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ABSTRACT

This report presents the status of the Controlled Thermonuclear Research
Program at the Los Alamos Scientific Laboratory for calendar year 1976.
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I. INTRODUCTION

F. L. Ribe, G. A. Sawyer, K. S. Thomas

During 1976, the Scyllac experiment was

operated as an 8-m sector with derated plasma

parameters to allow for greater feedback control

of the plasma column motions. Experiments were

conducted using discharge tubes both with and

without helical distortions. In both cases, im-

provements in the feedback system and the addition

of helical trimming windings extended plasma

confinement from 10 S to 25 S. An improved

theoretical and experimental understanding of the

variations in plasma equilibrium with time was

obtained indicating that the loss of plasma

confinement was the result of loss of equilibrium.

Design and fabrication was begun on an =1,2

helical system which should greatly reduce the

equilibrium problems.

The Staged Theta-Pinch experiment achieved

its primary goal of producing large diameter,

high-temperature theta-pinch plasmas using sepa-

rate implosion and compression capacitor banks.

In addition, the experiment operated at full

design voltage much more reliably than could be

expected of a IIstateof the artw device. Results

from the Resonant Heating experiment motivated

several important improvements in the hybrid

computer code and provided a better understanding

of the plasma behavior during the first

microsecond.

In the Reversed Field Pinch program, experi-

ments were carried out on ZT-S, a scaled-up ver-

sion of ZT-I. Plasma confinement time was found

to scale as the square of the plasma minor

diameter. A new larger device, ZT-40, was pro-

posed, reviewed,and given approval for construc-

tion. The basic objectives of the new experiment

will be to extend the confinement time to a few

hundred microseconds, operate in a regime of low

impurities so that the radiation barrier is

overcome, and explore the production and mainte-

nance of stable configurations for both field

programming and self-reversal modes of operation.

The Scylla IV-P experiment began operation in

January. Plasma parameters and stability char-

acterist~cs were determined. Plasma end loss was

measured and a detailed study of plasma flow out

the ends was conducted. Initial end-stoppering

experiments using quartz end plugs were carried

out. The results indicate that the insertion of

the plugs eliminates particle loss from the ends

of the theta pinch and increases the energy

confinement time.

The Gun Injection experiment, which is

studying the possibility of using a gun plasma to

replace the implosion-generated plasma in a theta

pinch, became operational. Studies of the plasma

produced by the gun and of its penetration into a

steady-state magnetic field produced by a solenoid

were begun and preliminary results obtained.

Experiments on the Interaction of a C02 laser

beam with a dense, independently produced target

plasma continued in the Scylla I-C experiment.

Both classical (heating, refraction) and non-

classical (stimulated backscatter) processes were

studied. Experiments were concluded in October so

that the experiment could be converted to another

geometry.

A Fi’eld Reversal Theta-Pinch program was

begun in July. This configuration has recently

shown unexpectedly favorable stability character-

istics which are of special interest to the mirror

program. ‘fwo existing experiments, the Resonant

Heating experiment and the Scylla I-C experiment,

were converted to the field-reversal theta-pinch

geometry to study this configuration in different

plasma regimes.

The Implosion Heating experiment operated

reliably throughout the year. Extensive measure-

ments of density and magnetic field as a function

of radius and time were obtained for a varieky of

experimental conditions. These measurements were

found to agree remarkably well with numerical

simulations performed at LASL and elsewhere.

The experimental plasma physics group

continued their studies into the physics of the ac

electrical resistivity and the thermal conduc-

tivity along magnetic field lines. The weak-field

resist.ivity of a plasma, in which controlled

levels of plasma wave turbulence are maintained,

1



was measured with a new dual mode microwave

resonator technique. In another set of

experiments, the actual growth In time of the

parametric Instabilities was observed. In addi-

tion, an experiment was begun to study the effect

of a steady electron drift on plasma ac

resistivity and has yielded the experimental

observation of negative inverse bremsstrahlung

absorption due to electron drift.

In the plasma diagnostics area, the spatially

resolved Thomson scattering experiment obtained

data on Scylla IV-P. High-frequency, gas-laser

heterodyne interferometry was extended to longer

wavelengths and development was begun on a new

system which utilizes the high time resolution

thus available for repeated spatial scanning of

plasmas whose temporal changes occur on a micro-

second time scale.

A proposal waa prepared for the construction

of a High Beta Tokamak. This experiment would use

LASL high-voltage capacitor bank technology to

produce a tokamak-like plasma with high beta

values.

The theory group continued to make important

contributions to the understanding of results from

the experimental programs. The major success

occurred in MHD theory where a much clearer

understanding of the Scyllac experiment was

achieved. Calculations were carried out to study

equilibrium and impurity radiation in the ZT-40

experiment, to determine the effects of end plugs

on a linear theta-pinch plasma and to study

plasma compression by imploding liners. Work in

the area of microtheory indicated that the lower

hybrid drift instability may not be as dangerous

as previously thought. The hybrid codes were

improved and continued to have remarkable success

in reproducing experimental results.

Use of the CTR PDP-10 oomputer and network

link to the MFE Computer Center 7600 increased

dramatically during the year. There were also

significant advances in the use of both

microcomputers and the PDP-10 for experiment

control and data collection.

The primary activity of the engineering group

was the design of the ZT-40 experiment. Other

activities included the design and building of a

quartz tube-forming machine, work on the end-fed

coil, and tests on various electrical components.

Significant progress was made toward

development of the superconductingmagnetio energy

transfer and storage system for use in future

pulsed plasma devices. Two new programs were

initiated in the last quarter of the year. The

first was a development program to fabricate a

large-energy, fast-discharge homopolar machine.

The second program deals with the development of .

switches and superconducting coils for the pulsed

ohmic heating associated with large-scale tokamak

devices.

The work of the magnetio confinement.systems

studies group was primarily concerned with the

continuing reassessment of pulsed, high-beta

systems. Areas of general research included

thermal-shock analyses, MHD effects in

reactor-like, high-beta plasmas, transient neutral

gas charge exchange, and more realistic plasma

engineering modeling. The neutronics task was

supportive of both RTPR blanket redesign and the

more general needs of the national fusion

community. The chemical, structural, and

electrical effects In CTR-related insulators were

addressed by the Insulator research task, and the

alloy reasesrch task pursued the thermal-shock

testing of various first-wall specimens.

Design and engineering work continued on the

Intense Neutron Source Facility. Primary emphasis

during the year was the final design and testing

leading to the operation of a Beam-On-Target test

stand which will utilize a proton beam on a

hydrogen gas jet target.
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II. SCYLLAC FEKDPACK SECTOR EXPERIMENTS

R. R. Bartsch, E. L. Cantrell, 1?.L. Freeman, K. B. Freese,
R. F. Gribble, F. C. Jahoda, K. J. Johnson, R. Kristal,

K. J. Kutac, G. Miller, W. E. Quinn, R. E. Siemon

A. INTRODUCTION AND SUMMARY

The purpose of the Scyllac experiments is to

study and achieve plasma equilibrium and stability

of a theta-pinch plasma In the toroidal geometry

of a large aspect ratio, high-beta Stellarator.

The fundamental idea is to bend a theta pinch into

a toroidal configuration in such a way as to

retain as nearly as possible the advantages of a

linear theta pinch, while eliminating particle

end loss and thermal conduction to the ends. In a

torus the combination of plasma pressure and the

gradient of the toroLdal compression field produce

an outward force on the plasma column. In Scyllac

this toroidal force is compensated, and a

high-beta toroidal equilibrium is achieved by

superimposing on the main toroidal theta-pinch

field a small ~.1 helical field along with an even

smaller 1=0 and/or 1=2 field. Suoh a configu-

ration is MHD unstable for long wavelength m.1

modes, which moves the plasma bodily off the

equilibrium circle. Higher order m modes (m<Z)

are stabilized by finite-Larmor-radius effects.

Stabilization of m.1 modes can be provided by

either feedback or wall stabilization, and the

physics is similar for both cases. The present

confinement experiments use a conventional,

unstaged, highly compressed theta-pinch plasma,

and therefore feedback control is being used for

plasma stabilization.

Scyllac equilibrium using ~.1,0 fields has

been studied experimentally at LOS Alamos in

several configurations, the 5-m sector’

(R=2.38 m), the 8-m sector‘ (R=4 m), the full

torus2 (R.4 m), and the feedback sector3 (R.4 m).

In each of these experiments it was possible to

change the plasma motion from toroidally outward

(roughly uniformly around the length of the

machine), terminating in an outer wall hit, to

inward, terUIinating in a inner wall hit, by

adjusting either

the current in

assumption was

the initial filling pressure, or

driven trimming windings. The

that for some intermediate

adjustment, there existed a perfect, although

unstable, m=l, k.O equilibrium. However, with the

help of experiments with feedback, understanding

has progressed and the situation is perceived as

being more complicated. ‘he Fl,o equilibrium

force depends both on the applied magnetic fields

and the diamagnetic response, or equivalently the

~fs, of the plasma. Transient oscillations of the

bumpy ~=0 and helical 1.1 plasma distortions, 60

and 61, develop in setting up the plasma equilib-

rium.4 An oscillatory axial plasma motion (period

10 #s in the feedback sector) results between

regions of maxima and minima in the magnetic field

with a corresponding oscillation Of 6.. Thus an

oscillation of the equilibrium compensating force,

F1,O, occurs which makes it difficult to control

the plasma during the transient phase and to

achieve the desired equilibrium at later times.

The 60 transient occurs because the plasma is

produced in a discharge tube with uniform

cross section beginning with a homogeneous gas

fill. The plasma implodes to an approximately

uniform column on the discharge tube axis with the

subsequent development of the plasma distortions

60 and 61 which overshoot their equilibrium values

and oscillate. The use of a helical discharge

tube has eliminated the 61 helical oscillations

and the use of a bumpy helical tube could

eliminate the slower more troublesome .30

oscillations.

Experiments show a correlation between the IS.

osc~llation and an oscillation of the net force

acting on the plasma as measured by the column

acceleration. The measured magnetic flux excluded

by the plasma column also shows the 60
oscillations. Both experiment and theory indicate

that the 60 plasma distortion is nonsinusoidal

with a peaking in the regions of magnetic field

minima. A possibly quite significant observation

is that both luminosity and excluded flux

measurements indicate a decay of the 60 distortion

3



in time, owing to a decrease of plasma radius in

the field minimum region.

Barnes and Brackbill have succeeded in

finding 1.1,0 diffuse profile equilibria with a

?-D MHD code.5 These equilibria re~uire approx-

imately 605 larger applied helical fields for L3=

0.65 than predicted by the MHD sharp-boundary

theory, from which the present f?.1,0compression

coil was designed. This implies that long-term

force balance requires a higher plasma beta andlor

additional equilibrium trimming fields. Force

analysis of plasma trajectories in the derated

sector experiment show a long-term equilibrium

force imbalance in approximate agreement with the

difference between diffuse-profile and sharp-

boundary theories.

At the present time, new .2 equilibrium

trimming circuits which provide a greater variety

of field waveforms are being used to obtain a

better long-term equilibrium. Since the calcula-

tions of Barnes and Brackbill show that 1=1,0

equilibrium does indeed exist, the equilibrium

problem reduces to being able to survive the

initial transient phase.

The plasma is unstable to the long wavelength

m.1 mode. The growth rates and scaling of the m.1

instability have been measured in several experi-

ments and are in agreement with small 6 sharp-

boundary MHD theory.4 Feedback stabilization is

being used to control the m=l instability and

provide corrections to the plasma equilibrium.

The feedback system has been improved over the

initial design and now has a delay-risetime

response of 1.0 #s to (l-l/e) of peak current,

with a maximum 1=2 feedback field of - 80 G at a

radius of 1 cm. ‘IMs results in a force which is

20$ of the outward toroidal force. A new

segmented photodiode position detector has been

developed which provides a fast position signal

having an accuracy of 2 1 mm.6

In the earlier feedback sector experiments,

with a uniform toroidal tube and with an 1.2

prepulse applied during the preionization phase by

the feedback system, closed-loop feedback stabi-

lization controlled the plasma motions in w the

horizontal and vertical planes and extended the

plasma confinement from 10 to 25 pa. In the

feedback stabilization controls the plasma motions

in both the horizontal and vertical planes and

extenda the plasma confinement from 10 to 25 PS.

Experimental observations indicate that the loss

of plasma confinement at 25 ~s results from

equilibrium problems related to 60 and long-term

force imbalance as discussed above, and perhaps to

end effects. These phenomena cause the plasma

column to move around with an amplitude that is

outside the range of feedback control.

Nevertheless, the data clearly show feedback

control of the m=l instability.

The propagation velocity of plasma motions in

the end regions becomes a factor in the interpre-

tation of results in these feedback stabilization

experiments carried out in a sector rather than in

a full torus. The propagation of m.1 waves,

launched near the center of the sector, was

observed at approximately the Alfv& speed in good

agreement with the theoretical predictions of the

small 13 sharp-boundary model.7 These experiments

indicate that the plasma motions near the ends of

the sector do propagate and appear in the center

region as additional nonequilibrium forces.

In Scyllac a small change in the plasma beta,

owing to losses of particles or energy either

through the ends or radially, can cause a loss of

toroidal equilibrium. A theoretical study of

radial particle losses by resistive diffusion

indicate that radial particle losses can have a

significant effect in the feedback sector with its

derated plasma temperatures of 100 to 140 eV. The

effect of possible anomalous resistivity caused by

the lower hybrid drift instability would be to

produce a low-density halo surrounding the plasma

column.

A magnetohydrodynamic model of the Scyllao

plasma based on small 6 dynamics and a sharp-

boundary plasma has been developed8 and used to

reproduce the observed plasma trajectories and to

predict the plasma confinement time with feedback

stabilization. Given the known mechanisms for a

decrease of plasma beta, the model predicts a con-

finement time of 30 MS without the use of

auxiliary equilibrium trimming fields. Using

nonlinear ~.O MHD the equilibrium of a constant

pressure theta-pinch plasma column has been

calculated in the presence of a long wavelength
helical discharge tube the use of only closed-loop
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~=0 field without the assumption of small plasma

distortions. The calculated plasma equilibrium

shape has a nonsinusoidal axial bumpiness with a

local bulging in the minimum magnetic field

region, which is in good agreement with the

overloading of the groove regions with plasma

observed in the experiments. The calculated

equilibrium force, with the 60 oscillatory effects

included, is very similar to the measured force

obtained by computing the acceleration from the

plasma trajectories.

