside the separatrix can be characterized by

B = V
m

\ \ mol „rn , < . - 1) \ nn/ r- ^Ctfnn 1 b-mn 1 | ^ m |

m=0n=-m

For a classical spheromak. if we match the fields at the separatrix radius, the 

external magnetic field is

Berxt = jo{kR) Bc

Be»zt = -j0{kR)Bc(l~ sin 0

Bext - 0.

The magnetic field structure for the classical spheromak is shown in Fig. 2.1, 

and the parameters are calculated and listed in Table 2.1. A similar table 

has been presented by M. N. Bussac35 at the 7th international conference 

on plasma physics and controlled nuclear fusion research. However, the ra­

tio between Bq, on the magnetic axis and the magnetic field at the center of 

the spheromak is believed to be a misprint (It was listed as 0.72h The total 

magnetic field energy is equally distributed between the poloidal field and the 

roroidal field. The magnetic axis is located at kr = 2.744 in the midpiane. 

while the toroidal magnetic field peaks at a smaller radius kr = 2.OS. Ta­

ble 2.1 is very useful when combined with the experimental measurements ro 

get a rough idea about the parameters of the plasma.

The total magnetic helicity of the classical spheromak is

H = ~ / A • B dr 
2pn Ir

1 f D-= - - - - -  / — dr
2po Jr k

= \Y/k 2.0

.vuii B = \ x A — vA anu II is the total magnetic energy.

12



Classical SaheromaK

Z

Figure 2.1: Poloidal flux contours of the classical spheromak and ir-inac 
field profiles on the midplane.



Parameters of the Classical Spheromak

B*, on magnetic axis 0.58 Eh Tesla

8^ maximum 0.65B. Tesla

Bp at r = ft. (9 = t/2 0.33B, Tesla

BP at r = ro -0.22B, Tesla

Total toroidal current 1.40B,ft MA

Total poioidal current 1.74B,ft MA

Total poioidal flux 0.49B,ft2 Weber

Magnetic energy IVd, = IVd 0.18B:ft3 MJ

* /2(m) is the separatrix radius,
Bc(Tesla) is the magnetic field at the center of the spheromak.

Table 2.1: Parameters of the classical spheromak.

The magnetic moment of a plane circular current loop with radius a is 

For the classical spheromak. the magnetic moment due to the toroidal 

current is

M = / Jcj7r (r sin6^2 r dr d# ~

37rkBr sin3 9 d9 r jx(kr) dr i

=-------Bcj0(kR) ,2.10)

Vo

where jo{kR) — —0.217. Notice that the external magnetic field consists of 

a uniform maenetic field of magnitude jo(kR)Br. puis a magnetic dinoie field 

produced by the plasma (toroidal) current inside the separatrix.

Bez< = jol kf?) Bri — —^-1 cos 9 r -f sin 9 0^]. 2.11
4" r‘ ' '

This uniform magnetic field needs to be supplied from the external .^onrce^. 

and is much smaller than the peak field of the spheromak: this is one of the 

advantages of the spheromak confinement concept. The same uniform mag­

netic field also exists inside the separatrix. For the force free spheromak. the 

current density .1 is parallel to the total magnetic field inside the separatrix 

which is the sum of the magnetic field generated by rfie plasma current and 

the uniform external field. To have a torce-tree spheromak. we neen either

11



an external current source or a metal boundary, which will generate an image 

current on the metal surface, in order to confine the plasma, as stated by the 

vinal theorem.36

2.3. Axisymmetric Equilibrium

For axisymmetric systems, where the toroidal angle 4> is an ignorable co­

ordinate (i.e. — 0.), the vector fields can be represented by a toroidal com­

ponent and a poioidal component. From Ampere’s law.

V x B • dS = / /i0J • dS
3 J 3

y B • d£ = fj.oI
(2.12)

where I is the total current passing through an open surface S bounded by a 

closed curve c. For an axisymmetric field in a cylindrical coordinate system 

(r,<P,z),

B* = ^6 (2.13)
2 7rr

Jp = V x Bg,

= V/p x (2.14)
Zirr

where indices q> and p represent the toroidal and poioidal components, re­

spectively, and <p is a unit vector. The poioidal component of a vector is its 

projection in the r-z plane. The poioidal current Ip is the total current flowins; 

inside the radius r.

From the definition of the vector potential A.

V x A • dS = B ■ dS

A • d£ = T (2.13)
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where 'I' is the total magnetic flux enclosed within the closed curve c. Eq. i '2.13i 

and Eq. (2.12) have similar mathematical forms, so

Art — -o 2.16)

= V’l' x
2;rr

Equation (2.5) shows that the plasma is confined entirely by the magnetic 

force due to the interaction between the plasma current and the magnetic 

field. Taking the scalar product of Eq. (2.5) with o.

0 ■ (J x B ) = © • VP - 0.

For axisymmetric plasma with scalar pressure in equilibrium, the poioidal 

current density is parallel to the poioidal magnetic field.

qoJP - A' Bp F2.1S)

Taking the scalar product of Eq. (2.5) with B and J respectively, we have

B • VP = 0.

J • VP = 0.

These two equations show that in the equilibrium state, the magnetic field and 

the plasma current density lie on a constant pressure surface. This surface is 

also a magnetic flux surface, and therefore the current flows on magnetic riux 

surfaces (i.e. P = P(yV) and Ip = Jp('I') ). The limiting magnetic flux surface, 

which approaches a single magnetic field line where the pressure is maximum, 

is called the magnetic axis. Combining Eqs. (2.14).(2.17) and (2.IS), we have

■h

Br
i'{'r where l' —

dT,

dT
o ->0

'PP Jp x B(3 t Jq x Bp

- Bp * J;) B,, — J0 j

rP b0 - .i0
VT

— = I1., ('P
2~r)- P1 )'P ) 

ho-fp ('P )
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where P' = For axisymmetric equilibrium. Jp/Bp is a function of 'b.

However. is not a function of 'F unless P' — 0. which corresponds to

the force free configuration case. In such case, /io-fp = m i j. represents 

the constraint for the equilibrium state. If k becomes a constant, then we have 

a Taylor minimum energy state and ^qIp = kty.

From Eqs. (2.20) and (2.19), it follows that

J = Jp B + 'InrP'o (2.21)

VP = 2-iTrP1 o x Bp (2.22)

The pressure gradient will vanish at the symmetry axis (r = 0) and at the 

magnetic axis, where the pressure hats its maximum value.

Jy/B = J ■ B/B2

1 +
3P'/P\

2

where 0 = For the case where the plasma pressure profile is not too

different from the poioidal current profile, jrjj- ~ 1, then Ty/P ~ /p(l + /3/2). 

Then, for low 3 devices, the equilibrium magnetic field structure observed 

would be similar to the force free plasma where 3 = 0.

We now proceed to rewrite Eq. (2.20) in terms of the flux function T. in 

order to obtain the differential equation for the plasma equilibrium. J0 may 

be written in terms of 'F by use of Faraday’s law and Eq. (2.17).

k'O'^o — V x Bp • o
= (2 23)

dz V 27rr dz J dr \ 2x7- dr J

The Grad-Shafranov equation expressing the plasma equilibrium then tollows 

from Eqs. (2.20) and (2.13)

A*'F = -2~r^n)J0

= - (2rr)~ fioP'

A- = 2l--^2f .■-4.

dr~ r dr dz-
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This is a two dimensional, nonlinear, partial differential equation. Because 

of the nonlinearity, it must in general be solved numerically. The standard 

method is to specify the function. P — Pity) and Ip = the bound­

ary condition or externally imposed constraints on T. and then to invert the 

Lapiacian-like operator A*'P to determine T = 'P(r. Numerical calculation 

of the Grad-Shafranov equation is described in Chapter 6.
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Chapter 3.
Maryland Spheromak

The goal of the Maryland Spheromak Experiment is to produrp plasma of 

temperature T~ 100 eV. density n~ 3x 1020m-3. confinement time T£ ~ 2msec 

and peak poioidal field ~ 1 Tesla. The hardware description of the machine 

is covered in the first section, then follows the plasma formation scheme. The 

diagnostic systems for the experiment are described in the last section.

3.1. Machine Description

The MS machine is shown in Fig. 3.1. The machine is described in terms 

of the main vacuum vessel, bias coil system, reversal coil system. I; electrodes 

and puff valves.

3.1.1 Main Vacuum Vessel

The main vacuum vessel, with a total volume of SIS C, has three cylindrical 

sections. The central section is the plasma chamber. It is constructed from a 

40 in. I.D.. 0.75 in. wall thickness. 30 in. long cylinder. The two expansion 

sections, on each side of the plasma chamber, are constructed from IS in.

O.D.. 0.25 in. wall thickness. 24 in. long cylinders. The two endpiates. located 

between the plasma chamber and the expansion sections, are constructed from 

2.5 in. thick stainless steel sheet. The vessel is constructed entirely from type 

304L stainless steel. The vacuum chamber is pumped down through two ports 

located on the plasma chamber wall by two 6 in. turbo-molecular-pumps and 

a S in. cryo-pump at one end of the expansion chamber. Because of the 

strong magnetic field produced by the bias coils, the turbo pumps are located 

approximately 2.5 m away from the vessel. The cryo-pump thus has much 

higher effective pumping speed. The normal base pressure is ^ 1 x 10“ 1 Torr.

10
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Bias coil svstem parametprs

liquid iutro£,en cooled, high purity aluminium foil coils

600 turns/coil H foil spirals each 200 turns connected in senes i

DC power supply

power consumption < 1 MW

operatinsr voltaee 220 Y

coil bore radius 31 cm

coil separation 130 - 180 cm

( L/R ) decay time 9.7 sec

Max. design current 4.2 x 600 kA-turns/coil

Field on center 2.2 kO/kA-600turns

Current Flat Top Time 1 - 10 sec

Table 3.1: Bias coil system parameters.

3.1.2 Bias Coil System

The bias coils provide the external confinement field for the spheromak. 

The coils are operated in series, and are placed in a mirror configuration with 

their axes coinciding with the machine axis. The coil case is a liquid nitrogen 

dewar, capable of containing 200 gallons of liquid. Each coil has a resistance 

of 36 mfi when it is cooled, and an inductance of ~ 350 mH.

The parameters for the bias coil system are listed in Table 3.1.

3.1.3 Reversal Coil System

The two single turn coils. 2S in. major diameter, 2 in. minor aiamerer. 

located at 7.5 in. on both sides away from the midplane, are called the reversal 

coils. These two coils driven by a capacitor bank, reverse the magnetic field on 

the axis prior to the plasma formation. The reversal coils, along with the bias 

coils, form the closed field configuration in which the L discharge initiated. 

The reversal capacitor bank is fired and crowbarred by ignitron switches, which 

are triggered through a series of firing circuit^. During the normal operation, 

the reversal capacitor bank is crowbarred after a half cycle.

The parameters for the reversal coil system are listed in Table 3.2.



Reversal coil system parameters

inductive load

two single turn stainless steel roils

coil major radius ho. 56 cm

coil minor radius •2.54 ’'m

Max. charge voltage ~/-n kV

total capacitance 24.6 mF

total stored energy 1M9 MJ

Max. output current 0.69 M A/coil

current rise time 90 ^sec

total pulse time 180 ^sec

Reversed field on center 11.6 kG/MA

Table 3.2: Reversal coil system parameters.

3.1.4 I, Electrodes

There are 16 Ir electrode holders on each end of the vacuum vessel, sym­

metrically placed on a 20 in. circle. The L electrodes are located on a 13° 

half angle conical surface with its axis coinciding with the machine axis. The 

circuit is designed such that the vacuum vessel itself can act as a return path 

for the lz current, resulting in a low inductance circuit. The electrode body 

is a 1.5 in. diameter. 10 in. long stainless steel cylinder. The electrode rips 

are constructed separately so that different materials can be used. Pure alu­

minum. stainless steel and Elkonite have been used as electrode material. The 

Elkonite electrode has shown much less damage as a result of repeated hinh I- 

current discharges than the other electrode.

The parameters for the I: electrode system are listed in Table 3.3.

3.1.5 Puff Valves

There are 4 pulsed e;as puff valve holders on the endplate of each side of 

the plasma chamber, located in between the elorfrndes and the revevvni cmis. 

They are aimed toward the center of the plasma chamber. The function ot 

the pulsed puff waives is to inject the main fill c;as into the vacuum chamber 

vessel a few milliseconds betore the start of the mam discharge. Those purr



I, electrode system parameters

Max. charge voltage 20.0 kV

total capacitance 5.8 mF

total stored energy 1.2 MJ

Max. circuit current 1.5 MA

current rise time SO //.sec

number of electrodes 32

electrode tip radius 25 cm

electrode up material Elkonite

Table 3.3: I- electrode system parameters.

valves were later replaced by 2 puff valves installed from the far endpiates. 

The purpose was to have higher concentration of gas fill the center region of 

the vessel and less gas around the reversal coils. Some of the plasma shots 

have been taken with static fills by closing all the gate valves in front of the 

pumps.

3.2. Formation Scheme

The formation scheme of MS is a relative slow and inductive method when 

compared with the earlier PS fast 0-pinch Z-pinch formation. It is best 

illustrated with Fig. 3.2.

1. The L capacitor bank and the reversal capacitor bank are charged 

to the preset voltages separately. The circuit is set up so that they 

both reach full charge at the same time.

2. The bias coils are energized to the desired current to produce the 

external confinement field. The bias current lasts for more than five 

seconds so that the magnetic field has enough time to penetrate 

the metal chamber wall. On the time scale of the plasma life time 

(less than 1 msec), the bias field acts as a DC magnetic field.

3. The gas. usually deuterium, is injected into the chamber 1-4 msec 

before the reversal bank is triggered. The amount of g|f puffed
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into the system produces a static fill of about 3-12 mTorr in the 

chamber when all the pumps are isolated from the system.

4. The reversal coils are energized to reverse the magnetic held on 

axis. The rise time of the reversal coil current is about 90 //sec.

The vacuum vessel acts as a flux conserver for the masmenc flux 

produced by the reversal coils, causing the bias flux to be pushed 

against the wall. The closed flux surfaces are formed inside the vac­

uum chamber. Figure 5.13 shows the vacuum poioidal flux surfaces 

produced by the bias coils and the reversal coils.

5. The L discharge triggered at the peak of the reversal current, forms 

the plasma and the toroidal field: the currents in the reversal coils 

then start to decay.

6. As the flux inside the reversal coils decreases in magnitude, an 

electric field is induced and drives the toroidal plasma current. 

