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SYMBOLS

undisturbed plasma radius

magnetic field inside the plasma

main confining field outside of plasma

component of the magnetic field in the radial direction
component of the magnetic field along the minor axis of the torus
component of the magnetic field about the minor axis

Bessel function coefficient due to external helical windings
Bessel function coefficient due to induced diamagnetic currents
force applied by the helical fields

toroidal force

flux function due to toroidal curvature

a portion of the second-order flux function

21 divided by the wavelength of the helical field

modified Bessel function of the first kind

modified Bessel function of the second kind

denotes the helical field being used

sum of the applied and induced helical fields

implies L or £ + 1

plasma pressure

major radius of torus

a portion of the applied plasma force function

minor radius of torus

angle variation of the helical fields

Alfven velocity
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— growth rate of an unstable displacement of the plasma column

— a portion of the applied helical fields

— magnetic scalar potential

— a portion of the applied helical fields

— minor axis of the torus

— ratio of plasma pressure to external magnetic field pressure

— induced field arising from applied helical fields and toroidal
curvature

— plasma perturbation set equal to zero for plasma equilibrium

— plasma perturbations arising from applied helical fields

= induced vertical field perpendicular to plane of torus

— angle about the minor axis of the torus

— displacement of the plasma column

— plasma column density

= magnetic flux function
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ABSTRACT

Ribe [7, 10] recently obtained equations describing necessary £ and
L + 1 helical fields which can compensate the natural toroidal drift
present in the toroidal geometry. However, even though the numerical
results are in good agreement with experimentation [8, 9, 12], the
ordering used by Ribe [7, 10] is incorrect. Ribe [7, 10] assumes that
0 << ha = 1, but experimentation [9, 12] indicates that ha << § <1
which is referred to as the new ordering. Using the new ordering
expansion calculations are presented which produce the same final
results as those given by the old ordering. Thus, the present expansion
greatly extends the region over which the equations are applicable.
Good agreement is found between theoretical results and experimental
results from the Scyllac toroidal sector [9]. When the theoretical
plasma equilibrium conditions are satisfied, the containment time is

increased from 2.2 usec (without helical fields) to nearly 12 psec.



I. INTRODUCTION AND LITERATURE SURVEY

During the past decade and a half, linear theta-pinch experiments
have demonstrated the production of hot, dense plasmas. The limitation
on confinement time has been due to end losses and not to macro-
instabilities.

In order to avoid this end loss problem, a toroidal theta-pinch
can be used. However, it was shown by Greene, Johnson, and Weimer [4]
that the plasma is shifted outward in the torus by an amount which

increases with @, where the value of B is taken as

™w
]
—
]
== =]
0%

Here, B is the magnetic field inside the plasma, and B0 represents the
main confining field outside the plasma. Thus, B has a maximum value
of unity when B equals zero. This corresponds to a perfectly dia-
magnetic plasma from which the magnetic field is perfectly excluded.

The results given by Greene, Johnson, and Weimer [4] indicate
that the toroidal shift becomes very large for B greater than about
0.082. Since the theta-pinch uses a B of about 0.9, the plasma is
immediately driven to the wall of the toroidal device.

References [3, 6, 11] then studied possible ways of obtaining a
toroidal equilibrium. The conclusions that were drawn indicate that
equilibrium could be produced using additional helical windings. How-
ever, the specific form of the necessary fields was still not known.

A toroidal equilibrium was then demonstrated by Blank, Grad, and

Weitzner [1] for a high beta plasma having a sharp boundary. The use



of simple helical windings produced the necessary fields for plasma
equilibrium. Knowing the general form of the necessary helical fields,
numerical results for design experiments were then needed.

Ribe [7, 10] produced equations describing necessary £ and £ + 1
helical fields which can compensate the natural toroidal drift present
in the toroidal geometry. The necessary numerical results were also
given for use in designing a theta-pinch. However, even though the
numerical results were in good agreement with experimentation [8, 9, 12],
many of the assumptions used by Ribe [7, 10] in deriving the design
equations were incorrect.

In order to solve the stabilization problem, it is necessary to
assume the magnitudes of the £ and £ + 1 helical fields that must be
applied in order to cancel the toroidal drift. The magnitudes of the
plasma perturbations, given by 0, caused by the helical fields must
also be assumed. Ribe [7, 10] assumes that & << ha =1, which will
be referred to as the old ordering. However, various experiments [9, 12]
indicate that 0 may become rather large when ha = 0.15, where 2n/h is
the pitch of the helical field, and a is the undisturbed plasma radius.
Hence, the ordering should be changed to ha << § < 1, which will be
referred to as the new ordering.

This led Weitzner [13] to devise a new theory using the new
ordering. The solutions found correspond in the appropriate limit to
those given by Ribe [7, 10] except for the growth rate of the plasma
column caused by the helical fields. The new ordering predicts a
growth rate about 50% less than that predicted by the old ordering.

However, Freidberg [2] has shown that the theory given by Weitzner [13]



can be improved upon by including higher-order terms using numerical
techniques. When this is done, the growth rates predicted by the
new ordering and the old ordering are in good agreement.

The theory using the new ordering produces results only in the
1imit as ha approaches zero. Whereas, the results given by Ribe [7, 10]
are in terms of the applied fields, which make it possible to design a
theta=pinch reactor.

This thesis intends to use the new ordering in order to produce
results of the same form as given by Ribe [7, 10].

The following coordinate system will be used:

In the toroidal system R is taken as the major radius, and r is taken
as the minor radius. The minor axis of the torus is denoted by z, and

the angle about z is given by 8.



II. THEORETICAL DEVELOPMENT

A. Assumed Magnetic Field Configuration
The magnetic field is assumed to be given by
(o) A T r2 2 (o)
B=B ‘e (1L -—-cos 8+=5cos6) +B "W (1)
z R R

where the scalar potential x includes

X =

=

Mg(hr) sin(L6 - hz)

+ =M, (hr) sin[(4 - 1)6 - hz]

+%M£+l(hr) ain[(f + 1)0 = hz]

+ (M + =) sin 6 . (2)
hr
The main field B(O) is distorted by the toroidal curvature which

is indicated by the terms

2

-= cos 9 + . c0529
R R2

where r represents the plasma radius, and R denotes the major toroidal
radius. Latest experiments on the Scyllac theta-pinch [9] indicate

that a toroidal system will use r = 1.0 centimeter and R = 800 centimeters.
This results in r/R = 1.25 x 10-3 and implies that the magnitude of

this term can be taken as third-order. The term r2/R2 cosze can

then be taken as sixth-order and is not significant in the theoretical

derivation.