A modification of the plasma position

detectors to a 16-element quasi-quantized type,6

which is sensitive only to the most intense

portion of the plasma luminosity has improved the

feedback system accuracy and capability. A new

feedback signal processor-analyzer has been

developed which analyzes the toroidal mode

structure of the plasma column and drives each

power module according to the weighted mode sum

that represents the actual plasma position

corresponding to the toroidal position of its !=2

coil. An equilibrium trimming circuit has been

developed to provide a current step with a

waveform having a sinusoidal rise of 3.7 Ws

followed by a variable rise or fall of current

with almost constant slope for 50 PS.

An 1.1,2 equilibrium configuration has been

designed and fabricated for the feedback sector.

This design uses a large helical plasma

distortion, Al - 3, in combination with a 62 el-

liptical plasma distortion, which is produced by a

rotating quadruple field, to achieve high-beta

toroidal equilibrium. The 1.1,2 equilibrium con-

figuration has advantages over the 1.1,0 system:

it eliminates the 60 plasma distention and its

associated transient and anomalous effects; the

equilibrium is independent of the 1.2 diamagnetic

field of the plasma in contrast to the strong

dependence on the 1=0 diamagnetic field in the

~=1,0 configuration; there is a weaker equilibrium

dependence on plasma beta; and the parameters of

the plasma will be uniform along the column. The

larger 61 helical distortion is advantageous

because it leads to plasma equilibria with smaller

growth rates of the m=l instability and also to a

greater feedback stabilization force. The

arc length of the 1=1,2 sector will be increased

by 40%, from 8.4 to 11.7 m, over that of the

present sector to help in the disentanglement of

equilibrium problems from end effects.

B. REVIEW OF SCYLLAC THEORY

The simplest theoretical model that explains

the important features of Scyllac is the

sharp-boundary MHD model. In this model the

theta-pinch equilibrium consists of a constant

pressure plasma of radius a, confined by a

longitudinal magnetic field Bo. The plasma

pressure is (3B02/2and the magnetic field inside

the plasma is B. ~. The Scyllac concept is to

bend a theta pinch into a torus to eliminate end

loss, with the radius large enough so that this

basic configuration is only slightly perturbed.

1. Toroidal Force. Owing to the gradient in

the magnetic field produced by toroidal curvature,

a toroidal theta-pinch plasma experiences an

outward force per unit length (divided by the mass

per unit length) given by

FR = ~ VA2/Ii (1)

where R i? the radius of the torus and VA the

Alfven velocity, using the outside magnetic field

and the constant plasma density. Eecause of the

toroidal force, for plasma confinement in a torus

additional magnetic fields must be applied to

produce a compensating inward force.

2. Interference Force. Helical magnetic

field perturbations B .VX with x - sin(~O-hz) in

general produce a body force on the plasma. The

force results from the interference of 1 and 1+1

helical fields. If the plasma shape is given by

r.a [l+Z6pcos(!0-hz)], the body force is

‘1=0‘~=1
Fo, l . hvA2 ~ —

o B.

ha ‘1.0-— —Jl+w,o,
2 B. B.



(2)

where Bj=~ is the modulation of the vacuum

magnetic field on axis and B is the l-helical

amplitude of the radial vacuum field at r.a. This

force depends only on the shape of the plasma and

Is the force that would be experienced by a copper

rod with the same shape as the plasma placed in

the same magnetic field.

~. Helical magnetic

fields applied to a theta-pinch plasma column

cause helical deformations of the plasma shape.

These are given by

perturbation appears, in the plasma centered

coordinate frame, to have additional ~+1 and 1-1

components. These produce a body force on the

plasma that is destabilizing.

The least unstable configuration involves a

large ~=1 and smaller 1.0 or 2.2 to produce the

toroidal equilibrium. The m=l growth rate is

given by

712=h2 VA2
[

~12(ha)2 6(2-8)(4-39)
8 1-B

- k2 VA2(2-L?) . (5)

B.1.o
60.-

2 BO(l-(3) ‘

‘he ~ ~o~2 term (small because 60 and 62 are

small) indicates that the growth rates are

B! different for displacements in the plane of the

‘]= B ha(l-B/2)
,~~1. (3) torus (+) and out of it (-).

o
5 . m > ? Instabij&y . As in the case of m.1

a long wavelength m~2 deformation of the plasma

Substituting these values in Eq. (2) the equilib- couples with an ~-helical magnetic field to

rium interference force is obtained, produce ~tm helical fields. These produce a long

wavelength m~2 force that is destabilizing. For

mz2 the growth rate is given by

Fo,l = ;h2VA2 a /3(3-26)6.61 , ~=o

Fi,f+l ❑
h2vA2a (3(2-6)3162, ~zl. (4)

In Scyllac, toroidal equilibrium is achieved by

Y,2 . h2 ~A2
[.
622+6(3-26) 6021 ,-(3

1+~(2-j3)622 - k2 VA2 (2-(3). (6)

using inward directed interference

balance the outward toroidal force.

4, m= 1 Instabilitv. A theta

forces to 6. FLR Stabilization of m > 2 Nodes. Finite

Larmor radius effects, outside of the scope of

pinch with MHD, stabilizes m>2 modes. The equation of motion

helical fields is MHD unstable for perturbations ~ for a long wavelength deformation of the plasma is

=VUJwith 0 - COS(rnO-hz). The ml, k=O instabil- modified by the addition of a ehear viecous

ity is of greatest importance and can be damping term due to finite Larmor radius as

understood in terms of a body force produced by ~ follows:

and ~~1 helical magnetic fields.

shifts aideways an ~-helical
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where u= is the ion cyclotron frequency and rL the

ion Larmor radius using the magnetic field inside

the plasma. This results in stability for large

enough damping. The most stringent requirement

for stability is for m=2. The stability criteria,

neglecting the small 602 and 822 terms in the

growth rate and assuming Te . a Ti, is

Ti(keV) (2-19)3

a(cm)2 82(1-6)
~ 0.4 (l+a) B~=l (kG)2 . (8)

?. Stabilization of m.~. Two methods of

providing m.1 stability are being pursued, wall

stabilization and feedback stabilization. Using

wall stabilization, the problem is to produce a

hot plasma in a theta pinch with alb sufficiently

large. Feedback stabilization consists of

detecting long wavelength m=l displacements and

using a controlled 4=2 field (~.2 is to be

preferred over 1.0) to produce an F, p force

proportional to the plasma displace~ent to

counteract the unstable force. For stability the

delay time 7 of the feedback system must be

sufficiently small and in practice for successful

feedback 71T must be less than about ~/2.

c. EXPERIMENTAL ARRANGEMENT

1. Feedback Sector. The Scyllac feedback

sector was specifically designed to minimize the

m=1 growth rate and hence to accommodate

technological limitations in the existing feedback

system.4 The time response and the output-current

capability of the feedback amplifier system were

insufficient to control the unstable motlcn with

the full torus plasma parameters, Table II-I. In

order to reduce the instability growth rate to a

value compatible with “the response time of the

feedback system, the main compression field was

reduced from - 40 kG to - 17 kG and the plasma

parameters derated accordingly as shown in Table

II-I. A 120 sector (8.4-m arc-length) of the

full torus (R=4 m) was modified for the initial

feedback experiments.

TABLE 11-1

SCYLLAC PARAMETERS

Full Torus Derated Sector
Yi3rameterg Exner men.!ii J?xoerimeti

E(kG) 40 17

T/4(/.Is) 3.7 3.5

a(cm) 1.0 1.0

n x 1016(cm-3) 2.7 2.0

Te(eV) 500 120

Ti(eV) 800 120

B 0.8 0.65

‘A(cm/#s) 37.6 18.5

Al,o(cm) 41.9 62.8

al 0.71 1.4

60 0.16 0.2

Y, x 10-6(~-11 0.70 0.3

71‘FB 1.0 0.33

The ~.1,0 equilibrium field configuration for

the sector was designed using MHD sharp-boundary

theory and 13. 0.65, consistent with the lower

plasma temperature.4 The equilibrium fields,

B~l/B = 0.4095 and B~=o/B . 0.147, were produced

by machining the inner surface of the compression

coil to coincide with a computed t.1,0 flux

surface. The theoretical value of the vertical

field component, Bv/Bo = E~_lB~=o/4 B2, was also

included in the flux surface calculations. Figure

11-1 shows a section of the compression coil which

has an average inner diameter of 24 cm. The 1.1,0

flux surface of the coil was machined by the

profile-tracer method on a lathe, using a master

profile produced by a three-dimensional milling

machine from a computer-generated tape.

The magnetic fields generated by the shaped

compression coil were probed to verify the design

fields. The measurements showed that the coils

produced the design value of B~=o and B~=l within

the measurement error and that the 1.2 feedback

coils do not perturb these fields. Figure II-2

shows the waveform of the main toroidal field.

The discharge tube for the sector consisted

of four quartz tube sections, each with a uniform

toroidal bore of 8.8 cm and an arc length of 2.5

mg and a special short section with polished

regions for side-on holographic interferometry.

The sections were butted with an outer ceramic

7



Figure II-1
Section of the 1.1,0 shaped compression coil and a
length of the helical, toroidal discharge tube.
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Figure II-2
of the toroidal magnetic field in regions
maxima (Land) and minima (Groove).

o-ring seals, and pumped from the ends

which were electrically isolated from ground. No

external path for axial z-currents was provided.

Figure II-3 shows a plan view of the sector

with its various diagnostic viewing slots. The

following measurements were used to study the

high-beta toroldal plasma: (a) as many as six

high-speed streak cameras are used to record the

transverse motions of the plasma column at various

locations around the torus; (b) the five feedback

position detector pairs alao provide plasma column

trajectories in each of the sector coils; (c) a

coupled-cavity He-Ne laser interferometer is used

to measure the time-history of the plasma electron

density along a chord of the plasma cross section;

(d) two twenty-channel luminosity profile

apparatuses provide self-luminous profiles of the

plasma column. These luminosity profiles give the

plasma radius, and in conjunction With the

coupled-cavity interferometerdata, give absolute

density profiles; (e) balanced magnetic loop and

probe arrangements measure the magnetic flux

excluded by the plasma column. Combined with the

relative density profiles from the luminosity

measurement, the excluded flux can be expressed in

terms of the plasma beta; (f) Thomson scattering

of laser light is used to determine the plasma

electron temperature; (g) a side-on holographic

interferometer gives space and time resolved

absolute plasma electron density profiles; and (h)

numerous magnetic-field probes and Rogowski loops

are used to monitor the machine and feedback

system.

Figure II-3
Plan view of the Scyllac feedback sector showing
the various diagnostic viewing slots and the
collector plate current feeds.
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2. Feedback Stabilization Sv*. The feed-

back stabilization system, Fig. 11-4, consists of

four basic components: (a) plasma position

detectors, silicon photodetectors, designed to

detect plasma motion away from the equilibrium

position; (b) intermediate amplifiers containing

signal processing units, which produce an output

voltage proportional to the sum of plasma position

and velocity with separate gain controls; (c)

power amplifier modules, each of which consists of

five separate stages of amplification ending in

the push-pull operation of two ML-8618 high-power

triodes operating with outputs as high as 1 kA at

a Plate voltage of 35 k’J;and (d) 1=2 feedback

coils located

driven by the

inside the main

power modules.

compression coil and

I

s

Schematic diagram
lization system.

6 w

Figure II-4
of the Scyllac feedback stabi-

Figure II-5 is a photograph of the derated

sector with the feedback stabilization system

installed. Five position detector stations are

approximately equally “spacedaround the five-rack

sector. Two orthogonal detectors at each station

view the plasma at ~ 45° to the horizontal plane

of the torus at toroidal positions hz . 7x/8 and

hz . 9./8 in a wavelength so that thel.1 helical

displacement of the plasma column should, in

theory, be purely in and out along the position

detector viewing direction and not be apparent to

the position detectors. In practice, however, a

remnant of the ~=1 oscillation still appeared on

the position detector signals. These detectors

sense the position of the plasma column and feed

the analogue processing circuits, which drive the

feedback amplifiers. ‘he outputs of the power

modules are coupled through output transformers to

the 1=2 feedback coils.

Thirteen !.2 feedback coils, each an ~=1,0

wavelength long (62.8 cm), Fig. II-6, are

positioned over the quartz discharge tube inside

the main compression coil. Two feedback power

modules are used for each 4=1,0 wavelength; one

module drives one of the /=2 windings and provides

the transverse force in one of the Position

detector directions while the second module

energizes the other J!.2winding, which is rotated

45° relative to the first winding, and produces

Figure II-6
~=2 feedback coils wound on Scyllac helical
discharge tube with 61 a = 1.4 cm.
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the force in the perpendicular direction. Each

position detector controls several power modules.

The electrical performance of the feedback system

Is monitored by the Sigma II computer by a data

acquisition channel for each power module and 6

channels for each position detector and analogue

processor.

The delay plus risetime, r, of the feedback

system has been measured to be 1.4 Ps, to 90$ of

full output current. This is for a transformer

turns ratio of 9:7 (27-PH module load) and

standard operating conditions: 9-V filament

voltage and 32.5-kV plate volta6e. The delay time

to 10$ current output was measured to be 0.5 PS

and the 90.Srisetime, 0.9 PS. In computing yr it

ia more reasonable to use a time somewhat shorter

than the time to 90$ of full output since the

current has appreciable values before that time.

Using the time for (l-l/e) . 0.63 of full output

as an effective time we find reff . 1 PS and YT -

0.3 to 0.4.

Auxiliary 1.0 windings were also used in the

initial experiments to assist in trimming the

~= 1,0 plasma equilibrium. Single-turn windings

installed in groove and land regions were

connected in series opposition in each 1.1,0

wavelength to provide an auxiliary force on the

plasma column In the plane (horizontal) of the

torus. Similar windings located midway between

land and groove regions produced a force in the

plane (vertical) perpendicular to that of the

torus. These windings were energized by two small

capacitor banks with independent triggering

systems.