When enough current is generated, the poioidal field inside the 

reversal coil is reversed: reconnection occurs and forms closed field 

lines within the coil. The reversal coil current usually is crowbarred 

to prevent the current from ringing over.

7. The relaxation process takes place and leads the plasma close to 

the minimum energy state: the spheromak is formed.

S. The spheromak starts to decay due to radiation loss of the energy 

and finite resistivity of the plasma.

3.3. Diagnostic Systems

Several diagnostic systems were installed on the machine to measure its 

performance. There are the machine operation monitors, density measure­

ment. spectroscopic anaiysis and magnetic properties diagnostic. A Thomson 

scattering electron temperature/density apparatus were not operational at the 

moment, so there were no direct electron temperature measurements available 

when this study was performed.



3.3.1 Machine Operation Monitor

The following diagnostics are used to monitor the basic machine operations:

• The vacuum condition is monitored by an RF quadrupole residual 

gas analyzer along with standard vacuum pauses.

• The bias coil current is monitored by the voltage drop across a 

precision resistor inside the power supply. This current is used 

to calculate the bias field inside the vacuum, and added to the

magnetic field measurement to obtain the total magnetic field at 

the probe location.

• The currents of the two reversal coils are measured by two Ro- 

gowski loops. Two other Rogowski loops are set up around all 

16 I; electrodes on each side of the vessel to measure the total L 

current. The total L current and reversai current wave forms are 

shown in Fig. 3.3.

• The voltage across the L electrodes is measured indirectly by two 

sets of RC compensated voltage dividers (11400:1 ratio). Each 

voltage divider measures the voltage between one of the electrodes 

on either side and the ground of the screen room. Each voltage 

probe is installed inside a copper cylinder tube and forms a coaxial 

circuit to prevent pickup.

3.3.2 Density Measurement

The line-integrated electron densities along chords at the midplane are 

measured by a He-Xe laser interferometer. The interferometry resolves the 

phase shift of light passing through the plasma, and the phase shift is 

linearly proportional to the line-inteorated density. The phase shift mnv be 

expressed as

= 1.73 x 10 -'nfL

'-’6
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where fpe = \Jn<,e:/Air-eom,, is the electron plasma frequency. / = 4.74 x 

10143-1 is the laser light frequency I for visible light A - 6325.44. n“, = 4 / nF (It 

is the line-averaged density in m-,}. and L is the total plasma path length in 

meters.

The laser beam was divided into a 4 channel system, mounted on an air- 

supported granite optical table, and the beams were set up to view chords 

across the lower half of the midplane of the plasma chamber. A total of S 

chords of line-integrated density can be obtained by moving the laser beam po­

sitions. With the assumption of cylindrical symmetry, the chord data nf{L.t) 

are converted to density profiles n(r,t) by an inversion technique. A typical 

temporal record of 4 interferometer chord line densities are shown m Fig. 6.14. 

An electric probe having 4 tips also has been used as double probe or triple 

probe to measure the local electron density near the wall.

3.3.3 Spectroscopy Analysis

A two dimensional Optical Multichannel Analyzer (OMA) was combined 

with a 1 meter spectrometer for the spectroscopy diagnostic, to measure the 

emission spectral lines from impurity radiation. The spatial and wavelength 

information of the plasma radiation can be obtained simultaneously. The 

OMA is sensitive over a broad range of the spectrum, from 2000A to oOOOA. 

An optical rotating slit was added in front of the spectrometer entrance slit. 

The spatial resolution is then traded off for temporal information.1.

Ion temperature is obtained from observed impurity spectral linewidths 

based upon the Doppler line broadening mechanism.18 The ion Temperatures 

of CTII. CIA ana OI\ roughly tollow the L current in rime. For OIY. T, > 100 

eV was observed during plasma formation in the center region of the plasma. 

An indication of the electron temperature range is obtained by examining the 

presence or absence ot various ionization stages of impurities, mainly carbon 

and oxygen. Based on the highest ionization stage observed (OYt. the maxi­

mum electron temperature estimated to be Tf

■is

15 eV.



The main impurities observed are

• Carbon: the chamber has been discharge cleaned with methane.

• Oxygen: when the vessel was brought to air. oxygen coma ne ab­

sorbed in the walls. It also can come from minor air leaks into rin' 

system or water vapor being broken into oxygen and hydrogen.

• Aluminum: insulating supports for the electrodes are made of Alu­

mina ceramic.

• Fluorine: This became present after the reversal coil was covered 

with teflon tape.

• Copper: ”figure-S'' coils used for stabilizing the plasma are made 

of copper.

3.3.4 Magnetic Properties Diagnostic

The magnetic field was measured by several sets of passive flux probes. 

Details of these diagnostics are presented in the next chapter.
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Chapter 4. 
Magnetic Probes

Several sets of passive magnetic probes have been constructed to diag­

nose the magnetic structure of the plasma. The principal diagnostic, other 

than spectroscopy before early 1988, was a six-position (with 7.62 cm spac­

ing) magnetic flux probe inserted radially on the midplane of the machine. 

Each position has two passive pickup coils to measure the field and the 

field on the midplane. This probe was later replaced by an eight-position 

(with 6.35 cm spacing) magnetic flux probe, and a thin stainless jacket i 0.001 

in. thickness) was used to cover the glass body of the probe to reduce pos­

sible impurities introduced from the probe into the plasma. For each plasma 

shot, temporal information of the magnetic field as a function of radius at the 

midplane is obtained. The data were interpreted assuming an axisymmetric 

plasma configuration, however, the plasma produced was suspected to have 

shift and/or tilt instabilities. It became impossible to understand the details 

of the configuration behavior with measurements only in the midplane when 

the plasma was not axisymmetric. To aid in understanding the details of 

the configuration behavior, another magnetic probe was constructed to allow 

more complete coverage of the interior of the macmne when additional digitiz­

ers were available. This probe, which is called L-probe in this study, consists of 

seven sets of coils with 2.54 cm spacing. Each set of coils has three orthogonal 

coils so that all three components of the magnetic field can be obtained. The 

position of the first set of coils is 3.175 cm away from the "L" joint.

The L-probe is inserted radially from one of the diagnostic ports at the 

midplane, at an angle of 45 degrees with respect to the top of the vessel. 

By adjusting the location and/or orientation of the probe, the magnetic held 

structure on the R-Z plane or on the midplane of the vessel can be measured 

with multiple shot averaged scans (Fig. 4.1).
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Figure 4.1: (a) Side view of the L-probe scan region in the midplane, (hi 
Top view of the L-probe scan region in the R-Z plane.
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4.1. Probe Construction

The magnetic probes were designed to have as small size as possible ro 

minimize the perturbations of the plasma, and at the same time to pick up 

large enough signals for processing. To facilitate winding, all the pickup roils 

for each probe were wound on a single lexan form with 5 mm space cross section 

with appropriate holes drilled in it (Fig. 4.2), to ensure the proper relative 

positions and orientations of the coils. Each coil was wound with #3S copper 

wire, with 18-22 turns per coil. The leads for each coils were then twisted to 

cancel pickup of magnetic flux along the leads. All the twisted pairs of leads at 

one end of the lexan form were bound together with some polyethylene shrink 

tubing and ran down inside a quarter inch O.D. copper tube to minimize the 

electrostatic pickup and to insulate from the outside magnetic fluxes. The 

lexan form and the copper tube were then installed inside a 9 mm O.D. glass 

tube and filled with epoxy. For the L-probe. the "L" joint was made from a 

machineable ceramic. All the leads were terminated inside a copper can. which 

was clamped on the copper tube, with a lemo-type socket in it. The signals 

were carried by coaxial cables plugged into each socket to the screen room.

4.2. Probe Calibration

The calibration for the magnetic probes was performed by measuring me 

effective area for each magnetic pickup coil. A Helmholtz coil with S cm 

O.D.. 20 turns on each coil was made to measure the response of the probe. 

The magnetic field at the center of the Helmholtz coils is 4.5 Gauss/A. The 

current was supplied from a standard signal generator with a 40 kHz sinusoidal 

wave and measured by a Tektronix current probe. The current probe was 

also checked by connecting the signal to a precision resistor, and measuring 

the voltage across it. then comparing with the current signal response. The 

current signal and the probe response were both fed into a digitizer. The 

effective area was then calculated and stored into a file for later processing. 

The relative error ot the effective areas obtained are between 1-2'T. however.
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Figure 4.2: Lexan form used for building a maenetic probe.
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Figure 4.3: Equivalent circuit for the magnetic pickup coils. V', is the probe 
signal, V0 is the signal input to the digitizer. i?i is the 50f2 termination resistor.

the measured field could have 3-5% of error due to misalignment of the probe 

and noise pickup.

The vacuum field produced by the reversal coils can be calculated from 

the Grad-Shafranov code (Chapter 6). The magnetic field measured with 

the above calibration method, was compared with the Grad-Shafranov code 

calculation, when only the reversal bank was fired without any plasma current 

in the chamber. A good agreement was obtained, the deviation between the 

measured and calculated field was less than 4%.

4.3. Data Processing

Figure 4.3 shows the equivalent circuit for the magnetic probe signal mea­

surement. The voltage signal is

V, (■r.t) = /b • n dS ~ — S e f f 13 i (x.t) i 4.1)

dt J J dt
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where Sj_(x,i) is the component of the magnetic field B in the direction of 

the axis of the pickup coil at the coil position x. and Seff gives the effective 

coil area, which is approximately the cross section of the coil multiplied by the 

number of turns. The output signal of the integrator is given by

1 fT 1 fT
V°{T)=cL I{t)dt=Rcl (4.2)

where RC is the integrator time constant. From Eqs. (4.1) and (4.2). the 

magnetic field can be calculated as

= + (4'3)

The second term, which contains the integration, usually is small compared 

to V0(t) if a large enough i?C-integrator is used. However, large RC will also 

reduce the magnitude of the output signal.

The time constants of the RC-integrators are 1.0 millisecond for the mid­

plane probe and 500 microseconds for the L-probe. The finite RC correction 

term was integrated numerically from the output signal of the i?C-integrator 

for this study.

4.4. Data Collection Procedure

The passive pickup coil measures the rate of change of the magnetic flux 

inside the coil area. The signal was terminated with a 50f2 resistor to avoid 

reflection, then fed into a passive RC-integrator and finally connected to a 

digitizer. Those digitizers are 12 bits, with variable full scale range from 0.3125 

to 5.0000 volts, and were made by the electronics shop at the University of 

Maryland. The clock for the digitizer is fed by a 500 kHz digital signal.

The midplane probe usually is located at fixed position on the midplane to 

monitor the plasma behavior. The L-probe is used to scan the magnetic field 

structure for given plasma conditions. For the R-Z plane scan, the probe stays 

on the R-Z plane at some radius to measure the time history of the magnetic 

field for different Z locations for a single shot. The data were taken at least



twice at each probe location and checked for consistency, the probe was then 

moved to a different radius. A similar procedure was used for the R-o scan on 

the midplane with the probe located on the midplane.

The magnetic field measured by the midplane probe indicated good repro­

ducible plasma conditions. Shot-to-shot variation was normally less than 5%, 

and at most 10%. Some of the variations may be due to slight differences in 

bank voltages, e.g. the reversal current could have 1-3% shot-to-shot variation. 

The fractional shot-to-shot variations are about the same when the L-probe is 

moved to different locations during the magnetic field scans. The interferome­

ter measurement indicated at most 5-10% electron density increases when the 

probes were located inside the plasma separatrix. The OMA impurity radia­

tion measurements showed that the perturbation due to the probe were within 

shot-to-shot variations. This indicates that impurity emissions from the glass 

probe are small compared to impurities already present in the plasma. The 

midplane probe was later covered with a thin stainless steel jacket to reduce 

the boil-off from the surface of the glass probe which could inject impurities 

into the plasma. The signal shows no more than 

and less than 4 microseconds delay in the probe 

effect of the metal jacket.

1% attenuation in the signal 

signals which are due to the
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Chapter 5.
Magnetic Field Measurements

This chapter describes observations and results obtained from the midplane 

probe and the L-probe. The first section covers the global shift of the plasma 

and how the problem was solved. Observation of current flowing in opposite 

direction to the main Iz discharge before the peak of the Iz current, will be 

discussed in the next section. In the last section, the effects of modifications 

to the Iz discharge current paths were studied. Plasma configurations with 10 

kG magnetic field were obtained after properly controlling the Iz current path.

5.1. The Global Shift of the Plasma

The magnetic field measured on the midplane for MS shot 2307 is shown 

in Fig. 5.1. Notice that time t=0 is chosen to be 0.1 msec before the main Iz 

discharge is triggered. The DC offset of each Bz signal represents the magnetic 

field produced by the bias coils at the probe location. On the midplane, the 

magnetic axis can be identified as the position where the Bz field is zero. It 

appears to be located between 22-26 cm in radius (between coil #3 and coil 

#4) during t= 0.25-sim 0.35 msec (assuming an axisymmetric conflffuration j.

The data at t=0.25 msec were compared with the magnetic field structure 

of the classical spheromak and are shown in Fig. 5.2. The B^, fields of coils 

#5 and #6 are much larger than the fitted classical spheromak fields. This 

could be due to the Iz still having an appreciable amount of current flowing 

inside the vessel at t=0.25 msec. Assuming that all the current flowed inside 

coil #5, then the two triangles in Fig. 5.2 show the fields after subtracting 

contributions from the I- current. The probe showed what was apparently a 

well formed spheromak configuration developing about 100 ^tsec after the axial 

Iz current was switched on. However, the plasma terminated suddenly in an 

interval of less than 10 psec at about t=0.3S msec.



ShnL =2202 on midolnne PRORF 1 RAD = ^ Ofl rm
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Figure 5.1: Magnetic fields measured with six-position magnetic flux probe 
on the midplane of the machine. Locations # 1-6 are at r=(5.0, 12.6. 20.2. 
27.9. 35.5, 43.1) cm.
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Midolane field for shot 2307 at t= 2.50 msec

R(cm)
Parameters used in the fitting are: Bc= 2.94 KG, k= 11.43 m

The parameters for the fitted classical spheromak are listed as following:

• the radius of the magnetic axis = 24 cm.

• k = 2.744/0.24 = 11.43 m"1.

• sepaxatrix radius = 4.4934/k = 0.393 m.

• coil #1 showed Br = 2.75 kG, then the magnetic field at the center 

of the plasma Bc = 2.94 kG.

• total toroidal current = 162 kA.

• total poloidal current = 201 kA.

• total poloidal flux = 22.2 mWeber.

• total magnetic energy = 1.88 kJ.

Figure 5.2: Comparison of shot 2307 midplane field data with the classical 
spheromak field. (* Bz field, + B^, field, A is B^ after subtracting the field 
produced by the L current).