The helical fields are described by Bessel functions of argument
ha. The term 2m/h is the pitch of the helical field, and a is the
undisturbed plasma radius.

The modified Bessel function
ME(hr) = [Cﬂlﬂ(hr) + DﬂKz(hr)] (3)

represents the {-order helical field that would be applied in order to

cancel the toroidal distortion. The quantity C, is given by the

L

external helical windings, and the Dﬁ term is due to induced currents

in the plasma configuration. Scyllac [9] experiments use an £ = 1
magnetic field that has an approximate magnitude of

My

B(O)

= 0.07 - 0.08.

Thus, the K-order field will be taken as a first-order quantity.

The second-order quantity

(hr) = [C (hr) + D (&)

My PSR g41K g1 (BT

represents a smaller applied helical field that is necessary to fully
cancel the toroidal drift.

The second-order sin O terms represent quantities that will be
induced by the helical windings. These terms consist of Tr sin 8
which represents a vertical field perpendicular to the plane of the
torus. This field arises from external wires carrying currents on
both sides of the plasma. Other terms including y/hzr sin 6 will
also be present due to toroidal curvature.

In the following ordering procedure ha is taken as a first-order

quantity.



It is seen that

&

- X —
3 © - = &, ° (5)
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The following ordering will be used for all £ and £ + 1 except
the case Mﬂ-l - Mo which must be treated separately. The number in

parenthesis represents the order. The equations can be written as

(o)
Bél) = E—E;& ML cos u, (6)
Bil) - B(O)ME sin u, (7)
L _
Bz = 0, (8)
(o)
Béz) = E———éf—i—ll M£+1 cos(u + ©)
),, _
2 .B___}Llf..__l).uz_l cos(u - 8) + B (ﬂ+ ;;‘?) cos 6, (9)
Bf.z) - B(O)Mﬂ:.;.l sin(u + 8) + B(O)M,é-l sin(u - 8)
+ 3@ (n . —;L-i) sin 6, (10)
B 5
Biz) = = B(O)Mﬂ cos u, (1)
(o)
323) = - B(°)M£+1 cos(u + 8) - B(°)M£_l cos(u - @) - =% cos 8
(12)
where
u = £8 - hz,
and
M



It is seen that the £ and £ + 1 B, fields can be considered as
higher-order because ha is taken as first-order.

One can show that the B and By terms should be of the same order.
For small ha the small argument approximations can be used for the

Bessel functions given by

1= iT (t-zl—a)m , (13)
K =2 @-1!E", (15)
K = - zat ™, (16)

where
moe L. 2, 3y Eewu
It is noted that the approximations for the modified Bessel
functions are accurate to within 17 of the true Im and I; for values
of ha as large as 0.25. However, the values for Km and K; given
above may be 6-77 off for ha as large as 0.25.
Using Eq. (3) and noting that inside the plasma column D, must be

L

zero because KE approaches infinity at r = 0, one obtains

IN _ _IN

My =Cp 1y
/IN IN_ /

M = Cy I,

where the superscript "IN" implies that the expression describes the

inside of the plasma column.

Using the small argument approximations, one obtains



£ IN L
he 2 _hr T4 _
y /IN Ty :
£
Thus, on the inside of the plasma column Bﬁl) and Bél) are approxi-

mately equal for small ha. The same arguments indicate that on the

outside of the plasma column B(l) and Bél)

6 are not equal, but they

are definitely of the same order. It can also be shown by the above

(2)

procedure that Br

and Béz) are of the same order of magnitude.

In the special case where £ =1 and £ - 1 = 0, the ordering must

3 _ ’ - PYRI
be changed. Taking Mﬁ-l = Mo and Mz-1 Mb only on the inside of the
plasma column gives
b_{9,=£cz,=2_
M I ha °
o o

The BZ field for the Mb case is actually an order of magnitude
larger than the Br field on the inside of the plasma. Here Mb is taken
as first-order, and M; is left as a second-order quantity. Only the

ordering of one term must be changed in Egs. (6-12). The term

(o)
B Mﬁ-l cos(u - B)
must be moved from third- to first-order when Mﬂ-l = MB. In this case
Eq. (8) must be changed to
Bél) = - B(O)Mb cos hz, (1L7)

and Eq. (12) must be changed to -



cos 6 (18)

(o)
BEB) = - B(O)M2 cos(u + 8) - R X

for ML-I = Mo'

B. Assumed Plasma Perturbations

The equation of a field line expanded about a particular radius

r = a is assumed to be

r(z, 6) = a[l + 6£°)cos u + 6(1) cos B
+ 5§ii cos(u + 9) + ﬁgzi cos(u - 8)]. (19)

The perturbations given by 65 cos u and 6ﬂ+1 cos(u + 6) are derived
from the applied helical windings. The expression & cos § results from
the nonhomogeneous torcidal magnetic field and gives rise to the
toroidal drift. This 0 cos O term is taken as first-order. In order
to have plasma stabilization, the § term must be zero.

Experiments on the Scyllac sector [9] have shown that 61 cos u
may be approximately 1.0 for most experiments. This term is then
taken as zero-order. The perturbation given by qo = 6 is about

£-1

0.2 in most experiments and is taken as first-order.

C. Expansion Calculations

One begins with

B - V§=0. (20)
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Previous work done on magnetic field structures by Morozov and Solov'ev
[5] indicates that the magnetic flux surfaces obey

Y(r, @) = % hrzB(o) - B(o)r :f; Mé(nhr) cos n(48 - hz) = constant

. (21)

where

=1y 25 3w

Equation (21) is valid only for a linear theta-pinch with helical

windings. It will be seen that an additional term will arise in the
equation describing the magnetic surfaces when a toroidal curvature is
present.

The first-order flux function can be taken to be

w(l) = = hr2 - tMé cos u (22)

N =

from Eq. (21). The term % hr2 is due to the main confining field B(o),

and - rMé cos u arises from the applied helical windings.