3. Feedback Sector with Helical Discharrze

m. Ideally the walls of the vacuum vessel in

the Scyllac torus should coincide with a magnetic

flux surface of the toroidal equilibrium field

configurations to optimize the development of the

plasma equilibrium distortions and the plasma to

wall separation. In all the previous Scyllac ex-

periments a quartz discharge tube with a uniform

toroidal bore was used. In this arrangement, the

theta-pinch plasma Implodes to the axis of the

discharge tube followed by the development of the

~1 and 60 equilibrium plasma distortions. Tran-

sient effects involving 61 helical oscillation

and b. axial variations result and complicate the

achievement of the toroidal plasma equilibrium.

In a discharge tube which Ls shaped to a magnetic

flux surface, the plasma should implode to the

appropriate equilibrium distortions without

transient oscillatory behavior.

A mechanical device for shaping a straight

cylindrical quartz tube into a helical, toroidal

tube has been constructed and used to fabricate

helical discharge tubes, Fig. II-1 (helix radius =

1.4 cm), for the present ~.1,0 coil configuration.

The device incorporates the original tube forming

development at the Max-Planck Institute for Plasma

Physics in Garching, and is also designed to have

sufficient flexibility to form quartz tubes with

diameters in the range of 5 to 20 cm into major

toroidal radii in the range of 3 m to infinity

with helical radii up to 7 cm.

The compression coil has the same 1.1,0

shaped inner surface used in the previous feedback

sector experiments with the uniform toroidal

discharge tube. There are 13 ~.1,0 wavelengths of

the periodic 1.1 helical and 1=0 bumpy equilibrium

fields.

The arrangement of the feedback stabilization

system is essentially the same as in the previous

feedback experiments with a uniform toroidal

discharge tube. !=2 feedback coils have been

wound directly on the helical quartz discharge

tubes, Fig. II-6. Each coil consists of two

four-turn sinusoidal sections which are connected

in series by external leads and have an installed

series inductance of 16 ~H including 1.2-m leads.

Additional single-turn 1.2 coils were also

installed to provide fine adjustment of the

toroidal plasma equilibrium. Two sets of coils

separated by 45° and rotated 22.5° with respect to

the feedback coils can be used to provide equilib-

rium correction forces in the horizontal and

vertical directions. Each coil has an inductance

of 3 PH. These coils are not strongly coupled to

the 1=2 feedback coils which are oriented to

provide forces at +/- 45° to the horizontal.

Small, slow-rising capacitor en~rgy storage

circuits were used to drive these ./=2 trimming

coils. Fast-rising current pulses were also

available to null the slow fields at the time of

the main implosion or for independent trimming.

Six separate combinations of fast and slow

10



circuits were used to energize three sets of four

adjacent wavelengths of the 1.1,0 field configu-

ration in both the horizontal and vertical planes.

Each circuit had an independently adjustable

output of B~=2 = 24 G/kA.

D. RESULTS WITH FEEDBACK STABILIZATION IN A UNI-
FORM TOROIDAL DISCHARGE TUBE

In initial experiments with the closed-loop

feedback stabilization system applied to the

Scyllac derated sector, the feedback system was

successful in controlling plasma motions and the

m. 1 instability in the vertical plane,

perpendicular to that of the torus.4 In these

initial experiments feedback was less successful

in the horizontal plane because plasma m.1 motions

in the plane of the torus were influenced by

nonequilibrium forces of substantial magnitude

which caused a loss of equilibrium. Experimental

results and analyses of the plasma trajectories

indicated that the loss of equilibrium resulted

from transient effects in setting up the equilib-

rium plasma distortions, 60 and 61, in the uniform

toroidal discharge tube. A transient force

results from the oscillations of the 60 and 61

plasma distortions. The 60 oscillations, which

are slower (r - 10 #s) and involve a “sloshing” of

plasma between land and groove regions, make it

difficult to achieve toroidal equilibrium. The

application of an ~=2 programmed field pulse

during the initial plasma preionization phase

resulted in a substantial improvement in setting

the initial plasma column into an equilibrium

position on the minor toroidal axis following the

implosion phase of the main discharge. Subsequent

application of the closed-loop feedback system

resulted in improved plasma confinement to 25 PS

With the feedback stabilization system

successfully controlling the plasma motions in the

vertical plane and extending the plasma confine-

ment in the horizontal plane of the torus.

1, Plasma Tralectorv Analvsis and Eouilib-

~. The streak photographs of

Fig. 11-7 chow simultaneous plasma trajectories in

land and groove regions in the horizontal plane of

the torus without and with auxiliary fields and

feedback. Upward in the streak photographs is

outward away from the major axis of the torus. In

LAND

GROOVE

LAND

GROOVE

LAND

GROOVE

Streak

l----i
Figure 11-7

w/fj

AUX. FIELDS

W/ REVERSED

BIAS FIELD

~/ AUX. B2=0

AND FEEDBACK

photographs showing plasma motion In
toroidal (hor~zontal) plane:- upper streak in each
photograph is taken in region of maximum magnetic
field and lower streak in region of minimum field.

each streak photograph the plasma motion is

characterized by the following: (a) initial 61

helical oscillations which damp out; (b) a stably

confined period of apparent equilibrium; (c) the

helical plasma distortion 611 which is directly

proportional to the separation of the plasma tra-

jectories in land and groove regions; (d) a fatter

plasma column in the groove region relative to the

land indicating the bumpy plasma distortion 6.;

and (e) an outward m.1 motion terminating the

plasma confinement. These streak photographs show

that the application of auxiliary fields prolongs

the onset of the outward m=l motion.

During the initial stable period, the

application of either a programmed 1=0 or ~=2

field drives the plasma column inward in the

toroidal plane to the discharge tube wall.

However, once the onset of the outward motion

occurs, a force comparable to an appreciable

fraction of the FR toroidal force is required to

overcome it. The magnitude of the force causing

the outward m=l motion indicates a loss of equi-

librium in the toroidal plane, rather than just

the m=l instability. Hence the inability of the

feedback system to control the outward motion.

Experimental results and analyses of the plasma
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trajectories indicate that the loss of equilibrium

may result from the transients in setting UP the

equilibrium plasma distortions, 60 and ~1” ln
particular, the time variation of the bumpy

distortion 60 owing to variation between land and

groove regions appears to be a ❑ajor factor.

The trajectory of the centroid of the plasma

column 1s obtained from the simultaneous land and

groove streak photographs and is used to determine

the net body force on the plasma column. The data

are smoothed by fitting to a high-degree

polynomial to facilitate taking the second

derivative of the trajectory which gives the

acceleration of the column. The net force, FNET,

acting on the plaama column required to produce a

typical observed trajectory, upper plot of

Fig. II-8 includes the destabilizing force, FY,

which is a function of the displacement of the
2centroid, t, and the m=l growth rates 78 Fy a ‘Y

[. The force, FX, producing the loss of equi-

librium in the derated sector experiments is Fx =

FNET - F7. The lower plot of Fig. II-8 shows the

time dependence of Fx obtained by correcting the

net force

1!

#
!3

for the position dependent F7. The
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Figure II-8
Centroid position of plasma column in hor-

izontal plane (upper plot) and tbe net force, Fx
(lower plot), derived from the above trajectory.

force approaches an asymptotic value of 20$ of the

toroidal force, ‘R“ For successful feedback

stabilization, it is required that the plasma

column be located near tbe equilibrium posttion at

a time when it has reasonably small momentum.

BOth the rapid variations as well as the

magnitudes of the force and plasma excursions

indicate that feedback control is marginal in the

horizontal plane.

This analysis of the observed plasma trajec-

tories, which yields the net force acting on the

plasma column, indicates that transients which

develop in setting up the equilibrium plasma dis-

tortions make it difficult to achieve equilibrium

at late times. The effect of the reverse bias

field Fig. II-7 is to produce a nearly UnffOrm

inward directed force. This permits the column to

survive the initial outward force, however an

increase in the reverse bias field to compensate

the late time force imbalance causes the plasma to

strike the inner wall owing to the inward directed

transient. Similar results were obtained with

programmed auxiliary fields (1.0 or 1=2). If the

auxiliary fields were applied at early times, the

combined effects of these fields and the inward

transient caused the plasma to strike the Inner

wall of the discharge tube. On the other hand,

the rapid reversal of the transient force,

Fig. II-8, required that a programmed field

actuated after the inward transient has a risetime

less than was available with the existing system.

Thus, the presence of the inward transient

prevents the application of programmed fields or

increased reverse bias which would bring the

column into equilibrium at later times.

A set of experiments were undertaken with the

objective of cancelllng or suppressing the inward

directed transient force so that an increaaed

reverse bias field andlor programmed field could

be applied to correct the imbalance at later

times. The ~=0 auxiliary windings were driven in

the programmed mode using a small capacitor bank

with switching times arranged so that the field

was crowbarred on the peak of the second half

cycle. When combined with the 1=1 equilibrium

field, this ~.O field provided an initial outward

force followed by an inward force. In addition to

the programmed 1=0 field, the reverse bias was

12



increased to a range of values which would

normally drive the plasma to the inner wall at

early times. Figure II-9 compares streak

photographs of the plasma with and without the

programmed field. Both had reverse bias; however,

there was a larger reverse bias field in discharge

9467 which also had the programmed ~.O field.

The streak photographs were analyzed to give

the net force on the plasma column. Figures 11-10

and -11 show the result

w/ REVERSED

S4971

‘“’’”L-

VERTICAL
PLANE

-

4

I

of the analysis. The

‘/BIASFIELD.PROGRAMMED
2=0 FIELOANO FEEOBACK

Figure II-9

l—25/LS-l

Streak photographs showing plasma motions without
and with 1.0 programmed field and feedback.
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Figure 11-10
Plasma trajectories in horizontal plane (upper
plot) and corresponding calculated net force on
the plaama column (lower plot) for the indicated
auxiliary fields.
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Figure 11-11
Plaama trajectories i; vertical plane (upper plot)
and corresponding calculated net force on the
plasma column (lower plot) for the indicated
auxiliary fields.

trajectories for the three cases are quite

different. In discharge 9878 with neither reverse

bias nor programmed fields, the plasma moves

rapidly outward striking the wall in . 10 - 12 Ps.

The column in discharge 4972 with reverse bias

only swings inward initially but succumbs to

outward forces and strikes the outer wall at . 20

- 22 #s. The shot with the programmed field,

9467, moves outward until - 10 - 12 FS and then

moves back to the axis. The force analysis in

Fig. II-lo (lower) shows the suppression of the

inward transient by the programmed ~.O force.

Analysia similar to that done for the hor-

izontal behavior was performed for the motion in

the vertical plane. With the exception of m=l

unstable motion, the plasma column has generally

been well behaved in the vertical plane. The

force analysis of the vertical motion, Fig. II-11

(lower), reveals that there is surprisinglystrong

coupling of the horizontally phased applied 1.0

field to the vertical plaama motion. In fact

unless the feedback system was operating, the

plasma would move in the vertical plane, striking

the wall in - 12 Ms. The reasons for the cross-

coupllng between the horizontally phased 1.0 field

13
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and the vertical force are not clear. Possible

explanations include imperfections in the phasing

of the ~.O windings (due to viewing ports, etc.)

and ‘tphase shiftingtf of the ~.1 equilibrium

distortion during the 61 oscillations.

The results of these experiments and analyses

of the transient force behavior suggest that

suppression of these forces is possible using

programmed auxiliary fields.

2. Feedback Stabilization Experiments with

h.
!IpreconditlonedttPlasma. A ~tudy of the

effect of an applied ~.2 field on the plasma in

the Scyllac Feedback Sector Experiment during the

preionization and implosion phases was motivated

by proposed experiments which would use capacitor

driven ,?=2fields to “trim” the plasma equilibrium

and might necessarily be applied during these

times of the discharge. The i.2 field was

generated by operating the feedback power

amplifiers in a programmed mode to provide pulses

of variable time width and amplitude. The

presence of the ~.2 field during the implosion

phase did not improve the plasma behavior.

The results obtained when the 1=2 field was

aPplied during the initial plasma preionization

phase were quite different from previous

observations made on the preionlzation itself and

in subsequent plasma column motion after

implosion. Characteristically, a ringing theta

preionization field will cause plasma Ionization

during the first zero crossing of the field. With

the 1=2 prepulse, ionization did not begin until

the second zero crossing and continued to increase

through the third and fourth zero crossings. With

the onset of the i.mploalonand subsequent plasma

formation, the compressed column formed more in

the central portion of the discharge tube,

Fig. 11-12 (# 9933), without the characteristic

outward shift (Fig. 11-12, # 9878), and the

terminating motion was of a different nature than

that observed without the 2=2 programmed pulse.

An interesting aspect of this behavior is that the

spatial phase of the ,!.2field relative to the 1.1

helical equilibrium field was unimportant. This

lead to early speculation that the net effect of

the presence of the 1=2 field at preionization

time was to cause the Ionization to take place
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Streak photographs o? plasma motions showing the
effects-of a–prepulse of an ~.2 field withou~ and
with feedback stabilization.

from the center of the tube toward the wall which

would tend to exclude trapped magnetic fields. In

order to test this hypothesis, a Z-pinch pre-

ionization method was employed. The net result

was that the enhanced plasma behavior was not

reproduced, although the prelonization was lower

than with the theta preionization, and, in fact,

the behavior was poorer than normal. Thus, the

improved compressed plasma column behavior is

probably not due to the exclusion of fields in the

preionized plasma and will require further study

before it is well understood.

The plasma behavior resulting from the

application of the ~=2 programmed field with the

theta preionization more nearly satisfied

requirements for feedback stabilization. Hence, a

series of experiments were undertaken in which the

feedback amplifiers were first turned on in the

programmed mode for - 7 PS during prei.onlzatlon,

turned off for about 20 ps, and then turned back

on under the control of the position detectors,

i.e., closed-loop feedback operation. The closed-

100P condition was initiated after the imploslon

and initial 61 helical oscillations. This

resulted in much improved plasma confinement over

previous attempts with definite indications that

the feedback system was following and controlling

the plasma behavior. Confinement was terminated

at . 25ps.
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The streak photographs showing ‘normal!!

sector behavior, Fig. 11-12 (# 9878), are to be

contrasted with streaks displaying plasma behavior

with feedback system operating in a programmed-

closed loop configuration, Fig. II-12 (# 403).