As the probe data suggested the onset of a shift or tilt instability, numerous 

stabilizing conductor configurations were installed in the chamber to improve 

rhe plasma performance. Initially, two planar ''figure-8:’ coils39 were installed 

at either end of the main vessel near the tips of the L electrodes to stabilize the 

plasma. The "figure-S” coils had proven effective m extending the lifetime of 

the plasma in the early PS spheromak devices.40 The position of the ’’figure-S’’ 

coils relative to the machine midplane was varied, and better stabilizing effect 

was obtained when the ’’figure-S” was located closer to the midplane.

Figure 5.3 shows the vector plot of the field in the midplane of the 

vessel with the ”figure-8” located at ±22.86 cm off the midplane (SCAXISI. 

At t=0.25 msec, the plasma was already off-center and had larger fields in 

the lower half of the machine. The center of the plasma shifted up about 10 

cm in lOO^tsec. Without the "figure-8”, the plasma shifted much faster and 

terminated earlier.

A scan of the R-Z plane (SCAN14) was performed under the same plasma 

conditions. The poloidal field structure of the scan is shown in Fig. 5.4. The 

positive R is in the direction of 45 degrees from the top to the right when 

viewing from the west side of the machine, as shown in Fig. 5.3. It clearly 

indicates that the configuration was initially formed off-center (at r=5 cm), 

and then drifted even further off center, accompanied with tilting of the plasma 

at t=0.35 msec.

A cydindrical hard core, 10 cm in diameter, running completely through 

the machine axis and electrically either connected with or insulated from the 

vacuum vessel wail, was installed to stabilize the plasma, but showed little 

effect on the shift. We then tried stabilizing the shift by usimt aluminum 

cones. 10 cm diameter at the large end. 3 cm at the small end. and having a 

20 degree apex angle, as stabilizer. The cones were located symmetrically on 

the axis with their ends separated by 20.32 cm (shown in Fig. 5.IT). They did 

increase the plasma life time, but it still seemed to end with a shift.
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Figure 5.3: Midplane magnetic field structure for SCAN13 at t=(0.25. 
0.35) msec, shows that the plcisma was off-center. The solid lines represent 
the chamber wall, the dotted circular lines indicate the radial location of the 
reversal coils (which are located off the midplane at Z=±19.05 cm).
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SCANIA Bd field at t=0.250 msec
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SCAN 14 Bd field at t=0.350 msec
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Figure 5.4: R-Z plane poloidal field structure for SCAN14 at t=(0.25. 0.35) 
msec, shows that the plasma was formed off-center, and then drifted even 
further off-center, accompanied with tilting of the plasma at t=0.35 msec.
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All the stabilizing techniques tried showed some effects of reducing the 

shift, but failed to eliminate the offset of the configuration. The direction of 

the shift was quite repeatable (always upward shift .1 ...^^euc field

signals were very reproducible from shot to shot.

The puff valves used were located in the upper half of the vessel. As 

we suspected uneven distribution of the gas puffed into the chamber, these 

were replaced with two puff valves inserted from the axis on either side of the 

endplate. This had no effect on the shift, either.

In Figure 5.4, at t=0.250 msec, the poloidal fields near the lower half 

of the reversal coils reversed, however, the fields near the upper half of the 

reversal coils did not. This indicated that, near the top of the reversal coils, 

the poloidal fluxes were linked with the reversal coils, while in the lower part 

of the coils, the ooloidal fluxes were detached and formed closed flux surfaces 

inside the coils. The reversal circuit usually was crowbaxred to prevent current 

from ringing over as shown in Fig. 3.3. In this case, the reversal circuit was 

even crowbaxred late, to allow some ringing over of the current, to push the 

linked fluxes away from the reversal coils, but without any success.

In Fig. 5.5, the reversal current waveform for SCAN14 is shown for four 

different shots when one set of the L-probe coil is located at r=±30.5 cm, 

z=±18.4 cm. The cotted lines are signals obtained from the probe and nor­

malized to the peak reversal coil current (the peak Bz field measured was 7.1 

kG). If there were no plasma current in the vessel, the two signals should be 

identical. The difference between the two signals is an indication of how much 

plasma current exists near the reversal coils.

The first and third diagrams of Fig. 5.5 are signals near the lower half of the 

coils. Both of them shew little difference from the probe signal waveform before 

t=0.25 msec, which inc icates that most of the field measured was produced by 

the reversal coil current However, the other two diagrams show appreciable 

differences between the signals. This was a clear indication that there were 

anomalously high toroidal currents flowing in the vicinity of the reversal coils.
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Probe positior : Z=-18.4 cm, R= -00.5 cm

solid line) and Bz field Signal (dotted line)Shot =3375 Reversal Current Waveform
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Shot =3348 Reversal Current Waveform (solid line) and Bz field Signal (dotted line)

ime (msec
probe position : l- 18.4 cm, R- 00.5 cm

Figure 5.5: Comparison of reversal current waveform with Br signals near 
the reversal coils for SCAN14 shots. The EC signals were normalized ro rhe 
peak reversal current.
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At t=0.25 msec, it indicated ~50 kA of plasma current near the top parts of 

the coils. As the minor radius of the reversal coil is 2.54 cm. we can estimate 

the current density around the top part of the coils to be 

^plasma oO X 10 .4

{r2 - r- ,) 77(0.0508-’ - 0.0254-1
cotl)

-z~r = S.2 MA/m-

For the classical spheromalc, the peak toroidal current density is about 1.74 

MA/m2, with Br =2.94 kG. R=39.3 cm as estimated from MS shot 2307 

(Fig. 5.2). The current density near the top parts of the reversal coils was 

much higher than the peak current density of the spheromak. Also, it should 

be the edge current density which is normally small. This analysis led to the 

conclusion that the problem was due to current flowing from the plasma to 

the bare metal of the reversal coils.

Following a suggestion by a visitor from the University of Tokyo, Dr. Ya- 

sushi Ono, the reversal coils were completely wrapped with teflon tape to 

prevent direct contact with the plasma. The currents flowing into the reversal 

coils were then eliminated, and the probe scan immediately showed that the 

plasma was forming symmetrically on axis, and remained centered through out 

its life-time (SCAN20 in Fig. 5.6). A subsequent scan, (SCAN22 in Fig. 5.7), 

also showed that a symmetric plasma was produced and that the poloidal fields 

were all reversed inside the reversal coils.

Titanium foil and Nichrome foil were later tried separately to cover the 

teflon tape in order to prevent sputtering, evaporation or gas desorption in 

the presence of plasma. The titanium foil became shredded and torn due to 

magnetic forces after a few hundred shots. It is also a very good material for 

absorbing oxygen and hydrogen (Titanium is one of the common materials used 

for gettering). The oxygen being absorbed could recycle, due to the plasma 

impact, and degrade the plasma performance. The Nichrome withstands the 

magnetic force much better than the titanium and does not absorb as much 

oxygen. Teflon tape with the Nichrome covering was used in subsequent work.

Figures 5.8 and 5.9 show the magnetic field measured on the midplane 

for MS shot 4150 after the shift motion of the plasma was eliminated. The
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Figure 5.6: Midplane B0 fields for SCAN20 at t = i0.25. 0.35) msec, show 
that the plasma was forming symmetrically on axis, and remained centered.
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SCAN22 Bp field at t=0.250 msec
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SCAN22 Bp field at t=0.350 msec
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Figure 5.7: R-Z plane poloidal fields show that the plasma was forming 
centered and the fields were all reversed near the reversal coils for SCAN22 at 
t=(0.25, 0.35)msec.
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Figure 5.8: Magnetic fields measured with six-position magnetic flux probe 
on the midplane of the machine. Locations # 1-G are at r=id.O, 12.G. 20.2. 
27.9. 35.5. 43.1) cm.
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Midolone field for shot 4150 at t= 2.50 msec

R(cm)
Parameters used in the fitting are: Bc= 3.46 kG, k= 11.43 m

The parameters for the fitted classical spheromak are listed as following:

• the position of the magnetic axis was chosen to be 24 cm.

• k = 2.744/0.24 = 11.43 m"1.

• separatrix radius = 4.4934/k = 0.393 m.

• coil #1 shows = 3.23 kG, then the magnetic field at the center 

of the plasma Bc = 3.46 kG.

• total toroidal current =190 kA.

• total poloidal current = 237 kA.

• total poloidal flux = 26.2 mWeber.

• total magnetic energy = 2.62 kJ.

Figure 5.9: Comparison of shot 4150 midplane field data with the classical 
spheromak field. (* Bz field, + B^ field, A is B^, after subtracting the field 
produced by the L current.)
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magnetic field profile was close to the classical spheromak when the spheromak 

configuration was formed at t=0.25 msec. After t=0.30 msec, the plasma 

decays exponentially instead of terminating suddenly. During the decay phase, 

it remained close to the equilibrium state described by the Grad-Shafranov 

equation (see Chapter 6).

5.2. Observation of the Reversed Current

It has been observed in MS that the field reversed near the axis of the 

vessel, mostly before the peak of the Iz (t~0.1-0.2 msec). This was indicated 

in Fig. 5.S where the Bd fields of coils #1-3 were reversed. The midplane B,j 

field structures, for SCAN20 at t=0.15 and 0.25 msec, are shown in Fig. 5.10 

At t=0.15 msec, the direction of the B^ fields reversed at radii less than 20 

cm. The reversed B^ fields near the axis of the vessel indicated that there were 

currents flowing in a direction opposite to that of the main Iz discharge. This 

reversed B^, field usually disappeared about 20~30 /rsec after the peak of the

Iz .

The poloidal current Ip was calculated for SCANTS with = 2TrB^, 

and is shown in Fig. 5.11. The dotted contours, before t=0.22 msec, indicate 

currents flowing in a direction opposite to that of the main L discharge near 

the axis of the vessel. At t=0.15 msec, there was more than 113 kA reversed 

current (the main Iz current was about 350 kA at that same time). The net 

current inside the radius of 20 cm was about zero at t=0.1S msec.

This same phenomena was observed during the formation phase in S- 

1 experiments.41 The reversed B0 field was not seen in the reported two- 

dimensional simulations of S-l4" or MS.'5 However, three-dimensional numer­

ical simulations of the relaxation process in spheromak43 found reversed B^ 

fields near the axis. It occurred during the relaxation process only for the cases 

when part of the poloidal flux was converted to toroidal flux. In MS. reversed

fields were also seen for the cases when some toroidal flux was converted 

to poloidal flux (SCAN24 in Fig. 0.12).
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Figure 5.10: Midplane B0 field structure for SCAN20 at t = (0.15. 0.20)msec. 
shows that B,j fields reversed near the axis of the vessel.
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Figure 5.11: R-Z plane poloidal current (R ■ B0) contours of SCAX23. The 
dotted lines are reversed poloidal current contours. The stabilizins cones lo­
cated in the axis are also shown.
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Figure 5.12: Model for explaining the reversed Iz current.

This reversed field may be related to the counter-rotating plasma cells 

observed in PS-3.5 experiments during spheromak formation.44 The gradient 

in velocity causes conversion of poloidal into toroidal field, resulting in the 

observed reversed field.

The reversed current may also be explained by the axisymmetric model 

indicated in Fig. 5.12. Assuming that there is a constant strong magnetic field 

in the 5 direction, so the L current flows on a surface of constant radius a. 

and d/dz = 0. The B^ field is

Bd (r) 'Ttr
b > r > a:

0. r < a.
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We can chose a gauge such that A = 0 on the metal wall boundary. For an 

axisymmetric configuration. Az can be calculated as

Az (r ) =
Ml In ( b- 

a

b > r > a :

r < a.

The electric field, E = —— dA/dt, is electrostatic if the current / is a con­

stant. When I varies with time, as in the MS discharge, there is a contribution 

due to the time variation of the current to the electric field,

£2(r,t) = -V$.f-4
b > r > a;

r < a.

where I = dl/dt. If this electric field were large enough, it could cause the 

breakdown of the plasma and form the reversed current near the axis which 

flowed from one side of the vessel to the other side, as seen in MS.

We can look at the situation from another point of view, the voltage was 

induced to prevent changing of the toroidal fluxes inside the vacuum vessel 

when the I2 was discharged.

r _ ho n 1
‘-‘vessel — - m

ZTT

V — -Lvessel

where Lvessei is the 

main cylinder. This

= -^Aln(

inductance of the vacuum 

is a consequence of Lenz’s

vessel,

law.

C. is the length of the
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5.3. Effect of the I. Disc large Paths

Another feature which c: n be seen from Fis. 5.11 is that in the early phase 

of the lz discharge, the poloidal current closely followed the vacuum poloidal 

field lines. The vacuum flux surfaces produced by the reversal coil and bias 

coil currents, at the time Iz vas triggered, are shown in Fig. 5.13. The flux 

surfaces near the tip of the flectrodes were closed flux surfaces inside the 

chamber. There were two different paths that link the anode and the cathode 

electrodes. One was the path inside the inner radius of the the reversal coils 

and the other one went between the outer radius of the reversed coils and the 

vacuum chamber wall. If the L current did follow the field lines when break 

down occurred, the lz current could have flowed both ways.

Another magnetic probe with 6 coils was built to measure the toroidal field 

near the Iz electrode and study the Iz discharge current paths. The probe was 

installed radially from one of the diagnostic ports located at Z=25.4 cm. The 

coils were 3.81 cm apart, and positioned at R=31.75-50.8 cm (also shown in 

Fig. 3.1 as probe). The total poloidal current distribution flowing inside 

the vessel was calculated from the field measurement.

The data for MS shot 5187 is shown in Fig. 5.14(a). The signal shows 

that, for the first 10 fisec of the Iz discharge, there was almost no net current 

flowing inside the radius of coil #3. It also indicates that ail the current flowed 

through the region between coil #3 and coil #4. The results indicated that 

those currents flowed between the reversal coils and the vacuum chamber wall 

and that they were mostly confined to the flux surfaces which link the anode 

and the cathode Iz electrodes.

The Iz cables and the metal chamber walls formed a coaxial system. When 

the Iz was discharged, the same amoui * of current flowed on the inner surface 

of the vessel wall as a return path. I:', such case, the path outside the outer 

radius of the reversal coils was the lowest inductance path, so the L broke 

down there first. Once the Iz discharge occurred, the plasma was initiated. 