Expanding Eq. (20) produces

0= 3 430 43P L3R (D L2 @ L2 @)

NOSRTICIMMOIN BNO IR INC I BHOS

3 4 3@ 4L 2 D @ L2 @),

193
r o6 v
(23)

It should be noticed that B is a second-order quantity

©) 2 @)
oz
© 2@ 4 33 )
r

because ha is considered first-order, while B

are both first-order quantities.
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There are no first-order terms in Eq. (23). The second-order

terms require that
(1)

B
= 2 M) @wme A, 8 3 1)
0=38 > U + B E\k e aelb s (24)

and the third-order terms also require that

_ (1) 8 (1) (o) 3 ,(2) (1) 3 ,(2)
0 =3 2 ¢ 4 5@ 2 @, 52
) 3 (1) B 3 (2 Be(aZ) 3 (1)
8. -1 9 o
TR O ¥ ¥V T YT gt ¢ &R

)

Checking to see if w(l satisfies Eq. (24) gives

B(o)[- hrMé sin u] + B(o)[Mé sin u] [hr - Mé cos u - hrMé'cos u]
ZB(O) )
+ T Mg cos u[£M£ sin u] = 0, (26)
Bessel's equation
1
M A
w_ 4 L
ME-— -hr+(1+_-2 z)Mg (27)
hr
is then used to substitute for Mi’in Eq. (26). The approximation' that
M, 2
O T
M=kt 22 (26)
hr

must then be used. This is a good approximation since Ezlhzr2 is 50
to 100 times larger than 1. Equation (26) is then satisfied when
Eq. (28) is substituted for Mét
Substituting into Eq. (25) for the more general case where ML*I # Mb

gives
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(@) %; MCO N [B(O)Mp: sin u) Ii—g; w(z)]

(o)
- l:JZ.B ML cos u] l}- %@ 1{1(2)] + B(o) [M£+1 sin(u + 6)

hr +

+ (F “._X__) sin e] [hr - ME cos u - hrME'cos u]

h2r2
@&t
+ B [ Ty Mﬁ__':1 cos(u + B)
+ (11 + —;‘—2) cos e] [ sin u] = O. (29)
£
hr
The notation MJZ-_l-_l implies that
ML_+_1 cos(u + 0) = M£_1 cos(u - B) +M;,+1 cos(u + B). (30)
It is now assumed that
(31)

¢(2) = f(r) cos 8 + G.ﬂ+1 cos(u + 6)

where f£(r) cos O results from the toroidal curvature of the field, and

G£+1 cos(u + 0) may result from the £ + 1 helical field, or the inter-

action of the £ helical field with f(r) cos 6.
(2)

Substituting into Eq. (29) gives

0 = B(o)hG sin(u + 6) +B(O)M£ sin u[f'(r) cos e+G£+1 cos (u+ 8)]

2+

23

hr2

2
(O) ’ 4 N N = L
+ B {Mfri'l sin(u + 8) + (’ﬂ hzrz) sin 6] [hr oy M,G cos u]

" B(o) [_(ﬁ_hfhll Mﬂil cos(u + 8) + ('n % ;—ZY;Z—)COS e][m}: sin u].

ME cos u[- f(r) sin 6 - (L + DG!"_".]- sin (u + 0)]

“+

(32)

The sin(u + 6) terms require that
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-1

M, £ lfMﬂ

. : j3 ;
Gﬂil sin(u + B) = [} rM£i1 - on * thrz] sin(u + 8), (33)

+

which gives

i
sz fMﬂﬂ

(2) _ T
Y = f(r) cos B + [ rMﬂiﬂ o thrz] cos(u + 6).

(34)
It is noted that the terms
- i M (T - — ) sin 6 cos u + &M, T+ ——) cos & sin u
£ g 2 b 22
hr hr
(35)
also produce sin(u + 0) terms. However, because of the following ap-
proximation, these terms are considered small.
Experiments on the Scyllac five-meter toroidal sector have shown
that the toroidal drift is effectively cancelled using BE=1/BO = 0,08,
Larger helical fields were tried, but the containment times were

shorter. Taking the square of the £ = 1 field gives

12 = [0.08 cos(® - hz)]% = 0.0032[1 + cos 2(8 = hz)].

[Byy

Thus, the square of this first-order quantity has produced a third-
order term instead of the expected second-order result. The consequences
of this can be shown by first obtaining the relation between f(r) and

(m - Y/hzrz) from Eq. (32) by equating sin 6 terms which gives

1 . .
- R M£G£i1 sin(+ 6) . AL + 1)M£G£il sin(+ 8)
2.2 2hr e %
zzMiilnﬂ sin(+ 8) (4 + 1)£M&tlmé sin(+ 9)
+ + (36)
B ah2e®

Substituting Eq. (36) into the first term of Eq. (35) gives
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ol &
- ——ﬂz M, (1 - =) sin(u + 8) = - 22 M MEGMJ—-+E(E_1)M‘E'G&
2hr "2 2.2 = 2hr 4| 2hr 2.3
9 hr P 2h'r
LM, M (4 + 1), .M
+ %i; k4 5 zﬂil E] sin(u + 6). (37)
2h"r Zh: -y

2)

In the original expansion to determine w( , terms such as Gz

+1

and M/ . were not multiplied by an £-order field, But in Eq. (37),

441
these terms are multiplied by the square of an {L-order field and can
then be considered higher-order. In Eq. (37) the sin(u + 6) terms
can be considered fourth-order instead of third-order. The use of
this assumption will be used throughout.

However, the above assumption does not imply that all squared
L-order terms should be ignored. For example, assuming that the
following is contained in a first-order expansion
[Mé sin u]2 [Mé sin u]3

/ .
6 = Mg sin u + e B hzrz . T— (38)

one should retain the squared term. According to the above assumption,

/

2
field before it can be ignored. Thus, the cubed term in Eq. (38)

the M, sin u term must be multiplied by the square of an f-order

can be ignored,
The assumption used for the remainder of the derivation can be

generally stated. Terms such as M f(r), and a/R can be ignored if

4410

multiplied by the square of an f-order field. However, the square of
an f-order field must be retained if it does not multiply other

terms such as M f(r), or a/R.

(2)

2+1°

For the case M£-1 = Mb’ Y

Eq. (36) must be changed because

remains unchanged. However,
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Bél)‘%; ¢(1) & B(0)Mo cos (hz) [ - her sin(8 - hz)]

does not equal zero. This results in another sin 0O term which gives

MM sin(+ 8) ‘c! sin(+ 6)
(-,Y sin9=°Ml +M'lo

2.2 2 2hr
hr

M sin(+ 8)

o _—

+
2h2r2
for the M£_1 = Mb case.

One can now find the flux amplitudes qn by expanding y(r, 6) =

Y(a, B) in a Taylor series expansion which can be written as

3 o
e, ) = ¥ 4 - T L a) :rz i s
3 &
N R R - A ::2 2+
(40)

where

(r - a) = aﬁéo) cos u + aﬁ(l) cos B + ab(l) cos(u + 8).