Figure 11-13 shows the plasma motions, heavy

lines, observed by the plasma position detectors

and the feedback output current for discharge

8403. The lower plots are the average of the

plasma trajectories recorded by the five position

detector stations. These data, Figs. II-12 and

-13, show successful feedback control of the

plasma motions and extend the confinement time of

the plasma in the Scyllac Feedback Sector without

the addition of auxiliary bias orfl=O fields.

However, force analysis of the plasma trajec-

tories continued to indicate that transients fron

the equilibrium dynamics still play a dominant

role in determining the plasma trajectory. The

excursions in the forces are more than twice the

maximum force available from the feedback power

amplifier system. While the plasma confinement

times are increased, the feedback stabilization

system cannot overcome and control these large

equilibrium force imbalances.
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Figure 11-13
Plasma position plots and feedback output currents
observed at the Lndicated positions around the
sector on the same discharge as the lower streak
photographs of Fig. 11-12.

E. RESULTS WITH A HELICAL DISCHARGE TUEE

The plasma equilibrium and stability have

been studied in a helical discharge tube with fl.2

trimming fields and closed-loop feedback stabi-

lization. The helically shaped toroidal quartz

tube, which has a helical radius of 1.4 cm, was

fabricated for the existing f?.1,0equilibrium con-

figuration (cf. section C~). The experiments were

performed with deuterium filling pressures in the

range of 10 to 20 mTorr. The discharge cleaning

of the helical tube required more plasma

discharges than in previous tubes. Initial ex-

periments with a 40-kV bank voltage, P z 17 kG,

gave plasma temperatures of 90 to 110 eV. Experi-

ments at 45 kV gave plasma temperatures of 110 to

140 eV. Subsequent operation at 40 kV yielded

temperatures in the 120 to 150 eV range.

1. Transient Plasma Oscillationns. The use

of the helical discharge tube eliminated the $1

helical oscillations observed previously in

uniform toroidal tubes. Figure 11-14 compares a

set of dual streak photographs showing the plasma

motions at half wavelength separations near the

center of the sector in the previous experiments

with the uniform toroidal tube, Fig. II-14A, and

in the helical toroidal tube, Fig. 11-14E. The
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Figure 11-14
Dual streak photographs comparing plasma motions
in the uniform toroidal tube (A) and the helical
discharge tube (B). Horizontal plane: each dual
streak shows plasma column in regions of maximum
magnetic field, hz.O (upper streak), and minimum
field, hz.r (lower streak), separated by one-half
on 1=1,0 wavelength. Vertical plane: dual
streaks taken one-half wavelength apart, hz=r/2
and 31r/2,at positions of intermediate magnetic
field.

15



helical oscillations, Fig. II-14A, develop because

the plasma implodes to the axis of the uniform

discharge tube rather than to the equilibrium

helical magnetic axis as in Fig. II-14P with the

helical tube. The helical tube also improves the

plasma to wall separation by the resulting

concentricity of the plasma column and the tube

wall as well as by the elimination of the 61

helical oscillations.

The glower 60 axial Oscillations,@o = hVA

~~), remain and appear in the atreak

photographs of Fig. 11-14B as a time variation of

the plasma diameter. Miller has reproduced the

observed plasma trajectories in an MHD sharp-

boundary dynamical model and confirmed the

existence of the 60 oscillations, (cf. section

G).a The sharp-boundary equilibrium force produced

by the 1.1 and ~.O fields varies with the

transient ~o plasma oscillations making the

achievement of the proper plasma equilibrium dif-

ficult. The 60 oscillations result from the

development of a bumpy plasma column in a

discharge tube with a uniform cross section.

These oscillations could probably be elimlnatd by

the use of a ‘nbumpyffdischarge tube, i.e., a

ahaped discharge tube whose walls follow a

magnetic flux surface of the ~.1,0 configuration.

7. Results with !.2 Equilibrium Trimming

lZLel&i. The application ofl.2 trimming fields to

produce correcting forces in both the horizontal

and vertical planes resulted in cross-coupling

which made it difficult to achieve a good plasma

equilibrium. Six separate small capacitor banks

were used to drive three sets of ~.2 coils in each

the horizontal and vertical planes. Each set con-

sisted of four ~.2 windings in adjacent

wavelengths of the horizontal plane connected in a

series-parallel arrangement and driven by a alow-

rising sinusoidal current (r/b - 50-90 gs) with

the option of a fast “notch!!pulse to null the 1=2

field during the plasma implosion. A considerable

effort waa expended in attempting to adjust the

trimming fields to provide the best equilibrium

and plaama confinement. Figure 11-15 shows plasma

trajectories on one of the better discharges with

both horizontal and vertical 1=2 trimming fields.
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Figure 11-15
Plasma trajectories on one of the better
discharges with ~.2 trimming fields producing
correction forces in horizontal and vertical
plasma.

The slow sinusoidal ~.2 equilibrium trimming

fields are not sufficient to completely overcome

the effects of the 60 transient oscillations. The

1=2 field magnitude required for equilibrium near

the end of the transient phaae is too large at

earlier times when 60 oscillates to a maximum and

results in an inner wall collision of the plasma

column. This phenomenon is partially compensated

by the application of a fast sinusoidal 1=2 pulse

phased such that the resulting force pushes

outward as 60 approaches a maximum.

The observed cross-coupling of the forces

produced by the equilibrium trimming fields

between the horizontal and vertical planes Is not

understood. Errors in the discharge tube position

within the compression coil can result in such

cross-coupling which leads to plasma column motion

partially in a direction orthogonal to an applied

1=2 force. If the discharge tube is displaced

from the helical axis of the ~=1,0 field config-

uration, the equilibrium position of the plasma

column will not be at the center of the 1.2 field

generated by coils wound directly on the tube.

Analysis showa that a horizontally displaced 1=2

field leads to 1=1 components which are phaaed to
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vertical displacement of the ~.z fields with

respect to the 1=1,0 fields, leads to an ~=1

component which beats against the k.O field to

provide an orthogonal force for either vertical or

horizontal 1.2 fields. However checks of the

discharge tube and !t=2coil positions show them to

be approximately centered in the compression coil.

l.—F&edback Stabilization Results with the

Helical Discharze Tube. Closed-loop feedback sta-

bilization was applied to the sector with both the

horizontal and vertical !L.2 trimming windings

energized. The magnitude of the 9..2 trimming

fields were in the range of 10 to 50 G. Figure

11-14B is a dual streak photograph showing the

plasma motion in the horizontal plane of the torus

at positions of maximum (upper, land region) and

minimum (lower, groove region) magnetic field

separated by a half wavelength of the 9,.1,0field.

Figure 11-16 shows the plasma column trajectories,

in both the horizontal and vertical planes,

observed by the plasma position detectors at five

locations approximately equally spaced around the

sector. The data of Figs. 11-14B and -16 were

taken on the same discharge and at a deuterium
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Figure 11-16
Plasma trajectories (heavy lines) and feedback
output current (light lines) with 1=2 equilibrium
trimming fields and closed-loop feedback
stabilization.

filling pressure of 16 mTorr. These data suggest

that the feedback stabilization is controlling the

plasma motion for 20 to 25 P.s. The plasma con-

finement is terminated by a disturbance that

develops in the end coil section (1}6), upper tra-

jectories. It appears that this disturbance

propagates into coil section # 7 and results in a

motion in the vertical plane. There is concern

that such end effects in the toroidal sector limit

the plasma confinement time. A “shorting-outtfof

the electron sheath may be occurring in the sector

and inducing a rotational wobble as in the linear

theta-pinch experiments. Such a development in a

toroidal sector would very likely terminate the

plasma confinement in approximately an Alfven

time, which is - 20 PS in the feedback sector.

The plasma equilibrium improved with the

number of discharges in that the magnitude of the

f.2 trimming fields required for toroidal equilib-

rium decreased. The phenomenon was attributed to

continued discharge tube cleaning and a resulting

higher plasma beta. Figure 11-17 shows plasma

column trajectories obtained from the plasma

position detectors on a discharge without

auxiliary equilibrium trimming fields and in the
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Figure 11-17
Plasma trajectories without auxiliary fields and
with feedback stabilization after approximately
2000 plasma discharges in the helical tube.



absence of feedback stabilization. The deuterium

filling pressure was 16 mTorr. The plasma column

remains approximately centered on the toroidal

axis In the horizontal plane for 15 us. A

downward plasma motion develops in the vertical

plane which eventually terminates the plasma con-

finement. This motion appears to be the m.1

instability and Is likely initiated by a small

displacement of the column from its equilibrium

position.

Figure 11-18 shows plasma column trajectories

with feedback stabilization applied to discharges

of the type shown in Fig. 11-17 without additional

equilibrium trimming fields. In this case the

closed-loop feedback system is controlling the m.1

instability observed in Fig. 11-17 and confining

the plasma for times of up to 25 VS. In

Fig. 11-18, the plasma column in the end regions,

coil sections 6 and 10, begins to move outward

near the end of the trajectories. This may be an

end effect manifesting itself In terms of a

decrease in the plasma beta or an onset of the

rotational plasma wobble discussed above.

A comparison of Figs. 11-17 and -18 shows

that the feedback stabilization system extends the
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Figure 11-18
plasma trajectories (heavy lines) and feedback
output current (light lines) with closed-loop
feedback stabilization and without other auxiliary
fields.

plasma confinement time from 10 PS to times

greater than 20 vs without other auxiliary fields.

4. Force Analvsis of PlasunsTralectorie~.

Force analyses of the plasma trajectories with

feedback stabilization and without additional

equilibrium trimming fields as typified by

Fig. 11-18 give the net force on the plasma

column. The net force determined from the central

plasma trajectories of Fig. 11-18 is shown in

Fig. II-19. The net force in the horizontal plane

oscillates undamped about the equilibrium values.

These force analyses of discharges in the

helical discharge tube, with feedback stabili-

zation and without additional equilibrium trimming

fields, show that the net force on the plasma

column in the horizontal plane is oscillating

about the equilibrium value without an average

force imbalance in contrast to some of the earlier

results in the uniform toroidal discharge tube,

Fig. 11-10. The oscillations are believed to

derive from the 60 plasma oscillation or end

effects in the sector. A significant result in

these experiments is that plasma equilibrium is

achieved
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Figure 11-19
Average plasma trajectories (upper plot) on two
separate discharges in horizontal plane of central
region of sector and corresponding calculated net
forces (lower plot) on the plasma column on the
discharge of Fig. 11-19 (solid line).
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designed on the basis of UHD sharp-boundary

theory. Of course the plasma beta may be higher

than the 0.65 design value, which would reduce the

equilibrium fields required for equilibrium.

The Increase of the equilibrium F,,O force

noted above (section 3) and attributed to dis-

charge tube cleaning continued beyond the plasma

behavior characterized by Figs. 11-18 and -19.

After a few hundred additional discharges, the

plasma was terminated by an inward rather than an

outward motion of the column. This was

compensated by applying an S.2 trimming field

pulse which resulted in an outward force on the

plasma column.

F. EXCLUDED FLUX MEASUREMENTS

The excluded flux in adjacent land and groove

regions have been simultaneously meaaured for

shots with filling pressure in the range 5-40

mTorr. The data are shown in Fig. 11-20. Setting

up the optimum equilibrium at these different

pressures using trimming windings is difficult and

was not done so there was generally an early wall

hit. However previous experience indicates that

wall hits do not have a large effect on excluded

flux, and this is borne out by the general

similarity of this data to previous excluded flux

measurements without wall hits.9~1° A significant

feature of the data shown in Fig. 11-20 is that at

high filling pressures, a sinusoidal 60

oscillation is apparent. This iS direct

experimental evidence for the existence under some

conditions of such an oscillation. An oscillation

of ~o, if it occurs, would cause the F,,. toroidal

equilibrium force to be strongly time dependent.

For comparison with the data the excluded

flux has been calculated using the nonlinear

dynamic model [see section G.2] and the results

shown in Fig. II-21. In this model the excluded

flux is simply

‘$ex = ra2B - bin , (9)
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Figure 11-20
Plots of the magnetic flux excluded by the plasma
column measured simultaneously in adjacent land
and groove region at various initial deuterium
filling pressures: (a) P = 41 mTorr; (b) 21
mTorr; (c) 10 mTorr; and (dl 5 mTorr.

‘$.In = ma2Bo ~ . (lo)

where a is the plasma radius and B the magnetic

field at that z position, and @in is the constant

included flux,
Thus for B constant, the oscillations in included

flux are simply those of the plasma radius.
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Figure 11-21
Excluded flux calculated using the nonlinear
dynamic model for the indicated plasma betas in
land (L) and groove (G) region9.

The parameter values used were B. . 13 kG,

Bt=o/Bo = 0.147, h = 0.1 cm-l, VA = 15 cmlus, a =

1 cm, T . 2.5 !JSand B as indicated in Fig. 11-21.

The parameters VA, T, a, and 6 are not known well

and one can imagine adjusting these to achieve a

fit to the measured excluded flux, however, this

has not been done.

G. PROPAGATION OF m.1 WAVES

The propagation of an m.1 displacement of the

plasma column along the minor toroidal axis of the

Scyllao sector is of interest because of possible

limitations of the plasma confinement time in the

sector due to end effects. It ia known from

numerous experimental observations that the ends

of the sector behave quite differently than the

central sections. The end behavior is charac-

terized by large accelerations and displacements

with generally early wall hits. This is probably

the result of the abrupt transition from the

toroidal field geometry which results in a lack of

equilibrium in the end regions. The confinement

in the central region is likely to be limited by

the propagation time of these displacements to the

central region of the sector. The propagation

velocity of this wave thus becomes an important

factor for interpreting the results of the Scyllac

feedback stabilization experiments carried out in

a toroidal sector rather than a full torus.

In order to experimentallymeasure the propa-

gation of m.1 waves, a disturbance was launched in

the central region of the sector by locallY

accelerating the column in the vertical direction.

This was done by driving a single wavelength of

the k.2 equilibrium trimming coils. The “Jones”ll

circuits (cf. Sec. J 5) used to deliver the

current waveform shown in Fig. II-22. Different

wavelengtha were activated, and the resulting

displacements were observed with the feedback

position detector stations located at different

points along the sector. The vertical direction

for the launched m.1 wave was chosen to elimlnate

the additional complication due to imperfect
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Figure II-22
Waveform of the llJones!fCirCUft OUtpUt current

used to drive the 1=2 equilibrium trimming coils
in the m.1 wave propagation experiments.