The current started to flow through t xe path inside the inner radius of the
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Vacuum ooloidol flux (mWeber) for shot numoer=5195 at t= 0.100msec

Figure 5.13: Vacuum poloidal fluxes for MS shot 5195 at t=0.1 msec. The 
dotted lines show the vacuum poloidal flux surfaces produced by the bias coil 
current and the reversal coil current. The solid flux lines indicate flux surfaces 
linking the anode and the cathode electrodes. Note that those flux lines were 
located between coils #3 and #4 of the probe. (* near the top right corner 
represent the probe and coils are numbered 1-6. x indicates coil locations 
of the midplane probe.) The solid lines between the endplate and the reversal 
coils represent insulating material temporarily used to block the current onrhs.

reversal coils in 10 /isec. When the total current inside coil ^3 reached ~ 

200 kA. it remained about the same for almost 30 /isec. This was clue ro 

the fact that the reversed axial current was also forming and had the largest 

driven voltage at the same time. The current inside coil #3 increased by an 

appreciable amount after t=0.15 msec. At that moment, the derivative of the 

L became smaller and then started to reverse sign after rhe peak of the I; 

current (t=0.18 msec).

The spheromak configuration is formed mostly from current flowing through 

the central region of the vessel. The current flowing between the reversal coils
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a) Shot number-5187 jizQl =27irB,

Figure 5.14: Ip signals near the L electrodes before/after installation of 
polvethvlene sheets to stop the L current from flowing between the reversal 
coils and the vacuum chamber wall. Locations #1-5 are at r=(31.75. 34.93. 
38.10, 41.28, 44.45. 47.03) cm. (a) Before the current paths were blocked, (hi 
After the current paths were blocked.



and the chamber wall diverted a large fraction of the energy and could also 

bring in impurities when the flux surfaces crossed the reversal coils.

As a first attempt to modify this pattern of current flow, two 15 cm wide 

sheets made of polyethylene material were installed inside the chamber (shown 

in Fig. 5.13) to intercept the current path between the reversal coils and the 

chamber wail. Figure 5.14(b) shows that all the current then flowed inside the 

coil #1 throughout the whole lz discharge and that the waveforms were closer 

to the lz current waveform. A small deviation of the coil #1 signal, near the 

peak of the Iz current, was due to a small hole in the polyethylene sheet that 

let the current pass through, and coil #1 was the only coil located inside the 

radius of the polyethylene sheet.

Figure 5.15 shows the poloidal current distribution on the midplane be­

fore/after the current path between the reversal coils and the chamber wall 

was intercepted (MS shot 5187/5194). Figure 5.13 showed that coil #3 of the 

midplane probe was located inside the flux surface linking the Iz electrodes at 

t=0.1 ms. The negative Ip currents of coils #1-3 for both cases are another 

evidence of the reversed current. For shot 5187, before t= 0.15 msec, most 

of the current was flowing between coils #4-7 and the net current inside coil 

#4 was almost zero. For shot 5194, before the peak of the L current, all the 

current flowed inside coil #5. The dotted lines in Fig. 5.15 are the reversal coil 

current and Iz current waveforms. This was consistent with the measurements 

shown in Fig. 5.14 which indicated that all the current was flowing inside the 

inner radius of the reversal coils after the other path was blocked. Figure 5.16 

showed that the Dz magnetic fields at the midplane of the vessel, after the 

'pheromak was formed fat t~0.25 msec), were more than doubled when the 

current path between the reversal coils and the chamber wall was blocked.

Two annular glass plates later replaced the polyethylene sheets. These have 

outer radius 100 cm. inner radius 76 cm and are installed at Z=±22.S6 cm. 

ro block the current from flowing between the reversal coils and the vacuum 

chamber wall.
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lime (msec)

Ip current for shot 5194

Time (msec)

Figure 5.15: Ip at the midplane shows the effect of I, discharge current 
path. (a)/(b) before/after the current path between the reversal coils and the 
chamber wall was intercepted. Locations # 1-S are at r=(7.1S, 13.53. 19.SS. 
26.23. 32.5S. 3S.93. 45.2S. 51.63) cm.
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Bz field for shot 5187
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Bz field for shot 5194

Time (msec)

Figure 5.16: Bz field at the midplane shows the effect of L discharge current 
path. (a)/(b) before/after the current path between the reversal'coils and rhe 
chamber wail was intercepted. Locations ^ 1-S are at r=(7.1S. 13.53. 19.SS. 
26.23. 32.58. 38.93. 45.28. 51.63) cm.
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Chapter 6.
Magnetic Properties of the MS Spheromak

The magnetic properties of the MS spheromak are discussed based on Tie 

magnetic probe measurements. It was observed that during the formation 

phase, the magnetic profile evolves in such a way that the ratio of the poloidal 

current to poloidal flux in the plasma approaches a constant value. This con­

stant is related to the size of the spheromak produced. The plasma is close 

to Taylor’s minimum energy state when the spheromah configuration formed. 

The magnetic field then decays exponentially, and the magnetic field profile 

remains close to the equilibrium state during the decay phase (more discussion 

in Chapter 7).

Most of the measurements presented in this chapter are data taken from 

two R-Z plane magnetic field scans, SCAN23 and SCAN24. The major differ­

ence between SCAN23 and SCAN24 is that the Iz current path between the 

reversal coils and the vacuum vessel wall was blocked by two annular glass 

plates (described in Chapter 5) for SCAN24 plasma shots. Typical I- current 

and reversal current wave-forms for the two scans are shown in Fig. G.l. The 

current wave-forms and their timing are similar in both cases, except that 

there was more reversal current in the SCAN23 case, while for SCAX24 more 

Iz current was discharged. The bias coil currents used were 302 ± 3 A for 

SCAN23 and 458 ± 7 A for SCAN24.

Two aluminum cones were used to stabilize the plasma for SCAX23 MS 

shots. For SCAN24 conditions, two sets of ”figure-8” coils with cone-shape 

configuration replaced the aluminum cones. The poloidal field structures are 

shown in Figs. 6.2 and 6.3 for the two scans. The "stabilizers' used are also 

shown in the two figures. Spheromak configurations were formed symmetri­

cally in both cases. The magnitudes of the magnetic fields are almost twice 

as large in SCAN24 compared with the magnitude of the fields in SCAX23. 

In the figure, for SCAX23. the arrow with 1 cm length (scale of the plot)
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kA
MS shot 4663 Iz/Reversal current waveform

Tinne (msec)
Solid line: Iz current, Dotted line: reversal coil current

MS shot 5575 Iz/Reversal current waveform

lime (msec)
Solid line: Iz current, Dotted line: reversal coil current

Figure 6.1: Typical I. current and reversal current wave-forms for SCAN23 
i MS shot 4663) and SCAX24 (MS shot 5575)
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represents 0.5 kG field, and it represents 0.S kG field for SCAN24. For the 

SCAN23 case, a tilt motion developed when the plasma started to decay at 

t=0.30 msec. There was no tilt motion of the plasma for SCAN24 shots. The 

cone-shape ”figure-S” coils stabilized the plasma more effectively than the alu­

minum cones.

6.1. Formation Phase

The poloidal and toroidal fields on the midplane for MS shot 5187 are 

shown in Fig. 6.4. The signal is plotted with 1 kG DC offset between successive 

pairs of coils. The signals of coil #1-3 have a sudden increase in magnitude 

during the period between t=0.17-0.22 msec. The change of the signals 

is related to the change of the Iz current profile. Figure 5.11 shows that, at 

t=0.15 msec, most of the Iz current on the midplane was flowing in an annulus 

outside a radius of 26 cm, and at the same time was drifting radially toward 

the axis. When the current sheet drifts across a coil position, there is a sudden 

change of the net current inside the radius of that coil position. The B^ signal 

is a measure of the total poloidal current inside the coil radius. It changes 

dramatically in response to the sudden increase of the net current.

Figure 6.4 also shows that correlations exist between the Bz signal and the

signal for coils #1-4. The fluctuations of the Bz and B^ signals occurring 

at the same locations are always out of phase between t=0.17-0.24 msec (for­

mation time). The local minimum of the poloidal signals roughly corresponds 

to the local maximum of the toroidal signals. At t~0.17 msec, Bd signal #4 

starts to increase by more than 2 kG in ~18 f/sec. while during the same pe­

riod Bz signal #4 drops by 1.5 kG. Then B,;, signal #3 starts to jump to a 

higher level and the B^, signal at the same location drops to a lower value. The 

process continues to occur in coils #2 and #1. Coil #5 also shows a similar 

relation between the Bz and B0 signals but with smaller fluctuations.
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Figure 6.2: Poloidal field structure on the R-Z plane for SCAX23.
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Figure 6.3: Poloidal field structure on the R-Z plane for SCAX24.
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Shot 5187 8z/EL at Z=0

Figure 6.4: The magnetic field on the midplane for MS shot 51S7 shows 
correlation between the Br and fields. There is a 1 kG DC offset between 
two nearby coils. Locations #1-7 are at r=(7.1S. 13.53. 19.SS, 2G.23. 32.5S. 
3S.93. 45.2S) cm.
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The time delays between the sudden changes of the coil signals were all 

about ~ 16 fisec. This corresponds to a drift motion of the plasma on the 

midplane at a velocity ~ 6.35cm/T6luse''- i cm ’ *ue axis.

The drop of the 3r signal when the L < Tent passes the coil location can 

be explained as follow. During the formatio i time, the reversal coil current 

decreases in magnitude. A plasma current is induced in the toroidal direction 

to prevent the change of the poloidal fluxes. On the midplane, this induced 

current will increase the Br field at smaller radius and will decrease its mag­

nitude at larger radius. The Br signal drops when this current sheet crosses a 

coil. When this current is large enough, the field reverses at larger radius and 

forms a closed flux surface, and the spheromak is produced.

Afterwards, fluctuations continue to occur in each coil signal with smaller 

magnitudes. All the signals change in such a way that the magnetic field profile 

approaches Taylor's minimum energy state configuration (described in the next 

section). When a spheromak magnetic field profile was developed, at t=0.28 

msec for MS shot 51S7. all the field signals started to decay exponentially.

The poloidal flux can be calculated from the Br field measurements, with 

the assumption of axisymmetry,

'h (r, r) = f 27rr,B, (r,, z) dr(

Jo

The value of the flux Tl r. r) is strongly dependent on the choice of the origin, 

because of the weighting factor of r in the integral. In order to account for 

errors due to small shifts of the plasma center, a new center rc(z) was evaluated. 

Assuming that the plasma only shifts radially in the same plane where the 

measurements were made, then the maximum fluxes calculated at ±r must be 

the same after the center is corrected for.

* —
by - r') Br (V) dr

*r m
( ' — rr) Br (V) <h

' rc

The temporal development of poloidal flux contours for SCAN24 is shown 

in Fig. 6.5. For the data shown in Fig. 6.5. the fields were averaged over 

±Z. then an iterative process was used to find the new symmetry point until
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Figure 6.5: Poloidal Hux contours for SCAN24 in cylindrical coordinate sys­
tem fR-Z) with units of cm. Solid lines are tiuxes inside the separatrix of the 
plasma. Dotted lines are the bias fluxes. Units are in mWeber. The minimum 
and maximum flux of each contour along with the flux increment are siiown 
for each time step.
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convergence is achieved. For SCAX24. the shift of the origin rc(:.t) is usually 

less than 2 cm. up to 4 cm shifts occur occasionally during the formation phase.

At t=0, only the bias flux is present in the chamber. Then at t=0.1 

msec, the reversal flux starts to build up around the reversal coils. The F 

discharge is triggered at t=0.1 msec, and it is not until t=0.1S msec ipeak 

of the L) that the flux contours show noticeable differences from the vacuum 

poloidal fluxes. The flux surfaces start to pull out from the reversal coils, and 

O-points are formed between the reversal coils and the midplane at t=0.23 

msec. The O-points move toward the midplane, and at t=0.26 msec a single 

O-point is formed on the midplane. The spheromak configuration is formed. 

The formation process observed is qualitatively similar to the MS formation 

simulation reported by Guzdar and Finn.2j.

6.2. Taylor Minimum Energy State Spheromak

The poloidal flux ('I') contours for SCAN23 are shown in Fig. 6.C. When 

compared with Fig. 5.11, it shows that for most of the region, the contours of 

T are lined up with the poloidal current (Ip) contours.

For a plasma in axisymmetric equilibrium. Ip is a poloidal flux function 

as indicated by Eqs. (2.18) and (2.19). It has been pointed out by Guzdar 

and Finn25 that, in axisymmetric configuration, a toroidal flow v0 is produced 

when Ip is not a function of T.

<C.l:--------- r o ■ VI,, x VT
(2-r)-

The force in Eqs. (6.1) is balanced by inertia or viscosity. Since Loth I,, and T 

are symmetric about the midplane, the flow v0 is antisymmetric about r = 0.
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Figure 6.6: Poloidal flux contours for SCAX23.
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With the simplified form of the Ohm's law E = —V x B + 77J. where rj is the 

resistivity of the plasma, the equation of the magnetic field is

f = Vx(c'xS)-^Vx(’'VxS

Considering only the toroidal component of the field, the equation can be 

transformed to the following form :

dt

P =_r2V.l V|Vp)+2^Bp.v(^)+dv.(^V/p)
(6.2)

The first term on the right hand side of Eq. (6.2) represents convection and 

compression of the toroidal field, and the third term represents the field diffu­

sion. Guzdar and Finn explained the second term as differential rotation. 

If the rotation frequency u = v^/r \s a. constant on the poloidal flux surface 

i.e. u = then the second term vanishes. In their simulation, without the

the presence of resistivity and viscosity, the toroidal flow and the differential 

rotation effect produce a stable oscillation. Adding the resistivity and viscosity 

damps the oscillation and Ip = Ip('I') is obtained.

All the spheromak experiments to date indicated that during the formation 

phase, the plasma has a tendency to develop into a Taylor minimum energy 

configuration.21,45-46 For the Taylor state spheromak, the ratio of the poloidal 

current to the poloidal flux is a constant, and it is independent of position (as 

described in Chapter 2).

LioIP = k<l> (6.3)

Figures 6.7 and 6.S show the poloidal current Ip as a function of poloidal 

flux 'I' for SCAN23 and SCAN24. The data are taken from coils located at 16S 

different locations with multiple shots, (r range from —40.6 cm to 40.6 cm, z 

range from —18.42 to 18.42 cm). When the plasma is reduced to a smaller size, 

some coils became located outside the separatrix, and the flux had negative 

values. Fluxes with negative values are outside the range of the plot, and they 

are not shown in the figure. Before t=0.34 msec for SCAN 23, and before 

t=0.40 msec for SCAN24. most of the data stay on a line with a slope k ~12
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Figure 6.7: Measured poloidal current Ip as a function of poloidal Hux for 
SCAN23.
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Figure 6.8: Measured poloidal current Ip as a function of poloidal flux for 

SCAN24.
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m ^ This is strong evidence that the spheromaks produced were close to the 

Taylor minimum energy state configuration.