A+l
(41)
Taking the first-order expansion, one obtains
2
[ab, cos u]l® _2
(r, 8) = w(l) + ab, cos u o w(l) + % 9 + ...
4 ar 2 ar2
42)
2
i(r, B) = % ha2 - aM! cos u + ad, cos u|ha - L M cos u
? 2 4 £ ha "4
[aﬁ£ cos u]z £2 02
* h+==M, cosu - — M’ cos uf.
2 274 a i
ha
Using y(r, B) = % ha2 and taking the cos u terms from Eq. (42)

requires that
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'
M 2 2
L _ 2y L yr)3
ha 6&[1 +(az " " ha ML) 8 62} :
The last term in the brackets can be ignored, because it is the

square of an f-order field. Thus, §, is taken as

£
Mf
4
62 " (43)

One now uses the second-order terms in Eq. (40) to find &

and 6&1. The terms used include

(o) (1),2 2
2 o) i

(o) (1).2 .2

plz—2r 1 3@, . (44)
or

Ignoring terms that are too small gives
. N M, 4
0 = £(r) cos 8- anZ.j_*_1 cos(u + 8) - o cos(u+8) 1—22- cos(u+6)

= 2h"a

2
+ [a0 cos B + a6£+1 cos(u + e)l[ha - (ha e %)Mz cos 1.1

/

/
+ [aﬁz cos ul] [f (r) cos B + G.Eil

cos(u + 0)]

- [a6£ cosu][alcos 9+aéz+1 cos(u+6)] [h - (hM +h23Mf

L £

2 2

£ £ ’

——2 ME+—a Mz)cos u} 8
ha

The cos 6 terms require that

2
£ 1 £ 1 1 /
6=-———+-—(1+——)6 M, -= 020 - == §G "
haz 2 hzaz 1L 2 LA 2ha "4 4+l
(45)
Ignoring the appropriate cos(u + 8) terms and solving for 6.6-!-1
gives
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I+ ha = 2 2 T N T

M, 6,6 2 _fM, L
o} cos(u+9)={_@£]:-__£_ -f-l (1+ £ )&4 + L jlcos(uie),
1 - h 2h
a a

and using Eq. (45), f(r) can be eliminated.

M, 5,6 2
l -
6£+1 cos(u + B) = [—ﬁ'aﬂ - —g— ) (l + hgaz) &{ﬂ]cos(u + 0)
2

— M,k 1 ) 1
+—5 |- 0+ (“ 2 2 ) 8™y =2 90 - 2ha 5£G£+1
2h"a h a

cos(u + 6)

Utilizing Eq. (43) allows one to ignore the last three terms. The
result is given as

M/ 6,6 2
L
Oy4p COSu D) = [%L = % e (1+ET2§£) &'f[ﬂjlcos(u + 9.

(46)
Both 6.2. and %__!_1 are valid for all cases including M,Q.-l = Mo.

Equation (46) can be written as

Mo 90 1/ 424y
61,'_1 cos(u-9)+6£+l cos(u+ 6) = 5 "2 *3 (1+—-——-) &dz
M, 6 6 2
4-1 i ® -
cos(u + B) +[ ha -——g '5 (l +h2a22) &411&:| cos(u - B)

Finally, a pressure balance across the plasma interface at r

Il
o

is considered. Using a Taylor series expansion allows one to write
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2

(o) 2
= (o) 1) (2) () (0) o9 (1) gt & st
B=[B° +870 48" 43, =B arsz +
2
(o) 2
(o) 0 (2) . x & L (2) (o) 3 L(3)
+r° “-a-r-Bz +——2 a:sz +r &'Bz
2 2
©)™ 2 (1<« 2
g F (3, ) 8. ) o x 8  a(l)
+ 2 arz Bz +E or Bz 3 2 at_2 Bz
2 2
b D2 @, @ () F ), () (1) T_ Bcz)]
ar Tz 2~z 2 Tz
or 2 : or
(o)
1) (2) (3) (o) & (1) ,r 2 (1)
+ [Br +B_“ 4B +r =B v - B
2
@3 @, P @, @3
ar r —2 .2°% o r
or
(1) 3 +(2) (o) (1) B (1)
*rt X O ~ 2 By ]
ar
L@ 2
( +B(2)+B(3) (o) B (1) (1)
8 ¢ ar 9 2 ar2 G
2
@2 @, & @, ®3 0
Er 8 2 — 32 6 ar 8
ar
(1) 3 5@ () (1) a (1)
+r7 = By ~ 2 r:l (48)
ar
Using the pressure balance,
8m+32=§-§ (49)

where the left side of Eq. (49) is describing the inside of the plasma
at a pressure p. The dot product of B is then taken on the outside of
the plasma.

It is then possible to write
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=

— (oY . (1) , (2) ,.(3) , (o) B (1) _ (0 B L(2)
+ B = [B +Bz -Mi’.z +Bz +r - Bz +r > Bz

2 2
@2 3, (D3 @, () 1) T 3(2)]

or z x z arZ z
(1) (2) (o) 3 (L) (o) B_ .. (2Z)
+ Br +Br +r e Br +1 P Br

2
+ D 2 5D B0 B 3(1)]2

or arz r
(1) (2) (o) 8 (1) (o) 3 L(2)
-+ [Be +Be +r = 13e +r = Be
2 2
+ r(l) - B(1) +r(c‘)r(l) o) B(1) (50)
x B ar2 8

where terms that are too small have to be deleted. All products in-

2
volvin r(o) are too small according to the assumptions being used.
&

In the special case of M£_1 Mo and Bil) is nonzero, the deriva-

tive

8 .,0) 3.
&Bz -arMocoshz

F
hM.c| cos hz

is a third-order term. Thus, all terms in Eq. (50) smaller than
(o) 3 L(1)
o > BZ can be neglected.
By definition

B = _.E.__z (51)
BOIBTT
where p is the zero-order plasma pressure.
Equation (50) must be conserved for B(o) = B0 and B(o) = (1 - 8)1/2]30
as derived from Eq. (49) and Eq. (51).

The following will not be valid for the special case when M!, g Mo.

The second-order terms must be zero for a stable plasma configuration.