Figure II-23
Schematic of the feedback sector showing the
location of the plasma position detectors and the
nomenclature of the trimming coil wavelengths.
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horizontal equilibrium. Figure II-23 shows the

relative location of the position detector

stations and the nomenclature of the trimming coil

wavelengths.

Position detector signals are routinely

recorded on biomations and the data transferred

after every shot to the disk of the SIGMA 2. This

information was then transferred via magnetic tape

to the PDP-10 which was used for the analysis.

To reduce the influence of shot-to-shot

variations in the experiment, the data were

collected in two sets with each aet composed of

several ahots. One of the acts included shots

without the localized vertical acceleration and

the other set of shots had the single 2.2

wavelength activated. The trajectories contained

within each set were then averaged. Figure 11-24

shows the comparison of the two seta of data as

observed at the five position detector stations

for wavea launched in the ‘Jn wavelength

(cf. Fig. II-23). The error bars on these figures

are the maximum deviations within the set from the

mean and represent the range of the data.

The small 6 sharp boundary model provides a

theoretical framework for the wave propagation ex-

periments. The equation of motion for m=1

displacements is the following:

2
a c + (2-6) vp-2 a2C
~

—-yoZg = f(t) 6(Z), (11)
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where f(t) is the force which is applied at z=O

and Y. Is the m=l, k.O instability growth rate.

‘e force ‘as ‘he F1,2 interference force produced

by driving a current in a one wavelength 2=2

winding. In terms of the applied .L=2field,

4 ‘nV*2 ~ Bt=l Bt=2(t)
f(t) ==_—-.

2-6 B. B.

I POSITION OETECTOR 3
t

-4 ! I I 1
,
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Figure II-24
Comparison of two se~s of data as observed at the
position detector station No. 3 for waves launched
in the J (No. 10) wavelength.

B1=2(G) = 0.8 a(cm) I(A)/rw(cm)2 ,

where I is the current in amperes.

The solution of Eq. (11) is as follows:12

t

E(z,t) =
/

G(z,t-tt) f(t’) dt’ , (13)

-m

where

.

G(z,t) ❑ e(t)
j

g Cos !?2s(t) ,

0

ainh Yt
s(t) =— ,k<kc

Y

sin ut
s(t) =— ,k>kc

u

The ~.2 field was produced by a four-wire winding

with radius rw . 5.8 cm and the magnitude of the

1.2 field in Gauss is given by

(12)

u= k2vA2(2-~) - yo2 ,

kc = Yo/vA WE .
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The theory of Grossmann and Tataronls’3

applies to m=l oscillations of a uniform plasma

column (without the k.O instability term) and

shows the existence of damping when the plasma

pressure profile is diffuse. For an oscillation

with wave number k there is an imaginary part of

the frequency which leads to damping . exp(-nkt)

with

,=,-2($(; -1) . (14)

(d)

-1
ao 2.5 5.0 7.s 10.012.515.017.020.0

TIME(/&S)

In this model the plasma pressure is assumed to be

constant out to a radius al and then to drop

linearly to =ero at a ‘adius %“ The observed

damping of the 1.1 oscillations (k.O.l cm-l, r z

2.5 Fs) determines ~ to be z 4 cmlvs, which from

Eq. (3) gives a2/al ~ 1.2. The dispersion

relation in the Grossmann-Tataronis theory is

quite complicated but if the unstable term is

added in a simple way it implies that there is no

damping of the unstable part of the spectrum.

Another, less physical, method of introducing

damping is to add a term -V330 2z3t to the left-

hand side of Eq. (11). This allows the effect of

damping on the entire spectrum to be calculated in

a straightforward way. The damping of the stable

part of the spectrum in this case is -

exp (-pk2t/2) and while the unstable growth rates

are reduced the critical wave number kc remains

exactly the same. The coefficient p is determined

phenomenologically from the observed dampfnK of

the %1 oscillations and has the value u = 80

cm2/pa. In Fig. II-25 are shown the differences

between the measured plasma trajectories with and

without the applied force. The errors bars

include the rms deviation of the data and an

estimate of absolute position detector accuracy.

Also plotted are the displacements calculated from

Eq. (12) assuming the following parameter values:

Bt.1/B. = 0.0946, h = 0.1 cm-l, B. = 13 kG, a = 1

cm, Y. = 0.3 IJs-’,VA = 20 cm/ps, and 8= 0.7.

There is no damping since the damping would

produce a hardly perceptible effect in Fig. II-25.

The effect of damping ie shown in Fig. II-26 which

has the same parameter values as Fig. II-25 excePt
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Figure II-25
Plots of the differences between the measured
plasma trajectories with and without the aoDlied
force and the calculated displacements tsolid
lines) at various distances, z, from the location

of the applied force: (a) z = 31 cm; (b) z = 94
cm; (c) 22o cm; and (d) z = 408 cm.

that Y. is zero and the damping factors ~ or P are

as shown. The damping actually reduces the

arrival time of the disturbance which in the

unstable case leads to a greater displacement with

damping than without. In general, the application

of a constant force to the end of the plasma
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Figure II-26
Effect of damping on the wave propagation is shown
for the indicated values of n and v with the same
parameter values as Fig. II-25 exceptyO . 0.

column produces at some location z, a pulse of

acceleration which in the damped case is smaller,

but arrives earlier.

The question of what effect propagation of

nonequillbrium forces from the ends has on feed-

back stabilization Is complicated because of the

nonlinear nature of the feedback system. The

simplest point of view is to assume that the

forces involved are much larger than the maximum

feedback force so that feedback has a negligible

effect and the situation is as already described.

The conclusion from this study is that forces

applied to the sector plasma at the ends do indeed

propagate and would appear in the center region as

additional nonequilibrium forces. The measured

propagation time over the 4-m distance from the

ends to the center of the !.1,0 sector is 17 PS k

2 !lS.

H. DIFFUSION

In Scyllac,

causes a loss of

a relatively small change in beta

MHD equilibrium. Beta (- nT) can

decrease in time owing to losses of particles (n)

or energy (T), either through the ends or

radially. Radial particle losses by resistive

diffusion are considered in this section. The

conclusion is that radial particle diffusion is a

significant effect for the derated experiments.

For Te . 100 eV and a plasma radius of 1 cm, the

time required for a 10$ decrease in beta is 11 US.

For the early stages of diffusion of an

equilibrium theta pinch the temperature can be

assumed constant in time and it will be assumed

constant in space as well. With constant tempera-

ture it can be shown that the following equation

descrLbes the diffusion process,

aB aB 1

m+ m (Bo2-B2)p

r

J

aB2
r— dr

at
0

B02-B2
la rq aB—. .

= B02+B2 r ar z“

The equilibrium condition,

B2 B02
nT+—=—
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(15)

(16)

holds at all times (neglecting small acceleration

terme) and this relates n to B. A completely

equivalent equation can be written for n instead

of B. Equation (15) is actually simpler than it

first appears since the integral term is small and

as a first approximation can be neglected.

In Eq. (15) the resistivity has the units

(length)2/time. The conversion for Gaussian cgs

or MKS units is a follows:

ri(cm2/ps). ?lCgs(see) 7.16 x 1013 ,

n(cm2/vs) . n~s (ohm-m) 7960 .

From Eq. (1!5) it is seen that if B is

measured in units of Bo’ r ‘n ‘nits ‘f a

characteristic length a, and t in units of a2/tl,

Eq. (15) assumes a universal form depending only

on the shape of B (or n or 6 ) as a function of r.

In Fig. II-27 are shown numerical solutions of

Eq. (15) for B profiles of the rigid rotor type

corresponding to various central beta values 6..

The rigid rotor profile14)15 is given by
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1/2
B=BO tanh ~ + tanh

;
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In Fig. II-28, are shown the times for 10%

and 25% loss of f3on axis for rigid rotor and
(17)

Gaussian (density) profiles versus 6.. It is

clear from these results that the basic resistive

time a2/n gives the time scale for high-beta

diffusion. Since the usually discussed low-beta

diffusion time (a2/n)(E2/p) vanishes in the high-

1.0. 1 t I 1 I , I 1 I
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Figure II-27
Graphs of calculated plasma beta profiles of the
rigid-rotor type corresponding to the indicated
central beta values so.
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Figure II-28
Plots of calculated timss for 10% and 25% 10SS of
plasma B on axis for rigid rotor and Gaussian
density profiles ~ ~o.
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beta limit (B+O) it is important to clarify this

point.

1. Classical Resistivity. The formulas for

the reslstivity will be given in Gaussian cgs

units. Classical resistivity is due to a drag on

the drifting, current carrying electrons due to

electron-ion Coulomb collisions. The resistlvity

is given by’6$’7

4 (2m me)l/2 e2 in A
n.

~ ~e312

q = 2.5 X 10-4
kn A/10 2

(Te/l keV)3/2 cm ‘Vs ,
(18)

EnA. 13.8 + log(Te/l keV)

0.5 log(ne/1016 CM-3) .

For the derated Scyllac sector experiment,

aasumhg Te . 120 eV the resistivity is 0.007

cm2/ps and the classical resistive diffusion time

for a = 1 cm is 140 us.

2. Anomalous Resistivitv.

Of the many possible microstabilities that might

be responsible for an anomalous resistivity in a

theta pinch, the general consensus at the present

time seems to be that the lower hybrid drift

instability is the most important. This Is an

unstable electrostatic oscillation of the plasma

driven by the diamagnetic drift of the ions. The

diamagnetic drift velocity is the fluid velocity

in a coordinate frame where the electric field is

zero,

1 a(nTi)

vDi =~~ “

The resistivity depends on the level of

fluctuating fields ultimately produced by the

instability, that is, the saturation level. The

calculation of Davidson and Gladd18 assumes the

maximum conceivable fluctuation level and results

in a very large resistivity, so large as to be

inconsistent with theta-pinch experiments. For

example for the conditions of the present derated

sector experiment, which happen to be very similar

to those of the Culham diffusion experimentlg the

resistlvity calculated using the Davidson-Gladd

formula is greater than 0.2 cm2/ps over the range

0.2 cm ~ r ~ 2 cm, which leads to a diffusion time

for a . 1 cm of less than 5 PS.

A model for the saturation process based on

the electrostatic trapping of Ions in the

potential well of the unstable wave20,21 gives

more reasonable diffusion times and is favored by

numerical simulation results.22 The resistivitY

for saturation due to ion trapping is given by

llancjm‘-(W3 (.c~iwz‘

(Ti/l keV)4

‘anom = 1.35 x 10-’5
(BJ1O kG)7(N/10’6 cm-3)

(19)

However,there is an uncertainty in the Ion trap-

ping saturation condition of a numerical factor of

about n. Unfortunately, in the resistivity,this

numerical factor enters as n 4 = 100. The more

pessimistic case has been assumed and the

resistivity would be 100 times less in the

optimistic case.

In Fig. II-29 are shown B profiles versus

time for the conditions of the present derated

sector experiment and the Scyllac full torus
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Figure II-29
Graphs of calculated plasma 6 profiles M times
for the parameter of the derated feedback sector
experiment (upper plot) end the Scyllac full torus
experiment (lower plOt).

experiment. The central 6 is 1 since this was the

caee for both experiments at hz = n (groove).

Diffusion of the central plasma calculated using

the sum of anomalous and classical reslstivlty is

about the same as for classical reslstlvity alone.

This Is somewhat surprising since in Fig. 11-30 it

is shown that the actual anomalous reslstlvity can

be ordera of magnitude greater than classical.

However, the large anomalous resistivity occurs

only in the outer plasma region and in fact the

only reason it remains finite is that a minimum

density (- 1% of the central density) was assumed

outside the main column. The anomalous

reaistivity has a tendency to decrease with time

eince plasma moves to the outer region and thereby

decreases ~ ~ . This seems to be the main effect

of the anomalous resistivity given by Eq. (19),

CLASSICAL+ ANOMALOUS
RESISTIVITY

— t=o

LO :

Bo=17kG
TO=Ti=lOOeV }

Ici’~

102—

7

10’ 1 1 I 1 i I 1 1 1
0 I 2

r (cm)

Figure 11-30
Plots of the calculated sum of anomalous and
classical resistl.vityfor the parameters of the
feedback sector and full torus experiments. The

large anomalous resistivity occurs only outside
the main plasma column where a density of - 1% of
the central column was assumed.

namely, to cause formation of a low-density halo

surrounding the main plasma column.

3. Resietive TearinE Moales. Since in some

of the feedback sector experiments a reveree

magnetic bias field has been used, an estimate Of

the growth rate of the resistive tearing mode is

of interest. The growth rate is approximately

given by23

26



(20)

with

()
an 1/4
—— <ka <l,
VA a2

where VA is the Alfven velocity, and k is the

wave number of the mode in the z direction. Using

parameter values for the sector feedback ex-

periment, a/vA . 0.1 Ps, a2/n . 140 us, the growth

rate is 0.13 !.s/(ka)2’5. The minimum permissible

k for a . 1 cm is 0.16 cm-l, thus Ymax - 0.3 VS-l.

This growth rate is approximately equal to that of

the ml, k.O instability, so if this mode actually

occurs it would have an important effect.

4. Effeet of Diffusion on Exeluded Flux.

Using the solutions of Eq. (15) shown in

Fig. II-27, it is possible to calculate the

excluded flux as a function of time. This is done

to see if resistive diffusion can account for the

decrease of excluded flux observed experimentally

in the groove region. Surprisingly the flux

through an area larger than and including the

plasma is found to be an approximate constant of

the motion.

Excluded flux through a

given by

00P of radius R is

‘$ex =Jo (BO-B) 2xrdr

where B(r,t)

Eq. (11). In

to the value

is the magnetic field solution of

Fig. 11-31 this quantity, normalized

at t=O is plotted as a function of

time. The radius R is 2 cm and the initial

central beta is 0.7. The pressure profiles as a

function of time are as shown in Fig. II-27.

Figure 11-31 shows that the decrease in excluded

flux is quite small, only 6% after one

characteristic diffusion time. Thus resistive

diffusion cannot explain the large decreases in

excluded flux observed in the groove region.

0.5
TlME(02/q)

Figure 11-31

I .0

Calculated magnetic flux excluded by the plasma
column as a function of time.