The slope k as a function of radius r is shown in Figs. 6.9 and 6.10 for 

both scans. Higher k values appear at radius larger than 30 cm. This is due 

to the fact that some Iz current is still flowing in the vessel after the formation 

phase, which effectively increases the Ip values near the separatrix. At the 

radius outside the separatrix, the poloidal flux becomes negative so k < 0, and 

it is not shown in the diagram.

The constant k in Eqs. (6.3) is related to the size of the spheromak. For a 

classical spheromak, kR = 4.4934 where R is the separatrix radius. The value 

of k increases slightly for both scans at later times as the spheromak decayed 

to a smaller size. When the spheromak forms in MS, the plasma tends to have 

as large size as possible. It is the bias flux which limits the size of the plasma. 

The separatrix radius of the spheromak after formation in MS is about ~ 35-45 

cm. This corresponds to fc ~ 10.0-12.8 m-1 for the classical spheromak. The 

number is close to the k values derived from Eqs. (6.3) and shown in Figs. 6.9 

and 6.10.

Due to the presence of the two glass plate, the current path between the 

reversal coils and the vacuum vessel was blocked for the SCAN24 plasma dis­

charges. The poloidal current contours for the SCAN24 are shown in Fig. 6.11. 

It shows that, at t=0.22 msec, the poloidal current flowing inside the radius 

of the electrodes (~25 cm) is about 560 kA, while it was about 200 kA for 

SCAN23 (see Fig. 5.11). The peak values of Iz currents are about 730 kA and 

550 kA for SCAN24 and SCAN23 respectively. The increase of the poloidal 

current near the axis is mainly due to the presence of the two glass plates 

which force all the current to flow inside the radius of the reversal coils. Since 

the ratio of I;, to T is roughly constant, a spheromak with more poloidal flux 

was formed in SCAN24 case.

The poloidal flux on the midplane Tff.r) for SCAN23 and SCAN24 is 

.■diown in Fig. 6.12. For SCAX23. the poloidal flux at r=20.32 cm (dotted
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Figure 6.12: 3-D plots of the poloidal flux '&(t,r) on the midplane for
SCAN23 and SCAN24. Data shown are 5.08 cm apart in r-direction and 
10 fisec apart in time. The dotted curves, offset 50 mWeber in z direction, 
show the poloidal fluxes 'f'(f) at r=20.32 cm.
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curve) decreases with the reversal coil current between -=0.10-0.18 msec. Dur­

ing t=0.18-0.26 msec, the poloidal flux is roughly cons ant. For SCAN24. the 

poloidal flux at r=20.32 cm, increases after the T ' triggered. Between 

t=0.17-0.22 msec, the poloidal flux stays at a rough!' onstant value.

During the formation phase, the magnetic profile evo.ves in such a way that 

the ratio of the poloidal current to the poloidal flux in ttm plasma approaches a 

constant value. When there is not enough Iz current in the central region of the 

vessel, as in the case of SCAN23, less toroidal current is observed in the plasma. 

The total poloidal flux is produced from the reversal coil current and the 

toroidal plasma current in the vessel. The reversal coil current decreases during 

the formation phase. The poloidal flux generated by the induced toroidal 

current is not enough to compensate for the loss of the total poloidal flux due 

to the decrease of the reversal current. The effect is that the total poloidal 

flux decreases as the reversal current drops. After t=0.18 msec (peak of the 

I* current), there is more current flowing into the central region and enough 

toroidal current is generated to keep the flux constant. At t=0.26 msec, the 

reversal coil current was crowbarred (see Fig. 6.1), and the flux started to 

decay.

For SCAN24, there is more poloidal current flowing into the central region 

of the vessel. However, the reversal current is smaller for the SCAN24 case so 

at the peak of the reversal current there is less poloidal flux in the chamber 

compared to SCAN23. Therefore, more toroidal current was observed such 

that the ratio of the poloidal current to poloidal flux approaches a constant 

value as the spheromak is formed. At t=0.1 msec on the midplane, the poloidal 

flux at r=20.32 cm is 46.6 mWeber for SCAN23. At the same time, there is 

only 34.1 mWeber poloidal flux for SCAN24 at the same location. However, at 

t=(0.20, 0.25) msec, there is (25.4. 29.1) mWeber poloidal flux tm SCAN23. 

and (70.0. 55.5) mWeber poloidal flux for SCAN24.

The Bz field on the midplane is plotted as a function of radius r and time t 

with 3-D plots and shown in Fig. 6.13. For SCAN23, between t=0.1-0.2 msec.
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Figure 6.13: 3-D plots of the magnetic field (t.r) on the midplane for 
SGAX23 and SCAN24. The dotted curves show the magnetic fields Br 11) at 
the plasma center.
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the magnetic field on the axis decreased as the reversal current dropped. The 

Br field started to inciease its magnitude 20 /rsec after peak of the L current 

112 peaks at t=0.18 msec). A second peak (4.1 kG ) appeared at the time when 

the spheromak was formed. For SCAX24. the B2 field on the axis has its 

highest value (8.6 kG) at t=0.22 msec.

We have shown that the ratio of the poloidal current to poloidal flux 1,,/T 

is roughly a constant when the spheromak is formed, and in the SCAN24 

condition, the poloidal flux is larger than that of SCAN23 due to more L 

current flowing in the central region of the chamber during the formation. If 

we just increase the Iz current alone, the poloidal flux will not continue to 

increase linearly with the L current indefinitely. The reversal coil current also 

plays an important role during the formation phase of the MS spheromak. 

This is related to the magnetic helicity injection. The total magnetic helicity 

of the plasma produced is limited by the helicity injected during the formation 

phase. The magnetic helicity injection will be discussed in Chapter 8.

6.3. Decay of the Spheromak

Since most of the spheromak field is generated by the plasma current, it 

will decay due to the finite resistivity of the plasma when the external driving 

mechanism (e.g. Iz current in MS) is turned off. For plasma with resistivity 

t], the simplified form of Ohm’s law is

E = -VxB + r7J (6.4)

With the aid of Faraday’s law

V x E = -
dB

dt

and assuming a spatially constant resistivity, we have

OB

dt
-V x E

— 7/V x J 4- V x (V x B (6.5)
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MS shot 4150 5194 5475
coil # 2 .3 2 3 2 3
r (cm) 12.7 20.3 13.5 19.9 13.5 19.8
"s (Msec) 92. 97. 73. 68. 109. 349.
k (m-1) 11.4 10.5 11.4

77 (/Al-m) 105. 100. 156. 168. 88.7 27.7
T" (eV) 4.5 4.6 3.4 3.3 5.0 10.9

* between t=0.30-0.35 msec.
** Spitzer resistivity is assumed, 77 = 9.9 x 10-4T-3/2fi-m, with In A = 9.6 and Z = 1.

Table 6.1: Estimate of the resistivity 77 and the electron temperature Te from 
the B2 field decay time rB.

For a spheromak in Taylor’s minimum energy state, V x B = fcB, so /ioJ = kB, 

and
~ k k2 ~

V x J = —V x B = —B 
MO MO

If the spheromak decays with a constant separatrix radius ( i.e. V = 0), then

— = _^-B 

dt no
(6.6)

and the magnetic field decays exponentially with a time constant of rB = 

nohk2.

B = Boe MO 6.7)

It has been shown that the spheromah formed in MS is close to Taylor's 

minimum energy state. Figure 6.5 shows that the separatrix radius changes 

slightly between t=0.25-0.35 msec. The magnetic field decay time rs can be 

calculated directly from the probe measurements. We can then estimate the 

resistivity of the plasma from the field decay time.

The resistivities 77 estimated from the B. field decay time between t=0.30- 

0.35 msec for MS shots (4150. 5194 and 5475) are listed in Table 6.1. MS shot 

4150 (magnetic field profile shown in Fig. 5.8) was taken before our attempt 

of controlling the current path. Shot 5194 (Fig. 5.16) was taken when the L 

current path was blocked by two polyethylene sheets. When the spheromak is
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formed, the magnetic field strength of shot 5194 is doubled compared to shot 

4150. The ohmic heating power is proportiona.. to the square of the current 

density J, and for the classical spheromak, the current density J scales linearly 

with the magnetic field B. Therefore, the ohmic heating power of shot 5194 

has been increased four times compared to MS shot 4150. so one would expect 

higher Te and longer magnetic field decay time. However, due to the presence 

of the polyethylene sheets, the line averaged electron density is very high: 6- 

SxlO21 m-3 between t=0.30-0.35 msec. This is an order of magnitude higher 

than the typical electron density (Fig. 6.14).26 The field decays even faster due 

to the high density of plasma which effectively lower the plasma temperature.

Shot 5475 (Fig. 6.15) was taken after the polyethylene sheets had been 

replaced by two glass plates. The electron density was measured to be about 

8-lOxlO20 m-3 . The peak field at r=7.2 cm was 9.6 kG which is three times 

the peak field in shot 4150 when the spheromak was formed. The decay time 

of coils #2 and #3 are both longer compared with the decay time of the other 

two shots. It also shows that at r=19.8 cm, which is close to the magnetic 

axis (~24 cm), the Bz field has longer decay time (349/isec) compared to the 

decay time of coil #2 (109^sec). It appears that the plasma is hotter near the 

magnetic axis for shot 5475.

The Spitzer resistivity is a strong function of Te,2

Ze' In A
77 6x/67re2(A:T)3/2

= 1.03 x 10-4Z In A Te_3/2 ft-m (6.8)

where Z is the charge of the ion in the plasma and In A is the Coulomb 

logarithm

In A = In
127r (eokTe A/2'

ny2Ze3

= 30.3) In
Z n 1/2'

3/.

with Te in eV and ne in m . The value of the Coulomb

insensitive to the value of Te. With Z = l. ne ~ lO^m21^-3

logarithm is relatively 

and Tf ~ 10 eV. then
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Figure 6.14: Typical line averaged electron density on the midplane. The 
chord parameters for traces #1-4 are r=(3.81. 11.43. 22.86. 30.48) cm. The 
chord parameter is defined as the shortest distance between the line of sight 
and the machine axis.
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Figure 6.15: Bz fields on the midplane for MS shot 5475.

InA = 9.6. The electron temperatures of the plasmas are then estimated with 

Eq. (6.8) and shown in Table 6.1. The estimated electron temperature Tf is 

smaller than 15 eV which is consistent with the electron temperature obtained 

from the spectroscopy analysis (Fig. 6.16).

The magnetic energies of SCAN23 and SCAN24 are shown in Fig. 6.17 as 

functions of time. Due to the presence of the bias field, the minimum value of 

the total poloidal energy is not zero. Equations (7.6) and (7.7) indicate that, 

for spheromak in equilibrium and without any external current source, the 

poloidal magnetic energy is equal to the toroidal magnetic energy for a force- 

free spheromak, and that there is more poloidal magnetic energy for plasma 

with finite pressure. Figure 6.17 shows that the toroidal magnetic energy is 

larger than the poloidal magnetic energy between t=0.25-0.30 msec for both
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Figure 6.16: Typical electron temperature calculated from the CTY to CHI 
line ratio.
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Time(msec)
Solid line: total energy, dotted/dashed line : poloidal/toroidal energy

SCAN24 Magnetic Energy

Time(msec)
Solid line: total energy, dotted/dashed line: poloidal/toroidal energy

Figure 6.17: Temporal development of the magnetic energy for SCAX23 and 

SCAN24. The solid curve is the total magnetic energy.
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t=0.30-0.40 msec SCAN23 SCAN24
energy decay time rw(/isec) 57.8 70.0
resistivity<r?> 75 62
temperature Tt (eV) 5.6 6.3
Magnetic energy IP* (kJ) 3.5 10.2
plasma beta iJ''^ 8.3% 3.2%

* Magnetic energy at t=0.3 msec.
** Plasma density ~ 6 x lO20 m-3 .

Table 6.2: Comparison of SCAN23 with SCAN24.

scans. This is attributed to the lz current that is not completely off during 

that time and therefore, increases the toroidal energy of the plasma.

The magnetic energy decay time and other parameters for both scans are 

listed in Table 6.2. Between t=0.3-0.4 msec, the total magnetic energy decay 

times rw for SCAN23 and SCAN24 were 57.8^sec and 70.0/isec, respectively. 

The volume averaged resistivity is defined as

< ^ ^ vol —
^0

2tw < k >2

where <k> is the volume averaged k. With < k > = 12, the volume averaged 

resistivities are 7.5 x 10-5 and 6.2 x 10-5f2-m for SCAN23 and SCAN24 re­

spectively. The volume averaged electron temperatures axe estimated to he 

5.6 eV and 6.3 eV.

The plasma beta may be estimated with the assumption that the ion tem­

perature follows the electron temperature closely. The line averaged electron 

densities, between t=0.30-0.35 msec, are 4-6xl020 m-3 and 6-8xl020 m-3 for 

SCAN23 and SCAN24 respectively. The characteristic time required for a 

90° deflection in the center of mass svstem for electron-ion collisions is2

Te* -'90 ~
6\/3nmlJ2(fcT)3^2

= 2.38 x 10

n,(Ze2l 2 In A
T3/2

u
niZ2 In A

For 'quasineutral” plasma having negligible impurity content (Z=l). n,

6.9)

6 x 102°m 3 . The collision time ~ 0.24 ns, with T ~ 6 eV and
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n,~6 x 1020m 3 . The assumption of the ”quasineutralityv is reasonable since 

the Debye length4'

sokT\1/2 fT
= 7430 -

ne- n

1/2

(G.101

is 7.43 x 10“' m which is much smaller compared to the dimension of the MS 

chamber. The characteristic time for energy transfer between the electron and 

ion is ~ (m,/me)rgQ = 0.88/isec for deuterium gas, which is much smaller 

than the characteristic time for change of Te.

With the electron temperature equal to the ion temperature, the average 

plasma beta can be estimated

J (n,kT, + nfkTe)V
^VOI “ rr-IV Q

where V' = 0.27 m-3 is the volume of the spheromak with R — 0.4 m, and 

Wq is the total magnetic energy of the plasma. For SCAN23 and SCAN24 at 

t=0.3 msec, the total magnetic energies axe 3.48 kJ and 10.2 kJ. The average 

plasma betas are 8.3% and 3.2% respectively. These low plasma beta values 

also confirm that the spheromak is close to Taylor’s minimum energy state.