The second-order expansion consists of
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, 2
0= 28@3® 4 2, 2 52 , 5D
z ar t

2
(1) (oY & (1) (1) 1) _(0) 3 ()
- ZBr 5 = Br - 13e - 2138 T = BB « (52)

Substituting in the appropriate values from Eqs. (6-12) gives

)2 ()2 ,
0 =- 2B M, cos u - 2B al, cos u hM, cos u
2 £ £
2 2
- B(o) [Mﬂ' sin u]2+23(°) HE: sin u[aﬁz cos u] [hH; sin u]
2
(o) ,2 (o)
B £ 2 2 24B
+ 5 M£ cos u+ = Mﬂcos u[aﬁﬂ cos u]
h™a
(o) (o)
-EB M cosu+'e'B M'cosu.
ha2 £ a £

Taking the cos u terms, all expressions can be considered higher-

order except

2
- 2B(°) M, cos u,
L
Imposing the condition that B(o) - Bo and B(o) = (1 - B)I/ZBO
gives
s 2
B(o) MiUT cos u = (1 - B)B(o) MEN cos u

where the superscripts denote the outside and inside of the plasma.

Thus, it is seen that

OuUT IN
ME - (1 - B)ME =0 (53)

The third-order terms consist of
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= 9a(0)5(3) (0) _(0) 3_ ,(3) (0) (1) 3 5(2)
0 =2B B, + 2B ‘v arBz + 2B = z

MONONON-& HOFPHONCIPHONUR NG
z 1'

ar2
1)_,(2) (1) (1) 8 .01)
+ 239 By + 213e r = Be (54)

where all terms multiplied by the square of an Z-order field have been

ignored. Substituting in the values gives
0= - 213(0)2 M cos(u+ 8) +2cos 8] - 2B(°)2[a6 cos u]
4+ =9 TRees )

, 1
[hM-ﬂ'_"_l cos(u+8) +Rcos B]
2

(o) [ad cos(u+6) +abcos 8][}11'1‘6’r cos u]

- 2B 241

(o) [a6 cos u] [86£,+1

sin(u+6) + (‘ﬂ-—g——z) sin 8:|
h"a

cos(u+6) +abcos 6] [hZMf':' cos u]

+ ZB(O) [M 81HU][£+1

ZB(O) [M sinu][ab

-+

41 cos(u+8) +abcos 0] [hM; sin u]

+

ha

+

23(@) [ M, cos :|[at'51’il cos(u+6) +abcos 0]

L
[ ME cos u - ZMI, cos u].
ha

Taking the cos(u + 8) terms gives

2
= ZB(O) M.%il cos(u+8) - (o) cos(u_-i_-e)
)% o
- B ha&iz cos(u + 6),

=R [

(0) [ M cosu I:-(-‘e'—i—l)-M nY cos(u+8)+(’ﬂ+—2-—)cos

d
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and imposing the boundary conditions B(o) = Bo and B

gives

[ Jeq’_l]a::os(ud%e) -(1L-pB)[M

©@-a-»

E+l]cos(u+8)—- £ 5, 2+ &12a2

2 LR

Finally, one takes the cos O terms and obtains

©? a (0)?
0=-2B 7 cos 8 - B h36£M£+1 cos B
2 2
) / (o)
B haﬁLle cos 8 + B ha%l“lm_1

2 2
h

Lﬂ_'_lcosB-B( ) h a2

2 2 2
.

h232 L

(0) 2 26 &4”

Imposing the necessary'boundary condition gives

28 22 . gk _ IN _ . OUT
R gh”a 6&163 L 626[(1 e)Mz M J

)
2 IN ,0UT
+_J22—2°[(1'B)M12a ¥, }
h~a

L0 £ 1 IN,IN _OUT OUT
-T2 [1-5):4“““1 UTM]

h*a £+1

Using Eq. (53) and Eq. (54) it is seen that

Mo cos u - (1 - B)MIN cos u=20
i) £
and

0 0
MgMIIUT cos(u+8)cos u= (1 - B)zMIN MIN

cos B

66£M£' cos 6

£2M26£6cos 8- B(o) . - Mzﬁcos B

IIZB

cos(u + 8).

(55)

(56)

1My cos(u+8)cos u

ﬂ_@. GQMEN[ + &%a Jcos u cos(u+8)
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which gives

OUT, OUT 2_IN _IN IN[a 2 2
Mmilmz =(1-98 Mffthz - B(1 - B)ﬁﬂmﬂ [R+ & a ]

Substituting these into Eq. (56) gives

2 2
= h"a
B(1 - 4L £ 1) IN IN
22 Mzuﬂzﬂ
~ +
- 2
- B(1 - B 611-1?[% - &azaz]{hg'—z] . (57)
a

Ignoring the a/R term on the right side of Eq. (57) because it

is multiplied by the square of an £-order field, and substituting in

for 141 from Eq. (46) gives
2 _ AN o o CIN[CIN 4(R+1) 2.2
k haﬁz”zﬂ (1 - pM, [Mzil 22 J+(ha) 626
i IN? IN 2
+(1 - p 27 &," - 86M, (2 - B4
a
IN. 2 2
- 66£H£ h"a“ . (58)
The special case Mf.-l = MO will now be treated. In this case
Bil) is not zero, and one obtains in the first-order
(0) (1) (©)?
0=2B""'B = - 2B M cos hz,
z o
or
w0 - - AM = 0, (59)

However, the third-order terms

2

(o)

2
- a N C) ’
B R 61 cos hz - B ha&*‘l1 cos hz
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should also be included with Eq. (59). This gives

OUT IN _ B2 2
M " cos hz - (1 B)Mo cos hz=- 7 al[R + &h"a"]cos hz.

This is the same result that is obtained for the general case
given by Eq. (55). Thus, Eq. (55) is valid for all cases including

Mz-l = Mb. ’
must be added to the second-order expansion, but

(1)

z

The term B
this doesn't add any cos u terms. Thus, Eq. (53) is valid for all
cases.

In the third-order, one must add the terms

pp(@) @) 2 g1 (1) (2)
ar z z

-1 Mo'

One obtains the cos 6 terms given below as

for the case M

(0)2 a (o)2 P
- 2B R cos 8 - B ha;élt“[2 cos O
©)2 2 2 (0)?
- B h%a"8 (8 + 6,) +B habl(Mc: + uz’) cos B
2 2
_gpe)” 2 (o) '
B hzaz MIMZ cos 5 - B haﬁlMo cos 6B
(0)? )22 2
+3°) MM cos 8 - B\® haéalul"cose
2
2 2 2
- B(o) M1615 cos B-B(o) :;:2 bcos 8+B(°) hzazdlm.;' cos 6.