I. SCYLLAC MAGNETOHYDRODYNAMICS

1. Calculafiions Usinu the Small 6 Dvnamic

M@!21, In the approximation that the plasma shape

is nearly cylindrical (small 6’s) and that the

plasma pressure is nearly constant (sharp-

boundary), a fairly simple set of differential

equations completely describing the motion exist.8

A computer code using this model, which also

incorporates a time varying $, has been written.

The changes in 8 are attributed to: 1) a decrease

of the main B= magnetic field; 2) a decrease in

temperature; and 3) particle diffusion, using a

separate characteristic time for each of these

processes. The decrease in the main field

actually increases B, while the other processes

decrease it. The plasma radius was also allowed

to vary, in response to the change in magnetic

field and temperature, but for ha small, as is the

case, changes in radius have practically no

effect.

The object of these calculations was first to

attempt to reproduce the characteristic in-out

trajectories observed in the experiment and second

to estimate the longest confinement time with

feedback to be reasonably expected given the known

mechanisms for a decrease of 6. The results are

inconclusive on the first point and on the second,
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30 us seems to be about the confinement time limit

without the use of auxiliary equilibrium trimming

fields.

The model assumed very simple initial

conditions with the plasma a stationary column In

the center of the discharge tube.at the initial

time. This corresponds to idealizing the

implosion-compressionas being instantaneous while

in fact it takes several microseconds. The effect

of m=O, k.O transients that would be excited is

also neglected. The data seem to indicate that

the tiplosion compression reduces the outward ml,

k.O motion that the model predicts during this

initial period.

In Fig. II-32 are shown calculated ml, k.O

trajectories and accelerations for the conditions

of the uniform discharge tube experiments without

auxiliary fields. The parameters used in the cal-

culatl.onswere as follows: B. = 17 kG, BE=OIBO =

0.147, B&l/Bo . 0.0946, ne = 2 x 1016 cm-3, a = 1

-1cm, h = 0.1 cm , R . 400 cm, and Yad = 5/3. The

t, and to oscillations were assumed to have

exponential damping with characteristic times ‘i =

3 us and To . 5.6 Ps, with the first time fairly

well determined by the data, but the second

i’
-3

a.a 25 sa 7.8 n.o 12s ha 17.5za.a
TINE(/ts)

I.a
:
->*as
~

y -05

8
~ +.a

0.0 2.5 5.0 7.5 Ia.o 125 ma 17.5 za.a
TIME [fts)

Figure II-32
Calculated plasma trajectories and accelerations
for the conditions of the uniform discharge tube
experiments without auxiliary fields.

unfortunately not. The I/e time for decrease Of

the main field was taken as 190 pa and that for

the temperature 100 pa, determined by a crude fit

to Thomson scattering data having only a few

points at later times and these with a large

spread. The diffusion time was assumed to be 60

pa corresponding to classical diffusion with Zeff

. 1 and Te . 70 eV, somewhat lower than the

measured temperatures of 100-120 eV so as to

overestimate the diffusion if it is purely

classical. The remaining parameter 6 was adjusted

to give the longest confinement time. Three 6

values near the optimum are shown in Fig. II-32.

The values of $ necessary for long confine-

ment times using this model are greater than the $

limit given by pressure balance without curvature

effects, fimax= (l-BL=o/Bo)2 = 0.73. However for

small changes in near 1, of most importance is

the changein 6., since 60 and not 6 directlY

affects the body force on the plasma. In the

nonlinear theorY, do becomes very large as 6 +

Bmax just as It does in the linear approximation

as 6 + 1. Thus it is reasonable in a linear model

to allow any B up to 1. This is taken up in more

detail in subsequent sections that discuss the

nonlinear MHD theory for the L=O case.

In Fig. II-33 are shown graphs of calculated

plasma trajectories with feedback but otherwise

,.L

\

lp = 0.82

-3~
o 5 10 15 20 25 30

TIME(~S)

Figure II-33
Graphs of calculated plasma trajectories with
feedback stabilization for the conditions of the
uniform discharge tube experiments.
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under the same conditions as in Fig. II-32. The

delay time and the maximum feedback field give YT

= 0.3 and &ax . 1.5 cm, approximately the

experhental values. The position and velocity

gains were roughly optimum, a . 1.5, Tl = 2.3 T.

The feedback system was turned on at 4 PS and

no additional programmed fields were used. The

turn–on time has an important effect. Obviously

too late a time does not allow for much improve-

ment using feedback and surprisingly, too early a

time also is not optimum. For example turning on

the feedback system at t.O leads to tracking of

the ~=0 force transient and an actual shortening

of the confinement time.

As usual, with complicated numerical calcula-

tions having many poorly determined parameters, it

is mainly a guess whether or not the calculation

corresponds to reality. There is an in-out

behavior of the calculated trajectories for 6 =

0.8 in Fig. II-32 in quite good agreement except

for an overall outward shift with observed trajec-

tories. hoh’ever,it is believed that too delicate

a balance of large unstable forces is required in

the model for it to be precisely the in-out effect

observed in the experiment. The real physics

probably involves a suppression of the initial

outward force transient, smaller unstable forces,

a more precipitous loss of equilibrium involving a

decrease of 60 in addition to that caused by

decrease of e, as suggested by excluded flux

measurements, and propagating end effects.

?. Nonlinear !2.0Mafmetohvdrodvnamicg.

~ The equilibrium of a

constant pressure theta-pinch plasma column in the

presence of a long wavelength 9,=0 field can be

calculated quite easily without assuming the

plasma deformation is small. The pressure balance

condition is

f3B02 Bout2 Bin2
P. —. —- —,

2 2 2
(21)

where Bout is the external bumpy field, Bout . B.

+B &O COS hz, and Bin> the mgnetic field inside
the plasma, is determined by flux conservation,

Here

beta

B. r2 = BO(l-!30)1’2a2 .In (22)

it iS necessary to distinguish 6., the plasma

before application of BA=O, from f3,the final

equilibrium beta. Finally there is the adiabatic

law, since it is necessary to allow for an overall

expansion of the plasma,

(23)

where

v=
J

wr2dz ,

and

V. . ~a2L .

If we imagine applying an .0 field to a straight

plasma column with radius a, in a field Bo, with

initial pressure oBo2/2, Eqs. (21) and (22)

determine the plasma shape,

r=
1 - 6i 1/4

(-) 1

B
a.

out 2

BO-6

(24)

The final beta value is obtained using Eq. (23)

(25)

which must be solved in conjunction with Eq. (24).

This can be done by calculating Eqs. (24) and (25)

for a sequence of decreasing f3’s start”ng very
dout 2

near the maximum permissible value 6 . —
B. “min

The radius as a function of z starts out with a

large bulge occurring where (Bout/Bo)2 z 6 and a

large total volume. As 6 decreases Eq. (25) is

eventually satisfied for some B < 130.
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In Fig. II-34 are shown examples of the is given by r . R(z,t). To relate R to Vz the

plasma equilibrium shape for B&O/BO . 0.147, h . incompressibilitycondition V “ v = O is used,

0.1 cm-l, a = 1 cm, Y= 5/3, and the 6 values as

indicated. The 60 values were 0.6, 0.7, 0.8, and

0.9.
av

A local bulging out of plasma in the minimum
~$(rvr)+*’O .

magnetic field region (groove) results when B is

near its limiting value. This is probably

undesirable because it enhances the unfavorable This is integrated over r from r = O to r . R to

curvature in this region. It is possible to obtain

speculate that this may be related to the decrease

in excluded flux observed in the groove but not

the land regions. R2 a ‘Z
Rvr. -T———— ,

b. Dvna In the case of incompres-
az

mics<

sible flow, a simple dynamic theory of plasma

motion in a long wavelength bumpy

constructed without using the small

The z- component of Euler’s equation

field can be aR aR
which together with ~ Vr - ~ Vz gives the

6 assumption. result

is

av~
L ap

(

1 a Bout2 a ‘in2
—= -—-
at

)

(26)
az .2~—— ‘az

where

Bin2 = B02(1-6) (a/R)4

from flux conservation. The shape of the plasma

3

2

I
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L
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z(2dh)

Figure II-34
Plots of the calculated plasma equilibrium shape
for various values of the plasma beta with the

~~d~~ ‘ector ‘alues of ‘&O/B. . (I.147 end h .
. .

aR R avZ aR
—=- .—. —
at 2 az az Vz “ (2,7)

Equations (26) and (27) can be solved

numerically and the results are given in

Fig. II-35 for Bt=o/Bo = 0.147, B= 0.7, VA = 18

cm/us, h

(a)

❑ 0.1 cm-l and a . 1 cm. An additional

‘w
:~
0.0 0.2 0.4 0.6 0.8 1.0

z(zwhl

!I

3
s
n 0.6.-

r

o.o~
0.0 0.2 0.4 0.6 0.8 Lo

Z12r/hl

Figure II-35
Graphs of the calculated, 60 plasma shape as it
approaches equillbriun! for the feedback sector
parameters.
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term - P vz/~ with T = 2.5 us has been added to

the right-hand side of Eq. (26) to provide

damping. With damping the solution R(z,t) of

Eqs. (26) and (28) becomes constant as t +M and

agrees with the equilibrium solution discussed in

the previous section if in the equilibrium

solution ~o ‘s identified with the present

quantity s and y+ -.

The nonlinear 9,.0 theory accounts for the

aPParent overloading of the groove regions with

plasma observed in the experiment. In Fig. II-36

are shown measured values of line density at two

times for an initial filling pressure of 19 mTorr.

The measured line density at 5 ps is about twice

the value predicted by small 6 equilibrium theory

and to explain the line density in the groove

using Small 6 theory would require so z 1, which

implies a total squeezing off of the land region.

The plasma shape R(z,t) can be Fourier

analyzed to obtain an equivalent ~o(t), the

quantity that enters into the F,,. interference

force. This is plotted in Fig. II-37 (actually

-60 is plotted), which shows a behavior quite

similar to that obtained from the linear model

HF INTERFEROMETER

(

1

/
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Figure II-36
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Figure II-37
(a) Plot of to(t) obtained from a Fourier
analysis of the plasma shape R(z,t). (b) Plot of
the variation in F, o owing to the ~. oscillation
(dashed lines) compared with the measured force
derived from the plasma trajectories (solid line).

where 60 undergoes a simple damped sinusoidal

oscillation. me Fl,o force is given by

%.0 Bt=l
F,,o. nBo2ha2LF —

o B.

[
1

ha ~1 60
‘~ Btil/Bo + BE=OIBO1— . (28)

So that for C$l= Bt=l/[ha Bo(l-8/2)] ,

1-$ 60
Fl,o -m+ B@o/Bo “

(29)

The variation in F,,. due to the 80 oscillation is

plotted in Fig. II-37(b). This is remarkably
Is

similar in shape to the measured force obtained by

computing the acceleration of the plasma trajec-

Measured values of the Dlasma line densitv in a tories.

groove region at two times for an initial ;Illing
pressure of 19 mTorr compared with theory.
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J. SCXLLAC FEEDBACK SYSTEM DEVELOPMENT

J. Feedback Power Modules. The modified

Scyllac Feedback System has been in full operation

on the sector experiment for the past year. Due

to the addition of a fourth vacuum tube stage in

the power amplifier, the system reliability has

been greatly improved. There have been no

transistor and few vacuum tube failures during

1976. The major problem that has existed from the

development period ia the arcing of the power

amplifier output tube due to the intense, local

surface heating of the anode that occurs with

operation in the unique feedback system appli-

cation. This difficulty is reduced by ti -

exercising of the smplifiera and by operating at

less than maximum levels of plate voltage and

current. During the year the system was operated

at high filament power for 84 hours during which

there were about 1200 Scyllac feedback shots and

84 module failures. About 30$ of these failures

resulted from loss of cathode emission of the

amplifier output tube; the rest were mainly

component faults owing to external arcs in the

confined module space where voltages to 120 kV

were produced. A recent addition of silicon

carbide variators between the output tube anodes

has reduced the external arc probability by about

a factor of three without affecting output current

riaetime.

?. New Feedback pOS ition Detectora. A sig-

nificant improvement in the feedback system

accuracy and capability was the change in plasma

position detectors to the 16-element quasi-

quantized type that is sensitive only to the

position of the most Intense portion of the plasma

luminosity. The previous plasma position detector

suffered from variation in sensitivity and loss of

accuracy owing to variations in the plasma

background light. Figure II-38 shows the

comparison of the detector output as compared with

that from the 20-channel luminosity device for two

different levels of plaama light. A beam splitter

was used so that both devices viewed the same

plasma light. Differences between the two methods

are due to the fact that the luminosity radius is

the center of a computer Gaussian fit to the lumi-

nosity data that is not always symmetrical. A

third generation OC 16-element position detectors
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Figure II-38
Comparison of the output from the feedback
position detectors with that from the 20-channel
luminosity device for two different levels of
plasma light.

is being fabricated that incorporates an automatic

gain control to improve sensitivity. The present

system requires constant operation monitoring of

the detector to ensure that the plasma light level

variation falls within a window whose upper and

lower bounds are about a factor of 1.5 above and

below the optimum level. In addition, tha new

system will provide a signal approximately

proportional to the plasma radius for diagnostic

of the plasma column.

3. New Feedback SiRnal Processor-Analvzer.

The last major alteration to the feedback system

is replacement of the intermediate amplifier that

processes the detector eignals and distributes

them to the power amplifier modules. At present

the system consists of 10 independent (five for

each coordinate) units connecting the 10 detectore

to a like number of groups of modules, a grose

approximation to the actual z-dependence of plasma

position. Each intermediate amplifier has a

switch for programmed closure of the feedback



loop, a differentiation for introducing damping,

and means for remote control of gain and damping.

The new system consists of a single chassis with

provisions for up to 22 detector signal inputs to

compute up to 9 axial modes for each coordinate.

Each module will be driven by a summing amplifier

that reconstructs from the mode signals the

weighted mode sum that represents the actual

plasma position corresponding to the z position of

the driven f..2 coil. There are independent

controls for gain and damping for each mode.

Since with the 9.=1,2equilibri~ configuration the

position detectors will view horizontal and

vertical motion whereas the L-2 force coordinates

are 45° to the vertical, the independent module

amplifier will also perform a coordinate rotation.

A feedback loop closing switch is provided in the

mode analyzing amplifiers, also included in the

system is a built-in test signal generator to

simulate detection signals for testing the mode

analyzers and module drivers. Signal delay time

should be about the same as for the present.

system, the amplifiers are faster but the signal

paths are longer.