A bolometer was installed in one of the diagnostic ports at Z=12.7 cm 

to measure the line averaged impurity radiation power across the axis of the 

machine. Figure 6.18 shows the radiation energy density and the radiation 

power density for MS shot 5966. The radiation energy can be directly measured 

from the bolometer. The data is fitted to a curve (dotted line in the figure) and 

the radiation power is calculated from the fitted curve, knowing the response 

function of the bolometer. At t=0.3 msec, it shows that the line averaged 

radiated power ~ 1.25 kW/cm~3 across the axis of the plasma. If we take 50% 

of 1.25 kW/cm-3 to be the volume averaged radiated power, the total radiated 

power is then 169 MW for 0.27 m-! plasma volume. The dissipation rate of 

magnetic energy is 11%/tw = 10.2kJ/70/isec=146 MW. The radiation power 

measured accounts for all the magnetic energy dissipated within instrumental 

error. This indicates that the spheromak formed in MS is radiation dominated.
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Line averaged energy density for MS shot 5966

Time (msec)

Time (msec)

Figure 6.18: Line averaged radiation energy density and line averaged ra­
diation power density for MS shot 5966. The solid line for radiation energy 
density is the raw data from the bolometer signal. The dotted line is the fitted 
curve. The radiation power density is calculated from the fitted curve.
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Although a 10 kG high field spheromak is produced, the radiation loss causes 

the plasma average temperature to stay below 15 e\ .
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Chapter 7.
Grad-Shafranov Equilibrium Code

The MS spheromak is expected to be an axisymmetnc configuration. The 

magnetic field structure of MS has been measured to be axisymmetric after the 

reversal coils were completely insulated to prevent any direct contact with the 

plasma. A numerical code first written by John Finn was modified to solve the 

Grad-Shafranov equation which describes the ideal MHD equilibrium magnetic 

field structure. Axisymmetric equilibrium states which can exist in the MS 

experiment are calculated using some assumptions about the plasma pressure 

and the poloidal current profiles. The numerical calculations are compared 

with the experimental measurements.

7.1. Numerical Code Description

The source terms of the Grad-Shafranov equation Eq. (2.24), which tire 

the right hand side (RHS) of the equation, need to be specified in order to 

obtain the equilibrium state solution (RHS = —2irriJ.oJ^ is the toroidal current 

source). In the vacuum region RHS = 0 and in the plasma region RHS = 

— \ 2~r)“I1. For I('i), the following form has been chosen

4l2 (*) = Ic-V-(l + a^-j (7.1)

where 'I'm is the poloidal flux at the magnetic axis, and a is a free parameter 

which allows a certain degree of control over the current distribution.

• a > 0: the current density is more concentrated near the magnetic 

axis.

• a = 0: the poloidal current is scaled linearly with the poloidal flux.

• a < 0: the poloidal current has a flattened profile near the mag­

netic axis. A hollow current profile can be obtained with sufficiently 

negative a values.
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For the pressure profile, the analytic form

d'f'
p \ * m <ir

is chosen so that P' = 0 at the magnetic axis. The constant Cp may he 

expressed in terms of the plasma beta at the magnetic axis. It is defined as

Pr,

Bl/2^

where Pm and Bm are the plasma pressure and the magnetic field at the 

magnetic axis respectively.

dm —
2/ioPn

h5^m/(2~Tm )’

:2~rm)*

Cp —
k2 (1 + fa) dm

> 0 ’•3)
(2trrm)" /io

where rm is the radius of the magnetic axis, Im is the total poloidal current of 

the plasma.

The equation that needs to be solved has the following form

2a\ r2

3 J r-m )
for the plasma region

= 0.......................................................... for the vacuum region

The magnetic flux is chosen such that it is negative for the plasma region, 

and it is positive outside the separatrix (the vacuum region) in the code. The 

poloidal magnetic fluxes on the metal chamber walls were calculated from the 

bias current and treated as the boundary conditions. Fields from the plasma 

current are assumed not to penetrate the walls. In the code, the RHS was 

chosen according to the sign of the poloidal flux and the plasma boundary was 

then adjusted by the code. The free parameters are the total poloidal current of
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the piasma Im, the current profile factor a and the plasma beta at the magnetic 

axis Jrrj. This is an eigenvalue problem with k as the eieenvalue parameter. 

The simultaneous over-relaxation (SOR)48 iteration method was used to soive 

'he equation. At each iteration, k is evaluated as i'I'm V 1 ~ The

iteration process continues until k and the equilibrium solution converge.

The equilibrium state was calculated with the bias coil current set at 100A 

leach bias coil has 600 turns). It should be noted that multiplying the bias 

coil current by a factor cr is equivalent to multiplying 'I' and Im by <7. and does 

not affect k, a and 3m.

If the code is calculated with a parameter dm = 0. a force-free equilibrium 

solution is obtained. If in addition a is set to zero then Taylor's minimum 

energy state is obtained ( dl/ dT = k is independent of position). The same 

code can be used to calculate the magnetostatic field. The vacuum poloidal 

flux due to the bias coil currents and the reversal coil currents in MS is obtained 

when all three parameters are set to zero {Im = a = 3m = 0). Within the 

reversal coil conductors, the externally supplied current density was used to 

calculate the RHS = —2Tr^oJ<j). The vacuum poloidal flux shown in Fig. 5.13 

was calculated with the Grad-Shafranov code.

Numerical Formulas

The Grad-Shafranov equation was solved using the finite difference method 

in axisymmetric cylindrical coordinate system ir. mo), with o an ignorable 

coordinate. We assumed reflection symmetry about the midplane r = 0 and 

Tie vi-iuation was solved in the region r > 0. The vessel was divided into an 

81 x 51 equally spaced grid with spacing of 0.G35 cm. The Grad-Shafranov 

equation was translated into the following numerical form

'lb ,-1 ~ 'R ; — i _ 'IWi.j - T,-i,, ^
2rL\r

= RHS\,-
‘ ■ J

T )

V

:>4



When the final equhiofium solution converges then the magnetic field is com 

puteci using

Br = 

Bz =

2~r dz 
1

2irr dr

Bd
jzol

'2~r

1

2-r, 2A_
1 d'i+1,; - d',-!,, 

27rr, 2Ar

2~r,
i 7.4)

However, at r = 0, the above formulas cannot be directly applied. Both Br 

and Bo are zero on the aids, so they did not become a problem. But B: needs 

to be evaluated on the axis. The solution is to expand 'I' in terms of r.

'!' (r) = ao -r air -j- aor" 4- a^r “t anr

Since ^(0) = 0, then ao = 0. The field Bz can be expressed as

Bz (r) —
1 / a\

Z7T
+ 2 02 + 3 asr + • ■ • + n, anr

Since Bz is finite on axis, ai = 0 and Bz(0) = 202- At small radius, we can 

neglect higher order terms and choose 'l'(r) = air2. If 'I'(A) = 02A2 = 'I'i, 

and \I/(2A) = 4o2A2 = 4,2- then

5,(0)
'I'2 - 'I'i 
3-A-

7.5 1

From knowledge of the magnetic field, the total magnetic energy of the 

plasma is then evaluated. The total magnetic helicity is calculated with 

Eq. (8.9).

7.2. Numerical Code Results

Equilibrium solutions for the Grad-Shafranov equation with the MS bound- 

arv conditions are discus d with various plasma conditions. The magnetic 

fields (B,) measured on the midplane are then compared with the fields cal­

culated from the code.
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7.2.1 Equilibrium Solutions

The axisymmetric equilibrium solutions of Taylor’s minimum enenry state 

spheromak are shown in Fig. 7.1 for three different poloidal currents in the 

plasma. The diaerams shown on the left are the poloidal flux contours. The 

Iz electrode, reversal coil and parts of the chamber wail are also plotted as 

references. Contours in the plasma region are plotted as solid lines and those 

in the vacuum region are plotted as dotted lines. For the diagrams shown on 

the right, the solid curves are the Br and fields on the midplane of the 

vessel as a function of radius (scale indicated on the left side of the diagram). 

The dotted curves are the poloidal flux on the midplane (scale indicated on 

the right side of the diagram)

For 100A (600 turn) bias coils current, the optimized solution appears to 

be the one with SO kA of poloidal current in the plasma with the piasma 

separatrix just detached from the electrodes. For solutions with more than SO 

kA of poloidal current, the plasma is intercepted by the electrodes and even in 

contact with the reversal coils. In those case, the electrodes and the reversal 

coils serve as heat sink, which will cool the plasma, and also bring in impurities 

when the plasma impact with those surfaces. Ideally, we would like to produce 

a plasma %vith as large current as possible (larger magnetic enerey). and not 

in contact with any external material at the same time. This means mat 

the bias coils current has to be increased proportionally when more plasma 

current is produced. We can then expect the bias coils current to scale with 

the main L current. From the experience of operating the MS machine, better 

magnetic profiles were obtained when the bias coils current scaled with the 

main Ij current and the reversal coils current. It scaled with the reversal coils 

current because the toroidal current of the plasma is induced from the decay 

of the the reversal current during the formation phase. For the spheromak. 

the toroidal current also scales with the poloidal current.

Figure 7.2 shows the plasma equilibrium solutions for SO kA of poloidal 

current and different values oi a ana J. The top diagram snows equilibrium
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Poloidal flux contours for 4Q kA ooioidal current 
0-4QF ............ HI ...................3

Rz/B4 field and ooioidal flux on the midolane

a= 0.00, f= 0.00, Bios current= 600X100 A

Poloidal flux contours for 80 kA ooioidal current

a= 0.00, 0= 0.00, Bios currenl= 600X100 A

Bz/Bj field ond ooioidal flux on the midolane

Poloidal flux contours for 120 kA ooioidal current

. '. i

R(m)

a= 0.00, 0= 0.00, Bias currerl= 600X100 A

Bz/B4 field and ooioidal flux on the midolane

Figure 7.1: Equilibrium solutions of Taylor's minimum energy state sphero­
mak are shown for three different total poloidal currents.
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Poloidal flux contours for 80 kA ooioidal current

R(m)

a= 0.00, 0.10, Bios currBit= 600X100 A
R(m)

8z/B4 field and ooioidal flux on the miaolane 
,i—-----------------s----------------- [

Poloidal flux contours for 80 kA poloiaai current

a= 0.60, (1= 0.00, Bios eurrent= 600X100 A

Poloidal flux contours for 80 kA ooioidal current

a=-0.60, /!= 0.00, Bios current= 600X100 A

Bz/B( held and ooioidal flux on the midolane

Figure 7.2: Equilibrium solutions for SO kA poloidal plasma current for 
-iiffrrent a and 3m parameters.
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Poloidal flux contours for 80 M ooioidal current

R(m)
o= 0.00, 0= 0.00, Bios ajnent= 600X100 A

Bz/B^ field ond poloidal flux on the midolane

Figure 7.3: Equilibrium solutions for Taylor state plasma with the stabilizing 
cone on axis.

solutions for 10% plasma beta at the magnetic axis and a = 0. The added 

plasma pressure effectively increases the toroidal current density in the plasma 

region. The plasma has a larger volume than obtained with the Taylor state 

plasma for the same total poloidal current. This is a manifestation of the 

well-known property of the toroidal plasma that the poloidal field contains the 

plasma pressure. The other two diagrams show solutions for a = ±0.6 and 

3m — 0. For the case with a — 0.6, the plasma current is more concentrated 

near the magnetic axis which effectively reduces the field on axis iBr field 

changes from 1.27 kG —> 1.11 kG when compared with Taylor state for the 

same poloidal current). In the case where a = —0.6. the poloidal current has 

a flattened profile near the magnetic axis, and the Bd field peaks closer to the 

axis. A hollow current profile can be obtained with more negative a value.

Stabilizing cones were installed in the vessel to stabilize the shift and tilt 

motion of the plasma. To understand the effects of the cone on the equilibrium 

state, additional constraints were added in the code to simulate the cones. The 

cone was treated as a perfectly conducting material with bias flux embedded 

in it. Figure 7.3 shows the Taylor state with the stabilizing cone on axis. 

The location and the size of the cone are exactly the same as the aluminum
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cones used in MS. Although the flux surfaces near the cones are changed, the 

magnetic fields and the fluxes on the midplane are almost identical to the case 

without cones. On the midplane, the only noticeable difference is that the Bz 

field near the axis is slightly reduced in magnitude.

Figures 7.4(a-e) show the dependence of various plasma properties on the 

total poloidal current Im in the plasma for three different sets of parameters 

{a,fSm)- Figure 7.4(a) shows the maximum poloidal flux of the plasma as a 

function of Im. Figure 7.4(b) shows how the separatrix radius at the midplane 

of the plasma varies with the plasma current. The largest separatrix radius is 

limited by the chamber size, since the field was assumed not to penetrate the 

walls. For plasma with current Im larger than about 100 kA. the separatrix 

radius does not increase much when Im is increased. However, when Im drops 

below about 50 kA. the separatrix radius of the spheromak changes rapidly 

with Im. The slope in Fig. 7.4(a) is 1/k , which gives indications about the 

size of the plasma for a given Im. The slope is small for plasma with Im less 

than 50 kA and roughly approaches a constant value for Im larger than 100 

kA. The two diagrams therefore show a consistent result.

Figure 7.4(c-e) show the magnetic field at the plasma center, the total 

magnetic helicity and the total magnetic energy as a function of plasma cur­

rent. For the Taylor minimum energy state, the total poloidal energy is equal 

to the total toroidal energy (shown in Fig. 7.4(f) as solid line). This can be 

shown as

I i .0 i
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(o) Mox. ooioidal fiu» of the spheromak (b) Seoorotrn mflius on the midoicine

(d) Totol mognetic helicity'c) Maqnetc field ot R=0, Z=0

(e) Totol magnetic energy enerav

Figure 7.4: Maximum poloidal flux, separatrix radius, total magnetic energy, 
total magnetic helicity and Br field at the center of the plasma, as a function of 
plasma current are shown for three different cases. (l)Solid lines represent the 
Taylor state, a = h™ = 0 (2)Dotted lines represent plasma with o = Cl. = 
0.1 (3)Dashed lines represent plasma with a = 0.6. = 0.
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'.vhere uoJ<s = \Vp and are the total poloidal energy and the

total toroidal energy, respectively. The above surface integral vanishes because 

it contains = 'I'/(2;rr ), which is zero on the plasma boundary.

For the case with a = 0 f^olp = kfy — = kA0) and finite piasma

pressure ( J0 = kB0/fiQ -r 2~rP')

'Vr='V‘ + \Jii^AT ,:7-7'

The dotted curve in Fig. 7.4(f) shows that the poloidal energy is larger than 

the toroidal energy for the equilibrium solution with Jm = 0.1. This can be 

explained from Eqs. (7.2) and (7.3).

dP
= CpT(Tm - T ! > 0. 

d'l' F

The integral is positive, so the total poloidal energy is larger than the total 

toroidal energy for the assumed pressure profile. A similar result is shown for 

the solution with a = 0.6 and 3m = 0.