Using Eq. (53) and Eq. (55) and applying the necessary boundary

conditions gives
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2

2a 2 2 o) IN IN IN
R nag (g8 ey - - M My

2 2
- a-9 h%gnl (1-s)61M16[ ] (60)
a

In Eq. (60), the term

2.2

is actually a fifth-order quantity. It will be seen that fifth-order
terms are important for the £ - 1 = 0 case. Thus, one should add all
fourth-order and fifth-order terms to Eq. (60). There are no fourth-
order cos § terms, However, a number of fifth-order expressions exist
that are rather complicated and make the expansion calculations very
difficult to do. Thus, only one of the simpler fifth-order expres-

sions will be retained. This is given by

(2) (3) = MM, cos 8.

Including this expression in Eq. (60) gives

2a AN :IN
R = -had 1 } =3 = EDM1 [( ) ]

- (2-9 61M1(5[1 - h2a2] +h2a2636+ ;? a)ul

(61)
where Eq. (47) has been used. Equation (6l1) is merely a generalized
form of Eq. (58) that has been made to include Mﬁ-l “ M. This makes

it possible to write
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2a _ AN o o INCIN L4(L11) 2.2
5 —-haﬁzMﬂil (1 B)MLNMM1|:1+ h2a2 ]+ (ha) 6‘56

2 2
+(1-p =— oV - M2 - B (4% +h2a%]. (62)
23 M My
a
for all cases, including Mz_1 = Mh.

It is now necessary to calculate the coefficients Cg’ Dz,

, and D

o1 44" ‘
Setting 6£N= 63UT from Eq. (43) gives
OouUT._ . our, ., _ IN_.,
Cf, I£+D£ Kﬁ," CE IJE (63)

7

4 8oes to infinity as r goes to

where DiN must be zero, because K

Zero.
Using the pressure balance at r = a provided Eq. (53), which

can be written as

ouT OuUT IN
£I+D Kﬁ.—(l-s)cf,IE' (64)

€y Ty * Dy

Using Eq. (63) and Eq. (64) allows one to eliminate CEN. Solving

for DOUT gives

£
our| . s
| Pk,
0T _ _ )
- T
L . (1-p1 ch 2
ot e L
Kels
5 ouT . .
The expression for D,”" can then be substituted into 62 where

OouT__ » OUT., /
I£+D£ KE]'

This results in the expression

Ik’ 7)1
8, 2T l(ha)zKL[l -1 -9 %I-ﬂ] (65)



27

where the identity
Ik - 1x) =& (66)

has been used.

It is also seen that

61 -+ CE Iz $ (67)
and

IN _ _IN

Mz = Cz Iﬂ

IN - .
Thus, CL can be eliminated to obtain

IN I£

M, =ha == §,. (68)
4 I‘e L

In a similar way, one can derive the { + 1 quantities by first

setting d%gf = 6ﬁ§1' From Eq. (46) it is found that
OUT. s OUT,, N, o122 280] L
[Cfillﬂil + D&IK&ll = [Clillﬂill+§ h7a” [1+ 5 ¥ 662 I_E
(69)

where Eq. (53) and Eq. (67) are used.
The last equation comes from the pressure balance. Using Eq. (55)

it is seen that

OUT OUT o e P8, x2d

Going through the same procedure that was used to derive Eq. (65)

gives

+ Z (71)

where
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COUT
B = Ll r (72)
== LoanFen
haKé+1 I x - -Qa-8
e B o |
and
£ 5,12+ %a”) +£ n¥a% 68, K‘ﬂ i’ FJ - 21]
w = Eﬂ E = h a . (73)
4+l : S .
x L+l L
L1441
It is also seen that
+IN IN .,
M1 = Corrlon
and
IN _ IN
My = Coprlen
which gives
M, = —,i- ey (74)

271 2+1

It is now possible to use the derived equations to express the
shift necessary to give toroidal equilibrium., Substituting Eq. (68),
Eq. (71), and Eq. (74) into Eq. (62) gives

l

I

2a Lon 2
R --hab, 7= [w,  +2Z, 1-(1-Bha77 6
R Ty a1 I, %
L2 £ 1)
[(w + L+1)(1+ 22
'y
2 Iy 2 Iy
+ha626+(1 B)za——-a tha—rﬁ(z 8) [42 +hZa?].
1! I
2

(75)
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Substituting in for W!‘il,

one can see that the term involving

2 6, 2 can be ignored, because it would be multiplied by the square

2 4R

of an fZ-order field in the above expression.

The condition for equilibrium is that & =

with 6 = 0 gives

I
—i'-—+(1-a)(1+“’ l)—fé]z .
th.’:Je [Hl 2.2 ) %, | P

In order to plot the various results, it is assumed that a

vacuum field exists which implies that
D =0, m=24 £+1).

The maximum magnitude of the radial field is just

B(m)
: A ’ "
T—=CI , m=4, L41).

From Eq. (65) it is easily seen that

l—ﬁ“(ha)I |:1-(1-).]-:4¢<_‘£
5£ Bo 2 L IﬂKZ

Taking Eq. (46), Eq. (71), and Eq. (74) for 0 = 0 gives

'
8. - Y1
%+l =~ Tha
and
1’ OUT
7 o ol Cop1
4 T T I :
- {_ﬂ:u:_l i B,}
£+1 £+1

This allows one to write

Taking Eq. (75)

(76)

(77)

(78)
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B(J?'il) : Kor
1 T
— = (ha) I - B Jﬁ—*] (79)
63_‘_1 B, Tl .Pri—l[ I, 1K

It is then seen that Eq. (78) and Eq. (79) are of the same

form, and both can be written as

g™ 7
1 ¥ 2. .4 m m
= = (ha)“T K [1 -(1-9 -w-—] (80)
) B, m m I K
where e g, bal=0,1; 2, Bisua

Equation (80) is plotted in Figs. 1-4 on the next few pages for
various ha, m, and B values.

Using Eq. (76) for & = 0 and recognizing that

/

|
4l - ha
and
If
M.ﬂ':+l=211£+1
s 2 Lo

for 6 = 0, allows one to immediately write

R Z T
256 - . (81)
a 44+ 2 2 I, 1
h™a [1+(1_B)[1+_L2‘E_:t.2l2.:! ?[_%I—”e'ui];
h 4 A

Equation (81) is plotted in Figs. 5-8. Substituting Eq. (80)

into Eq. (81) gives

IK,
plptl [1-(1-5) —ﬁftl—%j[ 1-p I—‘e,K—ﬁ]
R sma ik, K 2 e
a g2 LOLTAHL 4L :
o 1+(1-s)[1+—§—i—-)-22]_,_,:t_
h™a £ L+l

(82)

Equation (82) is plotted in Figs. 9-12.
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D. Growth Rates of Instabilities

Multiplying Eq. (49) by acos 6 and integrating over 8 produces
the force per unit length along the plasma column. This procedure
takes plasma pressure in force per area and integrates over the plasma
area in order to obtain the plasma force. Only the cos § terms don't
integrate to zero. The above integration is equivalent to multiplying
Eq. (75) by BBga/S.