4. Other I)SWS1ODment Items. There were

several areas of development related to feedback

carried out by feedback personnel during the year.

An energy conserving pulsed feedback system using

fast switching silicon controlled rectifiers was

investigated. Such a system using presently

available components would be appreciably more

expensive than that of the present vacuum tube

type but would offer the considerable advantages

of greater feedback force, greater reliability and

essentially zero power consumption. Evaluation of

the power amplifier modules for possible use as

driving sources for 12 currents, traveling wave

mirrors, etc., was carried sufficiently to indi-

cate that with some modification a module could

provide 500 A at 25 kV over the frequency range

from 0.3 to 1.5 hHz. Construction was begun on a

100-Mlz, I-MW pulsed, ~-kii (X power oscillator ~or

preionization sndlor plasma tube cleaning.

5. Equilibrium Trimming Circuit. A system

was designed and fabricated to drive .%yllac !Z.2

equilibrium trimming windings. This system

employs a l!Jones!r circuitll to provide a CUrrent

step of up to 7 kA to 4 series 1.2 windinga with a

wave shape having a quarter-cycle sine wave rise-

time of 7 ps followed by a variable rise or fall

of current of almost constant slope (t 10%) for 50

us. To obtain a wide range of amplitudes, one

vacuum gap and two ignitrons are used. For

accurate control and reproducibility of the wave

shape, separately controlled vacuum tube voltage

regulators with constant current charging are

used: one 50 kV at 5 mA and one 12 kV at 100 mA

per circuit. The simplified circuit is shown in

Fig. 11-39 where S1 is an ignitron triggered by a

maater firing set; S2 is an ignitron fired by S3;

S3 is a GE vacuum gap triggered by a Scyllac 8-kV

pulser; Cl is 180 PF at 10 kV; C2 ia 1.8 UF at 60

kV; L1 is 25 uH; and L2 is the !2.2trimming coil

load of about 16 PH. Figure II-39 shows some

possible wave shapes where S3 is fired 160 l.IS

after S1 and V(C2) is varied from 20 to 40 kV.

Fifteen units were constructed.

IEi4—

-H-5ps

m
II

4 I-IO*S

Figure II-39
Schematic diagram of !!Jones!! circuit connected tO

!2.2 trimming coils and waveforms of the current
produced in the trimming coils.
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K. PREPARATIONS FOR !=1,2 EQUILIBRIUM EXPERI-

MENTS

An L.1,2 equilibrium configuration has been

designed and fabricated for the Scyllac Feedback

Sector. This design uses a large helical plasma

distortion, ‘$1 - 3, fn combination with a 62

plasma distortion, which is produced by a rotating

quadruple field (!.2), to achieve high-beta

toroidal equilibrium. This equilibrium configu-

ration has the following advantages: (1) It

eliminates the bumpy 60 plasma distortion and its

transient effects, which have contributed to

equilibrium difficulties in the L=l,O experiments.

in addition 60 produces a nonsinusoidal asYmmetrY

in the relative plasma cross sections which

appears to produce undesirable effects including

the 60 transient oscillations and an anomally in

the magnetic flux excluded by the plasma column;

(2) The equilibrium is independent of the 62

plaema distortion and has a weaker dependence on

the plasma beta; and; (3) The parameters of the

plaema colunm such a~ plasma beta and density will

be uniform along the column.

In addition, the larger 61 has significant

advantages In the stabilization of the m=l insta-

bility. In feedback stabilization, the larger 61

reduces the growth rate of the m.1 instability and

thereby relaxes both the delay-risetime

requirement and the magnitude of the feedback

field. The required feedback field is further

reduced since it also depends inversely on 61.

The utilization of the larger helical plasma

distortions 61 requires the use of a helically

shaped discharge tube in order to set up the

toroidal plasma equilibrium and maintain an

appropriate region between the plasma column and

the tube wall. The present quartz forming device

(cf. section C.?) with minor ❑edifications has

the capability for producing a tube with a larger

helical radius.

of the !t=l.2EauilIbrium

~atlon. The design of an &l,2 equilibrium

field configuration was based on MHD sharp-

boundary theory. Theoretical work by Barnes and

Brackbill at LASL and by Betancourt and Garabedian

at NYU on diffuse-profile equilibria for Scyllac

indicate that the sharp-boundary description gives

equilibrium fields which are low by 605 in the

34

case of the !.1,0 configuration and 20$ for the

L=1,2 system. However, at the time this design

was carried out there were unresolved questions in

the diffuse profile theory concerning the t.l,?

configuration. Therefore, since the diffuse-

profile correction for the Q.1,2 system was =all

and equilibrium trimming fields were planned, the

design proceeded on the basis of sharp-boundary

theory.

In the sharp-boundary theory of an !.1,2

equilibrium configuration, the L=2 field produces

an elliptical plasma distortion,

62 . BL=2/ha(l-B/2)B,

and the 2=1 field a helical distortion,

61 = B1_l/ha(l-6/2)B,

which results in a z-independent equilibrating

force,

‘1,2 = 6(1-6/2) B2h2a3 6162/4 . (32)

Equating this F, ~ force to the outward toroidal

force, ‘R . f3B’2a2/4R,gives the equilibrium

condition

The

6162 ~ l/(1-B/2) h2aR .

growth rate of the m=l instability is

Y2 -
222h2vA2[Rl(!3)ha 61 + g2(S)6221,

where

g,(b) = !3(4-3B)(2-f3)/8(1-f3)

and

132(s)❑ (1-13/2).

( 30)

(31)

(33)

given by

(34)



The equilibrium parameters for the 9..1,2con-

figuration were determined as follows. A 61

plasma distortion of approximately three is

assumed and the growth rate of the m=l instability

is minimized with respect to h, the 1=1,2

wave number, and the 62 plasma distortion. The

minimization procedure gives

()g2 1/6
h=

1
~

(35)
(1-5/2)1’3 (&1a)2’3 R1’3

and

62 = 1

(1-fV2) h2R61a “
(36)

From a practical viewpoint, it is desirable

for the wavelength of the L.1,2 configuration to

be an integral number of the arc length of the

existing compression coil sections. These

considerations result in the following discrete

E=1,2 wavelengths of interest: Al z = 83.776 cm, h

. 0.0750 cm-l; 1, z = 10U.72O cm; h = 0.060 cm-’;
-1and Al z = 125.664 cm, h = 0.050 Cm . Since the

P
wavelength choice as well as the wave number h are

being limited, Eq. [6) is solved for ~la,

() 1/4
$a . -2_ 1

2s31
(37)

(1-8/2)1/2h3/2 ~1/2 “

Figure 11-40 graphs the growth rate of the

m=1 instability as a function of the helical

plasma distortion, 61, for various values of h

computed from Eqs. (34), (37), and (38). An

Alfven speed of 20 cmlps and a plaama beta of 0.6

are assumed. Considering the discrete values of h

above and the desired 61 value of approximately

three, the m=l growth rate is a minimum for h =

o.(I6 cm-l, Fig. 11-42. These considerations

combined with the projected plasma parameters,

particularly the plasma beta, and the planned use

of 8=2 equilibrium trimming fields resulted in the

selection of the following equilibrium design

OPERATING POINT>
8,.3.1s7
82.0.314

- DESIGN LIMIT OFx
k I OUARTZ-FORMINQg

MACHINE
~

o
0 1.0 2,0 30

0.075cm+

h.0.06 cm+

B .0.6
0. LOcm

4.0 3.0 60

HELICAL PLASMA DISTORTION: 81

Figure 11-40
Grapha of the growth rates of the m=l instability
as a function of the helical plasma distortion 61
for various values of the 1.1,2 wavenumber h.

parameters: h = 0.06 cm-l; B= 0.6; 61a = 3.157

of the objectives in this design is to be

achieve plasma equilibria over a wide

plasma beta values through the use oft.2

fields. Computing ~la from Eq. (31) with

cm; 62a = 0.314 cm; Btil/B . 0.1326; and Bi=2/B =

0.0132.

One

able to

range of

trimming

Bg=l/B fixed above, 62 from the equilibrium

condition, Eq. (33), and the B1=2 equilibrium

field from Eq. (30), Table 11-11 gives the

expected working range of the parameters for this

1=1,2 design with a possible limitation on

achieving the higher plasma beta values. The

feedback field required for stabilizing the m=l

mode is calculated from BF~=2 = (YIVA)2 C B/f3h61,

where < is the displacement from equilibrium and B

is the magnitude of the main toroidal field. POr

the Table 11-11 computation, ~=1 cm and B=15 kG.

7. comD resaion Coil w thi !t=l.2Flux Surface.

The inner surface of the compression coil is

machined to coincide with an !.1,2 magnetic flux

surface to generate the t.1 and k.2 equilibrium

fields.

An approximate analytic solution for the coil

flux surface has been determined following the

procedure used by Ueitzner for an !=1,0 system.24

In the case of the t.1,2 system it is necessary to

retain both L.1 and t=2 fields to zeroth order in

an expansion solution of B . v+ . 0, since the

amplitude of the &.2 field required for toroidal
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TAELE II-II

PARAMETERS FOR ‘IHESELECTED L=1,2 CONFIGURATION

~ Cld 9A!i Q& o_J 024

~la (cm) 2.762 2.947 3.157 3.400 3.683

62 0.314 0.314 0.314 0.314 0.314

~t.2/Bo 0.01508 0.01414 0.01320 0.01225 0.01131

Y (MHz) 0.245 0.273 0.299 0.328 0.368

BL=2(G) 34.1 31.5 29.6 28.3 28.8

I ‘1=1 ‘~=2’ r2 ~os(3e-2ha) ,
-.— ——
ha B. B. 2

rw

equilibrium near the minor axis is on the same

order as the A=l field at the position of the

compression coil surface. For a magnetic field

system consisting of !3=1, !2=2, vertical and

E.3/m=2 fields in addition to the main field, Bo,

the fields and flux function as determined from
where rw is the average radius of the inside of

the expansion solution to B “ V@ . 0 are given by
the compression coil.

(h<< 1), The amplitude of the vertical field given

above, (l/ha) BE=lIBO Bt=21Bo, for a sYstem with

IT= B07Z+V$ (38) ~1 = 3.157, 62 = 0.314, B = 0.6, A = 104.72 cm,

$=-J-

Bk2

+ B.

and a = 1.0 cm is calculated to be 0.029. This is

to be compared with the value determined by

Bl=l ‘L=2 r sine + ~ utilizing the flux surface program of 0.03. The
——
B. B. B.

r sin(e-hz)
vertical field amplitude is determined by the

beating of the !L.1and 1=2 fields. The E.3/m.2

component is added to beat againat the !.2 field

r2
sln(2%hz) to counteract the vertical field beating against

% the !=2 field. The amplitude of the k=3/m=2 field

zrs ‘L=l ‘A=2 ..— sln(30-2hz) ,
3rw2 ha ‘o ‘o

and

1 B&l BI.2$=$; -———
ha B. B.

cos(2&hz)

Bk=1 BL=.2
‘~

Cos(e-hz) = :—
ha B.

cos(2&hz)

is - 2 times the amplitude of the vertical field

at the mean coil radius. At the location of the

plasma, r - 1.0 cm, the amplitude of the required

L.3/m.2 component is a factor of - (a/b)2 smaller

than the vertical field. The amplitude of the

9..3/m.2component will therefore be - 0.no06 B. at

r . a and should be negligible.

The flux function given above checks approx-

imately with an analytic expression for a rotating

displaced ellipse with dimensions given in

Fig. 11-41.

A new computer code utilizing the above

equations for the magnetic fields and many of the

techniques of the original L=l,O code has been

written to compute the magnetic flux surfaces of

the 8.1,2 configuration. The flow diagram for the

code is given in Fig. II-42. The flux surface
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Figure 11-41
(A)~=1,2 elliptical flux surface profile at
Z = 0.3 h (hz=o.6 m). (B) Location of origin and
orientation of axes of the k+l,2 rotating ellipti-
cal flux surface.

I k= O, 1, 2 system parameters 1
*

I Azimuthal flux surfaces in torroidal coordinates 1
t

[ Use of swn etry to create denser data I
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rrays regularized in cylindrical coordinates
\

Transformation to 2.5 cm ball end mill center I
/

I Regularize in end mill coordinates J

Figure II-42
Flow diagram of computer code to generate tape
mill instructions for fabricating Scyllac coil
mandrels.

output data from the 76OO was transformed to

produce the tape drives for controlling a three-

dimensional milling machine. The mill produced

mandrels of the coil flux surface which were used

with a hydraulic profile-tracer arrangement on a

lathe to machine the inner surface of the

single-turn compression coils. Figure II-43 is a

photograph of a section of the new coil. A

typical coil cross section is shown in Fig. II-44

with the helical quartz tube, tube support.,and

f,=2windings.

The primary field components of the new 1.1,2

coils have been measured with single wavelength

!2=1,9..2,end vertical-field probe coils wound on

a section of a toroidal discharge tube. The

measured values agree with the design values to

within the measurement error.

3. Status of the !2=1.2Feedback Sector. The

plans for the modification of the 1=1,0 feedback

sector to the !2=1,2configuration have been worked

out in detail. During the changeover the arc

length of the feedback sector will be increased by

40% from 8.4 to 11.7 m through the addition of two

energy storage racks. The modifications will

begin as soon as the present i.1,0 experiments are

completed.

The fabrication of the !L=1,2 compression

coils have been completed. The quartz-forming
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Figure II-43
Photograph of the !=1,2 flux surface machined in
the Scyllac compression coils.
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Figure 11-44
Compression coil cross-section showing the inner
bore shaped to an k?.1,2flux surface. The helical
qusrtz discharge tube and its support, L.2 feed-
back and trimming windings, and vertical field
windings are also shown.

device has been modified and helical quartz

discharge tubes fabricated with a helix radius of

3 cm for the L.1,2 configuration. The t=l,2

sector is being assembled off the Scyllac sector

in order to fit the discharge tubes into the

sector and wind the !.2 feedback and equilibrium

trlmmlng windings directly on the discharge tube.