7.2.2 Comparison with Measurements

The equilibrium solutions for 100A bias coil current have been calculated 

with different poloidal current Im, a and 3m values. The solutions are stored 

into separate riles. Eacn nie contains solutions with the same values of a and 

3m but different poloidal currents. For axisymmetric plasma, the poloidal cur­

rent profile can be obtained from the B„ fields measured on the midplane. The 

total poloidal current of the spheromak. which is also the maximum poloidal 

current on the midplane, can be calculated as a function of time from the 

probe measurements. From knowledge of the total poloidal current. Tie Br 

field on the midplane can be calculated from the equilibrium solution, with a 

and j’m as fitting parameters.

Figure 7.5 shows the Br field at six radii on the midplane of the vessel 

i solid lines i and the calculated Br fields (dotted lines between t=0.25-0.35 

msec i for MS shot 4150. The fields are first fitted with the Taylor minimum
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Bz field cn the midciane for snot 4150

Time(msec)
Dotted lines: fit with a= 0.00, 0= 0.00, Bias current=300A (stabiiizing cones

Bz field on the midplane for shot 4150

Time(msec)
Dotted lines: fit with a= 0.00, |5= 0.10, Bias cijr!'ent=300A

Figure 7.5: Br fields on the midplane fitted with the Taylor state and plasma 
beta Jm =0.1 at the magnetic axis. The total poloidal current used is calculated 

from the B0 field measurements.
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energy state plasma (with the stabilizing cone). Between t=0.25-0.30 msec. 

rhe fitted data show good agreement with the measured fields. This indicates 

that the plasma produced was close to the Taylor minimum energy states 

1 the same sets of data were also compared with the classical spheromak and 

shown in Fig. 5.9). When fitted with 10% plasma beta at the magnetic axis, 

better agreement between calculated fields and measured values was obtained 

between t=0.30-0.35 msec. The bias current used for shot 4150 is 300 A. The 

magnetic fields calculated from the solution axe all multiplied by a factor of 3 

to get the fitted data.

Figure 7.6 shows the Bz fields on the midplane for MS shots 5435 and 5493. 

The data were taken after the Iz current path between the reversal coil and the 

vacuum chamber wall was blocked by the two glass plates. All the L current 

was flowing in the central region of the vessel, and the Br fields show much 

higher values than fields for shot 4150. These fields are fitted to the solution 

with a = —0.6,/? = 0.1, and good agreement was obtained between t=0.25- 

0.40 msec. The close fit between the data measured and the fields calculated 

from the Grad-Shafranov code solutions indicates that the plasma produced 

in MS stays very close to the equilibrium state after the spheromak is formed.

For MS shot 5435. between t=0.25-0.35 msec, the magnetic axis appears 

to be located at a fixed position (in the middle of coils ^4 and A5). The 

fitted curves show that the magnetic axis is located between coils ^4 and 

#5 during the same period. However, the calculated fields also indicates that 

the magnetic axis continuous moving toward the axis as the poloidal current 

decreases, and it become located at the coil #4 position at t=0.35 msec. This 

is the reason that the fitted data of coils near the magnetic axis deviate more 

from the measured field. The deviations between the measured fields and 

calculated fields could be due to some I: current still flowing in the vessel after 

•"he spheromak was formed (as shown in Fig. 3.3). In the code, it is assumed 

rhat there is no external current source other than the plasma current.
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B;7 lieia cn the micciane T'or shot 5435

nmeimsec

Bz field on the midolane for shot 5493

Timefmsec

Figure 7.6: Br fields on the midplane for MS shots 5435 and 5493. (fitted 
to equilibrium solution with a — —O.G. Jm = 0.1). The total poloidal current? 
used are calculated from the B0 field measurements.
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Chapter 8. 
Magnetic Helicity

The magnetic field is a divers;ence-free vector field. Moffatt34 has shown 

that the pseudoscalax "magnetic helicity:’ is a measure of the linkage of the 

magnetic field lines inside a magnetic surface. Magnetic helicity is defined by 

the volume integral
H = ^A-Bdr. (S.l)

where B = V x A. Magnetic helicity has been recognized as a global in­

variant quantity for a high conductivity plasma during the relaxation pro­

cess. For a slightly resistive turbulent plasma, this leads to Taylor's force-free 

equilibrium.33 The magnetic helicity of the spheromak is determined by the he­

licity injected during the formation phase. How to effectively inject magnetic 

helicity in the plasma becomes an important issue. An important application 

is that the plasma can be sustained against resistive decay by injecting helicity 

into the plasma volume.

Magnetic helicity is well defined by Eq. (8.1) only if the boundary is a closed 

flux surface. This is demonstrated by the following gauge transformation: let 

A —» A 4- V\. then if — /f 4- 6H and

8H = , VY • B dr \ B • n d5.

The above integration vanishes only when the boundary is a magnetic surface.

106



8.1. Generalized Magnetic Helicity

The gauge problem has been studied by a number of workers. Three gen­

eralized magnetic helicities have been defined m tne nteraLure.- The

definition proposed by Finn and Antonsen00 turns out to be the most gener ■. 

form.

Berger and Field2, define the relative helicity for an open field line system 

as
Hbf = /" (A • B - A' • B') dr, (S.2)

Jra + n ^

where B and B' are two magnetic fields which are different in some region of 

space, ra, typically the volume of interest, and axe the same in the rest of 

space, r;,. The vector potentials A and A/ are vector potentials which generate 

B and Bh To ensure V • B = 0, it is required that

B • h = B' • n (3.3)

on the boundary between ra and rj, where h is the normal vector pointing 

away from volume ra. Berger and Field also have shown that the relative 

helicity is independent of the common extension into r;,.

In region rh, the magnetic fields B and B' are the same, therefore. A' = 

A + VX. The integration in Eq. (8.2) for region Tf, is

I (a-B-A'-B') dr — f V\-B'dr= / \B'-hdS

Jrb ' ' J rt, Jsf,

If X is a constant on the boundary, then the contribution from Tf, vanishes.

This leads to the definition proposed by Jensen and Chu.49

Hjc = (.\ • B - A' • B') dr. (S.4)

Only the region of interest needs to be integrated over, with the condition that 

the tangential components of the vector potentials A and A' are the same on 

the surface of the volume.

Finn and Antonsen^0 noticed that Eq. (S.2) is not invariant if different 

gauges are used in r(! and rj,. For A —> A -1- V\. .V —- .V — W. the rlifference
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is

V\ • 6 - V\' • B' dr) ,ir = / Hi" ~ ''-out - \'m - \'out) D • '' '15.

J S a

Therefore, gauge invariance can be guaranteed if \tn — \out — ^;n — ^„, on

the boundary. This is less restrictive than the boundary condition required by 

Jensen and Chu.

A more generalized helicity is then proposed by Finn and Antonsen as 

HFa = / (a + A') • (B - B') dr,
(3.5)

This definition has the advantage of requiring integration only over the region 

of interest and also allows different gauge transformations for A and A'.

Hfa = J (A • B - A' • B'J dr A y (A' • B - A • B'J dr 

= HjC A (A x A') -hdS

If A = A' on the boundary then the surface term vanishes, and HFA is equiv­

alent to Hjc- All three definitions Eqs. (8.2),(8.4) and (8.5) for generalized 

magnetic helicity basically are the same if the tangential component of the 

vector potential is continuous on the boundary.

The definition proposed by Berger and Field requires the same gausre trans­

formation over ail spaces and it also requires integration over ail spaces. The 

definition proposed by Jensen and Chu has the advantage of only involving 

integration over the region of interest but requires the tangential component 

of the vector potential to be continuous on the boundary. Finn and Anton­

sen solved the gauge problem, and their definition only involves integration 

over the volume of interest. The definition proposed by Finn and Antonsen is 

adopted for this study.

From Eq. (8.5). the time rate of chance of the magnetic helicity can 'he 

expressed as°0 

dH

at

= -2 JJe-B -£' ■ B/N) dr ^ (a A A') X (e - E')
n t 15 S.f>)

L08



for a fixed boundary volume. Finn and Antonsen have shown that E' ran be 

any vector satisfying V x E' = —d'Q'/dt in all space. It is usually chosen to be 

a vacuum field. V • E' =0.

8.2. Axisymmetric Systems

For practical purpose, most of the magnetic confinement devices beinc: 

investigated have an axisymmetric boundary configuration. The vector field 

can be divided into a toroidal component and a poloidal component, with o 

the symmetry angle (toroidal) and,

B = Bp + B0, Bp • B0 = 0.

Bp = V x A0, B^ = V x Ap.

In such a case, from Eq. (8.5).

h = Jr (A + A) ■ (A - A) At + J (A + A) ■ (A - A)
The first term on the right hand side can be expressed as

From Eq. (S.3), the toroidal components of the vector potentials are only 

different by a gradient field which is an effect of the gauge transformation.

For an axisymmetric system A0 = .V, on the boundary. The helicity can 

be simplified as

Hrel - l [(% -r A') ■ (bc - B'0) - (a., - A'0) • (bo - B'0)] <i-

= 2 dr (S.7)

= 2 f ('V,B0 - TXj dr dr (S.St
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'.vhere 'ip — is the poloidal flux. For a simply connected volume as in

"he case of MS. = 0.

Hrei = 2 j \0 ■ B0 dr = 2 J ipBa dr dr S.9)

The magnetic helicity for two untwisted closed flux tubes linked once is 

r:23)'I'. where $ and 'F are the magnetic fluxes of the tubes. Eq. (S.9) gives 

the same result as calculated by Eq. (8.1) when the boundary is a flux surface. 

The difference between Eqs. (8.9) and (8.1) can be calculated

H Aa • Ba + An • Bp ) dr

Ap • Bp = Ap ■ T7 x A<i

— V • x Ap J -r ■ V x Ap 

H — Hrrl = j Ar, X Ap • TT. d5

= (b iAp ■ d£ (8.10)

It is Ap which causes the gauge problem, and this term disappears with the 

new definition Eq. (8 91. For a simply connected volume with constant flux 

boundary, Eq. (8.10) gives T Ap • df = 0. therefore, the two definitions are 

equivalent.

From Eq. (S.9) and E^, = —dAo/0t inside the boundary, the derivative of 

the helicity can be calculated as

For a non-ideal plasma, assumimt linear Ohm's law E = q.J -v V x B. 

dH

at
n.T • B dr — 2 /" En x A., ■ bd5. 

J S
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The volume integration represents the helicity dissipation rate due to finite 

resistivity. The surface integration represents the helicity injected from the 

boundarv.

■2 / Ep x A,-, ■ n dS = + Tp Ep • d(p

• n d5

-2 / $BP • n d5 (S.131

where the loop integration is carried out along the poloidal boundary and Ep = 

—The second term in the surface integral vanishes for axisymmetric 

configurations.

8.3. Helicity Balance

For simplicity, a constant factor 2fj.o has been neglected in the above discus­

sion of this chapter. From Eq. (8.9), the magnetic helicity in MS is evaluated 

as
H = — f TB.drdr (8.14)

2po J

All the quantities are in MKS units. The poloidal flux T is calculated from 

the B2 measurements, and B^, is obtained directly from the probe signals. The 

magnetic fie.d was not measured inside the entire MS main chamber, but only 

in the region between the tips of the L electrodes (shown in Fig. 4.1 j. However, 

this is the region where the spheromak is formed. The helicity calculated in 

this region should represent most of the helicity of the spheromak.

From Eq. (8.13). the helicity injection rate is calculated using

o
(t) = ^V(t)d>boundaTV(t) 8.13 i

2po

where V{t) is the voltage measured between the anode and the cathode of the 

I.- electrodes with a voltage divider, and 'I;/>oun(ia7-v(#) = - j B-n d5 is rhe total
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Side view of Iz electrodes

X(cm)

Figure 8.1: Side view of the Ir electrodes. The total poloidal flux inside the 
two dotted circles is used as '$!boundary f°r helicity injection rate calculation.

poloidal flux that enters the area of the voltage sources on the boundary. The 

helicity injected into the system is

Hin, = [ Htnj {t') dt1 = ~ f V (t1)'VhouTldaTV (t1) dt1 (8.16)

Jo ho Jo

On the time scale of the experiment, only the held produced by the bias coil 

current can penetrate the electrodes and become embedded in them. It turns 

out that if only the bias flux is used for ^boundary, the injected helicity

calculated from Eq. 1S.I6) is not only too small to account for the helicity 

evaluated from Eq. (S.14). but has the wrong siem.

If the total poloidal flux 'Iqo(a; in an annular ring containing the I- elec­

trodes (dotted circles in Fig. 8.11 is used for ^boundary then the injected helicity 

calculated with Eq. (S.1G) is close to the helicity measured for SCAX24. The 

space between the L electrodes appears to be acting like a virtual voltage 

source. The total flux ,otai is calculated as follows: In the area of the I.- elec­

trodes (small solid circles), the flux produced from the bias coil current
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is used for ^boundary In area between the two dotted circles and outside 

the area of the electrodes, the flux calculated from the probe measurement is 

used for Abound ary •

In the area between the electrodes, the magnetic field signal is similar to 

the reversal current waveform between t=0.1-0.2 msec. This is because the 

tips of the lz electrodes are close to the reversal coils and most of the poloidal 

field inside the chamber is produced by the two reversal coils during the same 

period. The flux produced by the reversal coil current is much larger than the 

bias flux in the area between the electrodes, and a positive helicity is obtained.

Figure 8.2 shows the measured Iz voltage for SCAN23 and SCAN24 plasma 

discharges. The voltages for two different plasma shots are shown for each 

scan. The Iz capacitor banks are charged at 13kV and 12kV for SCAX23 and 

SCAN24 respectively. Between SCAN23 and SCAN24. the Iz capacitor bank 

has been upgraded from 2.88 mF to 5.76 mF. This is the reason that more Iz 

current discharged in SCAN24 (shown in Fig. 6.1) even though the capacitor 

bank is charged at lower voltage. The digitizer is operated at 2 ^isec clock 

rate, so the transient full voltage is not seen in the figure. When a 10 MHz 

digitizer is used, twice the charge voltage of the bank is observed briefly, due 

to the transient reflection of the signal in the transmission lines.