The balance of forces along the plasma column can then be repre-

sented by
FR=F£+F£¢1 i (83)
The forces can then be written as
8B a’
FR T 4R ? (%4
- . Bo2.2.22
F.ﬁ 8 Boh a GgafRz i (85)
12 I
where R =1+(l- E) £2 4 *LJ'r(Z-B)[E2+h2a2]
£ h2 2 2 hal
a I j
)
K I 2
1/ I 2 F’+K% E I_L’ (1"'}&2 2£)
B |t 2 L5+ 8 24l "4 ha
-h32 ——-—I +(1-3)I—r 1+22 17 %
2+1 h 1
. : . [(1 - p - AR
A+l AL
(86)
and
F =-§B2ha26 ﬂ:ii+(1- ) 1+i¢—’Z Iﬂ Z (87)
11 78 o™ DT, 2 2.2 )1 | “e



The growth rate of an unstable m = 1 displacement given by § = ab

can now be found. By setting

nang ¥, (88)
where
Vgt
g= goe ’
p = plasma density,

Vg = growth rate of unstable column,

one finds that

B2
2 _ B o 2.2
This can be written as
\%
eleca g Bg R (89)
hVAGL 2 74
where
Bo y
V, = ———= = Alfvén velocity.
A 1/2
)’

Equation (89) is plotted in Figs. 13-15.
In order to obtain the necessary force for toroidal equilibrium,

one sets 0 = 0 in Eqs. (85-87) obtaining

aszaz - ¥ 2 T
Gl - il B2 2 Al . 4 £2\ 4
F_ = =F _thaa [ + (1 B)(l+22)'1_’]z£il’

R 4R 2+l o j I&il l hla 2
and using
MI II
6 _‘E;];=1__£’ﬂz
i+l ha ha I£+1 Tl

the result is
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&

B2 g 223 22 &+ o\ Lely
FR T Boh a %5&1 1+ (1 - B)(1+ hzaz I_g’I_z'ﬁ . (90)

Equation (90) gives the balance of forces required for toroidal
equilibrium.

Before comparing these analytical results with the experimental
results from Scyllac [9], one must determine which magnetic fields are
actually being measured. The Scyllac [9] uses £ =1 and £ - 1 =0
helical fields. For the £ = 1 field, Br(Z4 = 1) is being measured
experimentally which allows one to directly apply Eq. (80) and Eq. (82).
However, as seen on page 8 of this thesis, the measured £ - 1 =0

field will actually be Bz(ﬂ -1 =0). Thus, one must use the relation
B (h-1=0) =8 (}-1=0g 28 (91)
T Z 2

to modify Eq. (80) and Eq. (82) for use with experimentally measured

£ -1=0 fields,
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III. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS

An extensive number of experiments have been done on the Scyllac
toroidal sector [9]. The Scyllac has a major radius of 237.5 cm and
extends through an angle of 120°. The coil arc length is 5 meters,
and the helical fields have one-period lengths of 33.2 cm. The
toroidal sector is operated with nine variations of £ =1 and £ -1 =20
magnetic fields to furnish toroidal equilibrium.

Equation (80) is used in the lab to calculate 60 and Gl,except for
three experiments in which QD is measured experimentally.

The experimental results are compared to Eq. (8l) and Eq. (82)
which should be satisfied for § = 0. This corresponds to an ef-
fective cancellation of the toroidal force.

Finally, Eq. (90) is used to determine if the toroidal force is
effectively cancelled.

It is hoped that a correlation can be made between plasma con-
tainment time, and the agreement between theoretical and experimental
values.

Each experiment will be denoted by a letter. Field configurations
for each of the nine experiments is listed in Table 1.

Experiment A involved no £ =1 or £ - 1 = 0 fields, but was the
control experiment in a smooth-bore coil. The toroidal force caused
the plasma to drift to the wall in about 2.2 usec. The major parameters
for this and all other experiments are taken for B = 0.8. At this B,
the ion temperature is about 1 Kev, and the density on the axis is

2 -3 x 1016 particles/cm3 for a 10 m Torr deuterium filling.
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Table 1. Summary of Scyllac experiments

Ave?age
n k0 e . it
Experiment  (KG) o o &, & B (cm) (cm)

A 50 0 0 0 0 - - % |
B 42,6 0.22 0.06 0.32 0.54 0.8 1.0 8.11
Cc 40.0 0.105 0.08 0.28 0.68 0.75 1.0 8.57
D 40,0 0.105 0.086 0.2% 0.68 0.65 1.0 8.57
E 40.2 0.089 0.090 0.27 1.19 0.8 0.7 8.50
F 40.9 0,071 0.096 - - - - 8.42
G 41,0 0,09 0.07 0.6 0.82 0.95 0.88 8.02
H 41.0 0.09 0.07 - - - - 8.02
J 36.3 0.08 0.08 0.24 1.06 0.85 0.7 10.25

aExperimentally measured.

Experiment B used an £ - 1 = 0 groove cut into the main compression
coil. The £ - 1 = 0 groove depth was 1.8 cm in the main compression
coil. This groove depth produced a rather large ¢ - 1 = 0 field.

The £ = 1 field was produced by coils that proved to be 35% stronger
in the region of the £ - 1 = 0 grooves. As can be seen in Table s
the toroidal force Fl,O was much too large, although the containment
time was double that of Experiment A.

In Experiment C the £ - 1 = 0 groove depth is reduced to 0.9 cm
which produced a nearly equal £ = 1 field in both the land and groove

region. Looking at Table 2, the F1 0 force is too small to cancel the

3
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Table 2, Summary of results from Scyllac

(-z-) 60 61 (l:.) 60 61 (%) E_?g_l ('5) -Bigl- F Containment
Bo o —%‘g time
Experiment (Exp.) (Theor.) (Exp.) (Theor.) R (usec)
B 62.9 40.0 3.13 2.0 1.58 4-6
c 30.6 . i 1.99 2,21 0.832 6-9
D 22.6 32.5 2.14 2.84 0.694 %]
E 80.4 81.0 2.67 2.71 0.998 12
G 132. 66.0 1.70 0.85 2,02 8
J 86.2 87.0 217 2,20 0.99 10

toroidal force FR, al though Fl,O/FR is closer to one than in Experiment B.
The containment time has also greatly increased.