L. SIMILARITY BETWEEN WALL STABILIZATION AND !2=2

FEEDBACK

It has been postulated that wall stabiliza-

tion is similar to !Z.2 feedback. The following

gives a relatively quick demonstration of the 9.=2

nature of WS1l stabilization. Consider a straight

1.1 system with a plasma centered in a coil. The

fields

E

o

of this system

=Bo [~z+v$]

are given by (hr << 1)

1- (ha)2 !3/2 sin(f3-hz)

(1-!3/2)hr h“

If the plasma column is displaced transversely by

Xo, the column sees the compression field as a

combination of 1=1,0 and two fields

rsino =r~ sine! +X. ; rcose = r! COSO t

Jj=l

[

hr, ain(et-hz) h X. sin hz
$(r’ ,0’) =—

B. h- h

h X.
+~ (hrI)2 ‘in(2~’-hZ) + ....

1+ reaction terms in displaced system .

The 1=0 and E=2 fields seen by the displaced

column can be shown to lead to the m.1 instabil-

ity. The reaction term for the t.1 field

unchanged in amplitude (since the 9.=1field in

displaced system has the original amplitude).

fields of the displaced, helical plasma column

given by the following potential including the

reaction term

- (ha)2 (!3/2)sln(f3’-hz)
(1-B/2) hr’

+ 1=0 and 9.=2reaction terms due

1to displacement .

is

the

The

are

1=1

The In(hr) fields have been reexpressed in terms

of the r,8 (undisplaced) coordinate system.

Fields derived from the above expression do not

completely match the boundary condition at the

compression coil surface (B.n = O). Transforming

the 2=1 reaction term to the r,e coordinates
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- (ha)2 6/2 sin(e-hz) h ‘o sin(2e-hz)

(1-6/2) hr h ‘—(hr)2 h

(ha)2 6/2

(1-f3/2
+ 1.0 and E.2 reaction terms

1
dueto displacement .

The first two terms are the original !=1 field

which satisfies B-n . 0 at the compression coil

surface. The third term is an %.2 term which must

satisfy Ben . 0 at the coil surface by the

addition of a second-order reaction term of the

form

‘g=2‘2 sin(20 hz)A+=——
B. 2a - “

For a nearly circular compression coil surface,

the normal is approximately a unit vector in the

radial direction. B-n . 0 means that the radial

reaction field (L.2 component) must be matched by

the radial component 6r (A+) at r.b. Therefore

%.2 a—= -.
B. b

=- 2

The F1,2 force

reaction field

2hxo_ (ha)2 6/2 ‘!.1
hb3 1-8/2 B.

on the plasma

from the wall

column due to

is given by

the E .2

h2a36162 ha261
F1,2 = S(1-8/2) B: ~ = !3B~r

The

the

Bk2 - ~

()

6; z2 a4(ha)2TBoxo -—.
B. F

equation of motion therefore includes terms of

form

2=+=%D+-]-
This is the standard wall stabilization term aa

given by sharp-boundary theory. The 9..2 surface

current in the nearly cylindrical surface is given

by

K

()

s

–()–

‘L=l ~x a 2 6/2

~t=2=2 B. o~ l-13/2
coa(29-hz)

[1212
—-
hb ‘e “

Currents of this form end the corresponding form

for a ‘Y” displacement should not be disturbed by

flux conserves, etc., if wall stabilization is to

be effective.
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III. STAGED THETA-PINCH PROGRAM

K. S. Thomas, W. H. Borkenhagen, C. J. Buchenauer, D. L. Call,
J. N. Downing, C. F. Hammer, A. R. Jacobson, R. K. Linford,

E. M. Little, D. A. Platts, and E. G. Sherwood

A. INTRODUCTION

Previous theta pinches have performed initial

implosion heating of the ions and subsequent

adiabatic compression with a single capacitor bank

power supply. Projected theta-pinch feasibility

experiments and fusion reactors, however, will

require separation of the two functions to achieve

greater implosion heating and less adiabatic

compression. The Staged Theta-Pinch program is

designed to study the technological and physics

problems associated with separating the two

functions.

The principal experiment in the program is

the 4.5-m-long linear Staged Theta Pinch (STP).

The experiment uses a low-energy, high-voltage

capacitor bank (PFN I) to produce the Plasma and a

lower voltage, higher energy capacitor bank to

provide a variable amount of adiabatic compres-

sion. A second low-energy, high-voltage capacitor

bank (PFN 11) is available to shape the implosion

magnetic field and to assist in containing the

plasma before it contacts the wall of the

discharge chamber. The STP experiment produces

high-temperature plasmas with a much larger ratio

of plasma radius to discharge tube radius than

theta pinches which utilize a single capacitor

bank for both implosion heating and adiabatic

compression. By adjusting the relative timing

between the three capacitor banks, the effect of

magnetic field amplitude and time history on the

properties of the STP plasma have been

investigated.

Initial plasma studies have concentrated on

optimizing the plasma temperature and radiua while

minimizing the plasma outside the main plasma

column. Plasma behavior has been studied for

initial D2 fills of 5 mTorr to 15 uiforrand PFN-I

voltages from 65 kV to the full design voltage of

125 kV. Plasmas have been produced with a ratio

of plasma radius to discharge tube radius of 0.45

to 0.55 and ion temperatures of up to 1300 eV.

The other experiment in the program was the

0.9-m-long Resonant. Heating Experiment (RHX).

During 1976, the experiment was used primarily to

study the effect of preionization levels on plasma

sweep-up during the initial implosion and to make

a detailed comparison of the experimental plasma

density profiles with the predictions of a

numerical code developed by Sgro and Nielson.l The

experiment was terminated in JU~Y 1976.

B. STAGED THETA PINCH

1. DescriDtion. The layout of the STP

experiment in the old Scylla-IV experimental area

is shown in Fig. III-1 and two photographs of the

experiment are shown in Figs. III-2 and III-3.

The Staging bank, which is the Scylla-IV main

bank, is located on a platform .above the

high-voltage implosion circuit. The start

switches for the staging bank have been moved down

to the collector plate in order to isolate the

load cables from the high-voltage circuit. This

necessitated the replacement of the start switch

in the Scylla-IV capacitor gaps with a shorting

column. The crowbar system was left intact. The

high-voltage gaps are connected directly into the

collector plates to minimize source inductance.

The 22-cm-id. main coil is fed from two sides to

0123

SCALE METRES

Fig. III-1.

Layout of the Staged Theta-Pinch experiment.
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Fig. 111-2.
Photograph of Staged Theta-Pinch experhnent
showing top of collector plates and compression
coil.

Fig. III-3.
Photograph of Staged Theta-Pinch experiment showing
side view of the experiment.

increase the magnetic field risetimes. Becauae

the components are the same on both sides of the

machine, the two sides of the experiment operate

at different voltage polarities.

A circuit diagram of one-half of the

experiment is shown in Fig. III-4. Table 111-1

gives the electrical parameters of the various

capacitor banks when they are operated alone with

nO Plasma in the discharge tube.

0.4nH , 0.6nH

I 5nH

1
I 3nH

20mIl

i
3.3PF

I I
STAGING SANK PFN II PFN I

45 kV 125 kV 125 kV

Fig. III-4.
Circuit diagram of one-half of the Staged Theta
Pinch experiment.

TABLE III-I

ELECTRICAL PARAMETERS

PFN I PFN II

Capacitance 6.6 PF 12.6 PF

Voltage 125 kV 125 kV

Energy 52 kJ 98 kJ

Risetime (7/4) 0.26 pe 0.35 IIS

Peak Magnetic field 5 kG 6 kG

Staging

675.2 MF

45 kV

684 kJ

3.7 Ps

14.5 ko

.2. Enaineerin~. In September 1976, the

Staged Theta Pinch first operated reliably at its

full design voltage of 125 kV on the implosion

banks (pFN I and II). Also, under these con-

ditions, magnetic field waveforms were produced

which generated large-diameter, high-temperature

plasma columns with only a low level of plasma

outside the main column. To achieve these results

three improvements in the experiment were

necessary.

a. Resistance was added to the PFN circuits.

This was necessary in order to reduce late time

modulations of the magnetic field which caused

magnetic

discharge

resistors

flUx to move into end out of the

tube, creating !tsecondaryff plasma. The

used were liquid resistore which mounted

on top of the capacitors under the PFN gaps.

Initially the value of the resistors was 0.2 Cl.

In November 1976, the value of the resistors in

the PFN-11 circuit was raised to 0.5 fl. This

further reduced

oscillations.

b. The new

the 1975 Annual

eliminated corona

the late time magnetic field

Staging spark gaps described in

Report2 were installed. This

problems which had limited the

voltage at which the experiment could be operated.

The gapa installed were cast out of fiber glaas and
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epoxy. A gap made of fiber glasa-filled poly-

propylene was developed and these gaps will be

used in the future as spares are needed.

c. Submaster trigger gaps made from modified

PFN gaps were installed on the PFN I and II banks.

Also it was found that to operate at 125 kV it was

necessary to trigger the negative PFN banks with

positive triggers and the positive PFN banks with

negative triggers. The different polarity sub-

masters are triggered by a common master by

inverting the master trigger pulse between the

master and one of the submasters.

3. ExDerimental Prorzr~.

3. ODeratinR Conditions. In early 1976, two

plasma studies were conducted. The implosion

phaee was studied over a range of about a factor

of two in initial magnetic field rise and from

5-15 mTorr initial D2 fill. Also, magnetoacoustic

heating of the plasma column was studied by

generating a plasma column with the Staging bank

end then modulating the magnetic field at the

plasmavs natural oscillation frequency with the

PFN I bank.

After the resistance was added to the PFN

circuits, a series of data runs were conducted

with PFN voltages from 70 to 125 kV. Initial D2

fills of 5-15 mTorr were used end the magnetic

field waveform was varied to study the effects of

various waveforms on plasma behavior.

b. Di una ostics. The principal diagnostics

used to measure plasma behavior were two
~nkerferometeps3 ,4 and an excluded flux appara-

tus.5 Various magnetic probes, both external and

internal to the diecharge tube were used. Also ,

streak pictures of the plasma column were made

end-on end side-on.

Plasma density profiles were measured with a

holographic interferometer which made inter-

ferograms at two times during each plasma

discharge. A diagram of the apparatus is shown In

Fig. III-5. To determine the absolute density at

one radial position, a new quadrature int.er-

ferometer4 was developed. A diagram of the

Interferometer is shown in Fig. III-6. The

interferometer differs from an ordinary

Mach-Zehnder in that the reference beam is changed

from plane to circular polarization. Both

TWO EXPOSURE
HOLOGI?APHIC
INTERFEROMETER

1

Fig. III-5.
Diagram of the holographic interferometer.

BEAM SPLITTER

LASER PLASMA

TELESCOPE
OETECTOR I

MIRROR

LENS w

OETECTOR 2

Fig. III-6.
Diagram of the quadrature interferometer. Dashed
lines indicate displacement of beams during cali-
bration procedure.

interfere with the scene beam. Thus, with proper

separation of the beams, the device becomes two

interferometerswhich are always 90° out of phase

with each other. This eliminates many of the

problems associated with ordinary Mach-Zehnder

interferometers. A full description of the

apparatus is being publlshed.4

c, Plasma Results.

(1) Plasma Studiev of Staued Plasma Columns.

For the studies reported here, the preionization

level at the time of the main discharge was ~ 60$

for radial positions less than 9 cm. From this

position outward it decreased monotonically to a

value of 20-30$ at the discharge wall. Also for

all cases the plasma 3 on axis at the peak of the

components of the circularly polarized beam
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main compression field was equal to 1 within

experimental error.

In all cases some plasma remained outside the

main plasma column. The minimum value for this

plasma was 0.5-1 x 1014 cm-3. When the plasma

outside the main column was held to this level,

plasma columns were produced with radii of 4.5-5.0

cm. Because the plasma column had a diffuse

profile, the plasma radius was chosen as the l/e

point in the density profile. This approximates

the radius of a sharp boundary plasma with the

same peak density and line density (particles/unit

length of plasma column). In addition, this

radius is the one which would be used in

determining if the plasma could be wall stabilized

in a helical geometry.6 The sum of the electron

and ion temperatures (Te + Ti) was determined from

pressure balance at the peak of the compression

field and ranged from 400 eV to 1500 eV. If it is

assumed that electron temperature is determined by

the transfer of energy from the ions to the

electrons and subsequent loss by thermal

conduction out the ends of the experiment,7 then

the electron temperature should be 100-150 eV.

This fmplfes a range of

300-1350 eV. A typical

Fig. III-7, which shows the

ion temperatures of

example Is shown in

plasma density profile

EiJ[m
R8Dm [cd RbJxls [Cal)

05s,s 087,s

R9L8n tam) - [.1
L95* 3.7.0,.

lIW (.,1

Fig. III-7.
Density vs radius for the four times indicated on
the magnetic field waveform shown. PFN voltage -
100 kV, Staging voltage - 20 kV, fill - 10 mTorr

‘2.

at four times during the plasma discharge along

with the magnetic field waveform.

In optimizing plasma temperature and radius

in combination with a low level of plasma outside

the main column, two factors were found to be

important.

(a) The most Important parameter in the

production of plasma outside the main plasma

column was the amount of magnetic flux which left

the discharge tube after the initial implosion.

This is illustrated in Fig. III-8, which shows the

magnetic field, a holographic interferogram, and

the reduced data from the interferogram for two

cases. Figure III-8(a) is for a ‘lstep-func-

tionn waVeform8 where no flux leaves the discharge

tube. In Fig. III-8(b) the dip in the magnetic

field caused flux to ❑ove outward. This flux

carried low-density plasma into the wall and

caused the creation of additional plasma.

(b) The magnetic field waveform which

produced the optimum results involved a certain

amount of “field programming.“8 After the initial

field rise the external field dipped, but because

of the change in plasma area, no magnetic flux

left the discharge tube. Numerical code

re~u1tsl,9 show that the plasma ions have a

complicated spatial and velocity distribution. It

is probable that the highest energy ions are

moving outward at the time of the magnetic field

dip so less work is done by them on the magnetic

field than would be the case if the field did not

dip. Thus more energy is left in the plasma after

the implosion and reexpansion phase than would

Fig. III-8.
Magnetic field waveform, holographic inter-
ferogram, and density vs radius for (a)
~!step-functionnwaveform and (b) !Ifield program-
mingtfwaveform. PFN voltage - 70 kV, Staging
voltage - 15 kV, fill - 10 mTorr D2

.
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