The magnetic helicity of the plasma is shown in Fig. 8.3 for SCAN23 and 

SCAN24. The magnetic helicity calculated with Eqs. (8.14) is plotted with 

solid curves. The dotted and dashed curves are injected helicity calculated 

from the Iz voltage measured from two different plasma shots. For SCAN23. 

the Iz voltage used in Eqs. (8.15) is the voltage of shot 4565 and 4663. The 

difference between the dotted curves and the dashed curves reflects the uncer­

tainty of the calculated values. Most of the errors are come from the L voltage 

measurements. There are more fluctuations in the voltage measurements in 

the first 30 /rsec after the L is triggered. The total poloidal flux near the tips 

of the electrodes is mostly generated from the reversal coil current. When L 

is triggered, the reversal current is at its peak value, and the helicity injection
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kV
 

^

Solid line: shot 4565, dotted line: shot 4663

Iz voltage for SCAN24
-

!

1 < i 1 1

Time (msec)
Solid line: snot 5729, dotted line: shot 5730

Figure 8.2: Volt nee between the anode and cathode of the I- electrodes for 
SCAN23 and SCAN24 plasma shots.
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rate is largest at that time. The I- voltage measured is heavily weighted dur­

ing that time. Small fluctuations in the voltage measurement produce big 

changes in the helicity injection rate.

There are two dotted and dashed lines for each scan in Fis. S.3. one has 

positive values and the other has negative values. The negative curves are 

obtained when we use the bias flux *f’6ias as ^boundary This calculated helicity 

becomes too small to account for the helicity measured in both cases. When 

the total poloidal flux ^total in ^ annular ring is used for ^boundary, we get the 

positive curves. In the SCAN23 case, when the total helicity ^total is used, the 

helicity injected is almost four times the maximum magnetic helicity measured. 

Much better agreement is seen between the measured helicity and the helicity 

calculated from the injection rate for the SCAN24 case before t=0.20 msec.

The Iz voltages axe about the same for both cases, but there is more reversal 

coil current discharged for SCAN23 plasma shots (shown in Fig. 6.1). Effec­

tively, SCAN23 has more helicity injected when compared with the SCAN24 

case. However, more magnetic helicity was obtained for SCAN24. It is be­

lieved that much of the magnetic helicity was wasted due to the current flowing 

between the reversal coils and the vacuum vessel for SCAN23 plasma shots. 

When that current path is blocked and all the current flows into the central 

region of the vessel, the helicity injected is more efficiently transferred to the 

plasma.

There is another factor which affects the helicity injection. The injected 

helicity shown in Fig. 8.3 assumes that the only voltage source is the region 

of the annular ring containing the Iz electrodes. As described in Chapter 5, 

an electric field is induced inside the radius of the L electrodes and causes a 

reversed current to flow in the central region of the vessel before the peak of 

the L current. This induced field is another voltage source between the two 

boundaries and is opposite to the I2 voltage. Effectively, it acts like a "helic­

ity extraction" instead of "helicity injection" mechanism. In SCAN24. more
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Time(msec)
Iz Voltage is from MS shot 4565(dotted line)/4663(dashed line)

SCAN24 Magnetic helicity

Time(msec)
Iz Voltage is from MS shot 5729(dotted line)/5730(dashed line)

Figure 8.3: Magnetic helicity for SCAN23 and SCAN24 conditions. The 
solid line is the magnetic helicity calculated with Eqs. (8.14). The dotted lines 
and dashed lines are the magnetic helicity calculated from the helicity injection 
rate in Eq. (8.15).
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current was flowing in the central region of the vessel. The reversed current dis­

appears much earlier and occurs in a smaller volume (compare Figs. 5.11 and 

6.11). The ’’extraction” effect of the reversed current is smaller for SC AN 24 

compared with SCAN23.

It has been shown in Chapter 6 that during the formation phase, the ratio 

of poloidal current Ip to poloidal flux 'I' approaches the eigenvalue k and stays 

at roughly that same value after the spheromak is formed. In SCAN24. more 

Ir current is flowing in the central region of the vessel and the poloidal flux 

increases proportionally. The helicity is proportional to ('F-lp) from Eq. (S.14). 

The poloidal current increases by about a factor 2 from SCANTS to SCAN24. 

and the helicity measured indeed increases by about a factor 4. The helicity 

measured balanced with the helicity injected in SCAN24.

Scaling with Machine Parameters:

It is interesting to know how the magnetic helicity scales with the MS 

machine parameters, e.g. bias coil current, reversal coil current and \z current.

From energy balance: We have observed that the poloidal flux 'I' scales 

linearly with the poloidal current Ip of the spheromak. and the poloidal current 

Ip is proportional to the lz current in the central region of the vessel (comparing 

SCAN23 and SCAN24). If we keep increasing the Iz current alone, it is possible 

for the poloidal flux to scale linearly with L indefinitely. When we increase the 

Iz current, the Iz voltage V,z will increase proportionally and the power input 

P then scales with IF The magnetic energy TV of the plasma scales with D1 

which is proportional to 'F2. Therefore, the magnetic energy and the power 

input both scale with I:.

P 'x Iz VIZ oc /: during the formation (S.17a)

TV ac 'P2 x ll when the spheromak is formed IS.lPk
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From helicity balance: With the aid of Eq. (8.14), the magnetic helicity 

of the plasma scales with 'F • /p oc I:. We have shown that the magnetic 

helicity injection rate is propotional to the L voltage and the poloidal flux 

^boundary near the tips of the Ir electrodes. The poloidal flux near the tip 

of the Iz electrodes is mostly produced from the reversal coil current with a 

small contribution from the bias coil current. From the probe measurements, 

we have ^boundary ^ 0.008/ret, — htas- For typical plasma shots. Iret, ~ 250 

kA and /j,,aa ~ 400 A, therefore, the reversal coil current contributes 84% of

^boundary

H cx. Iz ^boundary during formation (8.18a)

if oc /" oc T" when the spheromak is formed (8.186)

From Eq. (8.17) alone, if we doubled the \z current, we could produce a 

plasma with twice as much magnetic flux. From Eq. (8.18b), the magnetic 

helicity would then increase by a factor 4. However, Eq. (8.18a) indicates that 

the helicity injection rate only increases by a factor 2. Therefore, the magnetic 

flux may only increase by a factor of \/2 if k = Wf H is to remain at a constant 

value. This indicates that some of the energy must be dissipated during the 

formation phase.

To test the above simplified argument, the reversal coil current was changed 

while holding Iz and the bias coil current constant. Figures 8.4 and 8.5 show 

the poloidal flux and the poloidal current for MS shots with two different 

reversal currents. Typical numbers are listed in Table 8.1.

Before t=0.18 msec, the poloidal current profile on the midplane is about 

the same in both cases. For the low reversal current case (shot 5728), be­

tween t=0.10-0.18 msec, additional poloidal flux is generated after the I: dis­

charged. After t=0.18 msec, both poloidal flux and poloidal current dropped, 

and the ratio fj-olp/^ becomes a constant (~11 m_1) between t=0.20-0.30 msec 

i Fig. S.6).
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poloidal flux

0.00 0.10 0.20 0.30 0.40 0.30 0.60
Time (msec)

Time (msec)

Figure 8.4: Poloidal flux and poloidal current profiles on the midplane for 
shot 572S. Locations # 1-8 are at r=(-6.35. 0.00. 6.35, 12.7, 19.1. 23.4. 31.S. 
38.1) cm.
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Doloidal flux DPDRF 1 PAD = ^ rm5'nnt =57.^ nn thp. midninns

Time (msec)

poloidal current /i0l

Time (msec)

Figure 8.5: Poloidal flux and poloidal current profiles on the midplane for 
shot 5732. Locations # 1-8 are at r=(-6.35, 0.00. 6.35. 12.7, 19.1. 25.4. 31.S. 
38.1) cm.
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shot 5728 coils f 5,6.7

Time(msec)

k=/i0lp/^ for shot 5732 coils f 5,6,7

0.00 0.10 0.20 0.30 0.40 0.50 0.60
lime(msec)

Figure 8.6: k = on the midplane for shots 572S and 5732. Solid,
dotted, dashed lines are signals for coils #5, #6 and #7 respectively. Locations 

5-7 are at r=(19.1. 25.4. 31.S) cm.
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5728 5732

max. /* max. 'f* max. /” max. 'k*

t=0.10 (msec) 0 37.4 0 75.8

t=0.18 (msec) 536 70.9 500 73.2
t=0.25 (msec) 398 44.3 505 67.5
max. /rst,(kA) 200 318

Bias current=400 A, max. I* =535 kA for both shots. 
* Ip (kA), 't(mWeber)

Table 8.1: Comparison of the poloidal current and poloidal flux for shots 
5728 with 5732

For the high reversal current case (shot 5732), the ratio starts to

approach 10 m-1 after the lz is triggered and stays constant between t=0.20- 

0.30 msec. More helicity is injected for this shot and more poloidal current 

is produced when the spheromak formed. From Eq. (8.18), the injection rate 

increased by about 1.78. Therefore, we may expect Ip to increase by a factor 

of >/l.78 = 1.34. Between t=0.25-0.30 msec, the ratio of the poloidal currents 

Ip between the two cases is about 1.27, which is consistent with the scaling 

rule.

8.4. Helicity Decay

After t=0.25 msec, the lz voltage drops to about zero l Fig. 3.2) and the 

helicity injection rate becomes small. The helicity starts to decay due to the 

finite resistivity of the plasma. Table 8.2 lists the magnetic helicity decay 

time and the magnetic energy decay time for SCAN23 and SCAN24. We 

have shown that the volume averaged resistivity is smaller for SCAN24 when 

compared with SCAN23, so the helicity decays faster for the SCAN23 case. It 

also shows that the magnetic helicity decays faster than the magnetic energy.

From Eq. (2.9), IF = kH for a spheromak in the Taylor's state.

IF = kH -f kH 
IF _ k H 
YV ~ k~ H
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Decay time of the magnetic helicity (magnetic energy)

time\ SCAN SCAN23 SCAN24

t=0.30-0.35 msec
1=0.35-0.40 msec

36.6(56.9)
27.0(58.6)

51.9(70.0)
36.9(70.0)

Table 8.2: Comparison of the magnetic helicity decay time and magnetic 
energy decay time for SCAN23 and SCAN24.

J_ _ J_ k

Tw Tf{ k
(S.19)

where tw and th are the decay time of the magnetic energy and magnetic 

helicity respectively. If the spheromak decays with the same boundary, i.e. 

constant radius separatrix. then k = 0. and the magnetic energy decays at the 

same rate as the magnetic helicity. If the separatrix radius becomes smaller 

as the spheromak decays, k/k > 0 and th < tw. The magnetic helicity then 

decays faster than the magnetic energy.
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Chapter 9. 
Conclusion

This thesis describes the studies done on the magnetic field structure of 

the MS spheromak. The magnetic field structure of the plasma has been 

mapped out by arrays of passive magnetic pickup coils. In early work, due 

to the current flowing from the plasma to the bare metal of the reversal coils, 

the spheromak produced was forming initially off-center, and then drifting, 

generally further off center. A symmetric plasma was produced after the re­

versal coils were completely wrapped with teflon tape to prevent direct contact 

with the plasma. The teflon tape was covered with Nichrome foil to prevent 

sputtering, evaporation or gas desorption in the presence of plasma.

The I2 discharge current paths play an important role during the formation 

phase in MS. It is observed that the lz current closely follows the poloidal 

field lines. There are two different paths linking the anode and the cathode 

electrodes: One inside the inner radius of the reversal coils and the other one 

between the outer radius of the reversal coils and the vacuum chamber wall. 

The magnetic field is more than doubled after the current path between the 

reversal coils and the chamber wall is blocked by two annular glass plates.

It is observed that during the formation phase, the magnetic profile evolves 

in such a way that the ratio of the poloidal current Ip to poloidal flux 'h in the 

plasma approaches a constant value k, /ro/p = k'l'. This constant k is related 

to the size of the spheromak produced {k ~10-12 m-1 in MS). When the 

spheromak is formed, the magnetic field configuration is close to the force free 

or Taylor’s minimum energy state, /uqJ = kH. The formation process observed 

is qualitatively similar to the MS formation simulation reported by Guzdar and 

Finn.25 The magnetic field then decays exponentially. Comparison of the Grad- 

Shafranov equilibrium code calculation with the experimental measurement 

indicated that the magnetic field profile remains close to the equilibrium state 

during the decay phase.
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The maximum poloidal current or maximum poloidal magnetic flux of the 

spheromak is determined by the magnetic helicity injection mechanism dur­

ing the formation phase. Due to the gauge problem in the definition of the 

magnetic helicity for an open field line configuration, the generalized mag­

netic helicity defined by Finn and Antonsen00 is adopted for this study. The 

magnetic helicity injection rate in MS is mostly determined by the L voltage 

and the reversal coil current. However, the I2 current path also influences the 

magnetic helicity injection. Before our attempts of controlling the lz current 

path, the magnetic helicity measured was too small to account for the mag­

netic helicity injected during the plasma formation. More magnetic helicity is 

observed after the current path between the reversal coils and the vessel wall is 

blocked, and the measured magnetic helicity agrees with the magnetic helicity 

injected.

A spheromak with 10 kG maximum field is produced. However, it is still 

a radiation dominated cold plasma with electron temperature ~ 15 eV. The 

limiting factors are the high plasma density (electron density ~ 6 —8x 1020m~3) 

and the presence of low-Z impurities (mainly carbon and oxygen). The volume 

averaged plasma beta is about 3%. The most recent MS studies have been 

concentrated on burning through the radiation barrier.

An analytic model which studied the radiation dominated compact toroid 

has been reported.22 The condition to burn-through the oxygen radiation bar­

rier at approximately 20 eV is

/ < 0.026
Bc (Tesla)

:9.r

R(m) ne (1020m 3)/ 

where ne is the electron density, / = n0Xygen/ne represents the oxygen impurity

level, Bc is the magnetic field at the center of the machine and R is the midplane 

radius of the separatrix of the plasma. The density limits have been observed 

in CTX14 and S-l10 devices. To overcome the radiation barrier, increasing the 

Bc/ne ratio and decreasing the impurity levels would be required.

The impurity levels in the experiment are not known, however, the 0-D 

power balance code calculation26 indicated the oxygen impurity in MS to be

125



about 1.5% of the electron density. For electron density equal to 6 x 1020m-3. 

Bc =1 Tesla and R=0.4 m. this impurity level is three times higher than the 

burn through requirement. The electron density measured26 corresponds to 

several times the amount of Dt gas puffed into the chamber and does not scale 

with the amount of gas puffed. This indicates that most of the density is 

coming from inside the chamber, either from the chamber walls or from the 

electrode tips. Recent efforts are devoted to the Ti gettering technique to 

reduce the plasma density and the impurity concentrations.
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