In Experiment D the beginning of the £ - 1 = 0 fields is delayed
about 0.2 pusec by means of stainless steel rings inserted into the
£ -1 =0 grooves. The general plasma motions are similar to Experiment C
except the containment time is shorter. The necessary 4 = 1 field
to achieve toroidal equilibrium was 35% more than in Experiment C.

The value of current necessary for toroidal equilibrium is also much
more critical when the stainless steel inserts are used.

Experiment E uses semi-cylindrical shells made of 1.5 mm thick
copper in the £ = 0 groove regions. These shells are made to cancel a
vertical field generated on the minor axis of the torus by the applied
helical fields. This is indicated theoretically by Eq. (39). These

shells do an effective job of cancelling the vertical field. However,
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the great increase in containment time is probably due to the satisfying
of the equilibrium equations.

Experiment F used 3 mm copper shells. The values of B and a were
not obtained. The behavior of the plasma is about the same as the
1.5 mm copper shell response. Using the 3 mm shells produces a con-
tainment time of only about 4-7 usec. This is probably due to the
violation of the equilibrium equations.

In Experiment G the conversion from £ = 1 windings to £ =1
grooves is made. The grooving of the f = 1 field into the main
compression coil gives a constant ratio of the £ = 1 field to the main
compression with time. It is also hoped that this groove design will
simplify the production of the L = 0, 1 configuration. This field is
produced by eight discrete sections of wavelength 33.2 cm.

The above configuration produced discharges that are more re-
producible from discharge to discharge than if the £ = 1 winding is
used.

In Experiment H the grooved £ - 1 = 0 and £ = 1 compression coil
is used. In this case the equilibrium equations were satisfied, and
a containment time of 12 pusec was reached. The superposition of a
600 G vertical field of either polarity had little effect on the con-
tainment time.

In Experiment J the grooved compression coil is designed to pro-
duce very accurate £ - 1 = 0 and £ = 1 fields. Each wavelength is
divided into 260 steps which should provide an improvement over the

double-grooved coil in Experiments G and H.
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Plasma equilibrium is obtained by adjusting the initial deuterium
filling pressure in order to satisfy the equilibrium equations for
their B dependence. The satisfying of the theoretical equilibrium
equations results in a rather high containment time as shown in Table 2.

A superimposed vertical field can be varied from - 430 to 700 G
with little change in plasma behavior.

Figures 16 and 17 are derived from Table 2, Fig. 5, and Fig. 9.
It is also necessary to use Eq. (91). These plots indicate that only
Experiments E and J satisfy the theoretical conditions for plasma
equilibrium.

It was noted before that 60 was experimentally measured from
luminosity profiles for Experiments B, C, and D. Figure 18 compares
these measured values with the expected theoretical values taken from
Fig. 1 where Eq. (91) must be used once again. As seen in Table 1
these values of q) are only accurate to one significant figure. Thus,
one cannot infer too much from Fig. 18.

It was assumed throughout the rest of the experiments that q)
and 61 would be more accurate if calculated from Eq. (80) rather than

measured experimentally.
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IV. DISCUSSION AND CONCLUSIONS

In the present ordering 63 and 6ﬂ+1 are considered zero-order
and first-order, respectively. While the old ordering done by Ribe [7,

10] considers 63 and 6£+ as first- and second-order quantities. Taking

1

Gﬂ as a zero-order quantity created many problems when using the many
Taylor series expansions. It allowed for the creation of so many new
terms that the entire problem became insolvable., Thus, the assumption
made for the present exﬁansion involved the ignoring of terms multiplied
by the square of an f-order field. According to current experimentation,
the assumption seems to be a rather good one.

Ribe [7, 10] also considered ha to be a zero-order quantity, while

in the present expansion ha is taken as a first-order quantity. It
has been seen in the derivation that the use of ha as a first-order
quantity has important consequences. The magnitude of many of the

fields are changed, and M = M6 must be treated as a special case.

4-1
Thus, the present ordering drastically changes the expansioh
calculations. However, the final result is the same as that derived
by Ribe [7, 10] using the old ordering. The present expansion greatly
extends the region over which the equations are applicable. The
equations should be accurate for present experiments where ha is
taken as a first-order quantity.
If the toroidal drift is to be effectively cancelled, the experi-

mental and theoretical values of (R/a)ﬁlﬁo and (R/a)B /Bcz) should

2=134=0
be equal, and the expression F1 0/FR should equal one.
3
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The general conclusions drawn from Table 2 is that when the
theoretical equations are satisfied, (as stated above) the containment
time is much longer than when they are not. This can be seen from
Experiments E and J in Table 2. Even though each experiment uses
different coil configurations, the most important factor concerning
containment time is that the theoretical equations are satisfied.

Thus, stuffing the £ = 0 grooves with stainless steel inserts,
to delay the £ = 0 field 0.2 usec, has little effect on containment
time., In fact, a 35% increase in the £ = 1 field is necessary in
order to give toroidal equilibrium.

The replacing of the £ = 1 winding with the grooved £ = 1 coil
seemed to improve time and spatial uniformity of the £ = 1 field.
However, the general plasma motion in the grooved case is not much
different from the plasma motion obtained while using £ = 1 windings.

It is noted that a transverse field varying in magnitude from
- 430 to 770 G can be superimposed on the helical fields with little
change in plasma motion. However, it is concluded that this may be
due to end effects of the 5-meter device. The vertical fields may
have more of an effect when the full torus is used.

These experiments have certainly demonstrated the usage of the
£ =1, 0 toroidal equilibrium. They have also indicated the good
agreement between experimental plasma equilibrium and theoretical
equilibrium predicted by the present expansion using sharp-boundary
MHD theory.

The plasma containment time has been increased to as high as

12 psec using £ = 1, 0 fields. At this time an m = 1 motion drives
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the plasma toward the wall. This may be due to the long wavelength

m = 1 instability or an imbalance between Fl 0 and FR as the plasma
bl

parameters vary with time,.

Further experiments on the Scyllac will best be done on a full

torus in which end effects can be avoided.
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V. TOPICS FOR FURTHER STUDY

It may be possible to improve the solution by including more
terms in the Taylor series expansions and then using numerical techniques
to obtain a solution,

The sharp boundary model may be somewhat questionable. Another
simple model may be tried that approximated a diffuse boundary. How-
ever, the complexity of the problem may become too great.

The greatest need for further study lies in the area of experimenta-

tion. Experiments on a completed torus could answer many questions.
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