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PROPOSAL FOR FRX-C AND MULTIPLE-CELL COMPACT TORUS EXPERIMENTS

by

LASL CTR-Division Staff

ABSTRACT

A Compact Torus (CT) is a configuration for plasma confinement
that offers possible engineering advantages for fusion power
generation such as small size, simple blanket geometry, natural
divertor, and spatially separable functions of plasma production and
fusion energy generation. Two experiments to study the physics and
technology of some particular CT configurations are proposed here as
part of the LASL Compact Torus Program Plan. One experiment, FRX-C,
is designed to study CT stability and transport properties by scaling
the parameters of the existing FRX-B field-reversed theta-pinch
experiment to higher temperatures, larger size, and increased plasma
lifetime. The second experiment, a modification of the existing
Scylla IV-P device, would form a linear array of CTs with the aim of
understanding the effect on CT transport of improved plasma
confinement on the open field lines outside the separatrix,as well as
other multiple-cell effects.



EXECUTIVE SUMMARY

Definition of Compact Torus (CT)

A toroidal plasma configuration in which internal plasma currents help to

create the confining magnetic field eliminating the need for a toroidal vacuum

vessel or toroidal field coils*

Major Goal

To understand the physical properties of CT configurations in order to

develop a viable reactor embodiment.

Potential Reactor Advantages

Small size and unit power

Simple blanket geometry

Efficient use of magnetic field; includes natural divertor

Spatially separable plasma production and fusion energy generation

CT Issues to be Resolved

Optimum CT configuration — Aspect ratio, a/Pj_, toroidal field, etc.

Production method — Particle beams or pulsed plasma techniques

Stability requirements — Geometry, proximity of metal walls, FLR, etc.

Transport — Pressure profile effects, microturbulence, etc.

Heating — Neutral beams, magnetosonic, adiabatic compression, etc.

Reactor embodiment(s) — Depends on resolution of above issues

LASL's Research Addressed to Key CT Issues

Single cell studies (production, stability, transport)

FRX-B — Successful field-reversed experiment

CTX trapping facility (under construction)

Sources — Magnetized plasma gun (with toroidal B)

— Proposed FRX-C (without toroidal B)

Multiple cell studies (transport — pressure profile effects)

Proposed modification of Scylla IV-P



Objectives of Proposed Experiments

FRX-C — Scaling from FRX-B to higher temperature and larger a/p^

— Increased lifetime

— Wider range of plasma parameters

Multiple cell experiment

— Improved confinement with increased pressure on separatrix

— Multiple mirror confinement on open field lines

— Study variable number of cells

— Direct comparison'with single cell results (FRX-B).

LASL Program

Builds on the present LASL FRX-A and FRX-B results

Continues theoretical studies of CT plasma properties

Shares physics issues with RFP Program

Includes CT reactor studies

Utilizes LASL expertise and facilities

Interactions with Other Programs

Compact Torus (Krasnaya-Pachra)

Ppheromak (Princeton, U- Maryland)

Field Reversed Mirror (LLL)

CT production by particle beams (Cornell, NRL, UC Irvine)

Linus (NRL)

Costs (K$)

FRX-C:

Manpower

Total

Multiple cell:

Manpower

Total

FY80

1245

1835

1st FY

600

960

FY81

1410

1710

2nd FY

840

970

FY82

1840

2190

Total

4495

5735

Total

1440

1930



Schedule

FRX-C: Begin operating October, 1980 (assumes Sept. 1979 approval)

Multiple cell: Begin operating September of first funded fiscal year



(3.110) SCIENTIFIC SCOPE*

Introduction

The purpose of this document is to propose and describe two experimental

projects that are important scientific and technical steps in the LASL Compact

Torus (CT) Program Plan. These are

1) The FRX-C Scaling Experiment, and

2) The Scylla IV-P Field-Reversed Multiple-Cell Experiment.

A Compact Torus is a toroidal plasma configuration (see Fig. 1) in which

effective use is made of internal plasma currents, rather than currents in

external conductors, to help create the confining magnetic fields. Replacement

of external with internal currents in a CT does away with the need for a

toroidal vacuum vessel and the usual toroidal magnetic field coils linking the

plasma. It is anticipated that this modification could pave the way for a

greatly improved fusion reactor design. In such a design the reactor's blanket

might be cylindrical or spherical rather than toroidal, and this would simplify

the construction and maintenance. The system would possess natural divertor

action because the CT has a topology of open and closed magnetic field lines

separated by a separatrix surface. While the need for auxiliary heating cannot

be ruled out, the possibility of ohmically heating a CT to ignition exists.

Some equilibria may allow the use of deuterium-based advanced fuels since the

beta may be sufficient to avoid unacceptably high levels of synchrotron

radiation. Finally, the elimination of magnetic field coils linked with the CT

plasma provides the freedom to translate CT's in space, and makes possible the

spatial separation between the CT formation region and the region where the

fusion burn occurs. These and other CT reactor design features have not yet

been subjected to a rigorous system study. However, the outlook for a superior

advanced fusion reactor design is sufficiently promising to warrant a strong CT

research and development effort.

*Numbers 3.110 to 3.150 are requested in the Procedures Governing the
Initiation and Fabrication of Major Projects within the Controlled Thermonuclear
Research Program (ERDA-5, Feb. 1975).
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OPEN POLOIDAL
FIELD

TOROIDAL FIELD

Fig. 1.
Compact torus schematic showing the geometrical parameters R, a, and b, and the

fields B and Bt. For some CT's, Bt = 0.

~verview of CT Research

The national CTR research effort contains a diverse set of CT programs.

These include the Astron concept of Christofilos'* now being studied at

Cornell2 and NRL, Field-Reversed Mirror formation by neutral beam injection at

LLL,4 conical theta pinches, '°'' field-reversed theta pinches without axial

currents studied at LASL in the FRX-A and FRX-B experiments and elsewhere (see



Appendix B ) , field-reversed theta pinches with axial current being studied at

University of Maryland, magnetised Marshall guns orginally studied^rby

Alfve'n,10 ,and now being pursued by LLL and LASL (see Appendix A ) , rotating

e-beam formation at NRL and UC Irvine, and the -Spheromak concept under

study at Princeton,13 etc The LINUS1"4 approach at NRL also includes the ;jse

of a CT configuration for plasma confinement. Theoretical and experimental

results from these programs are beginning to,form a more unified understanding

of the CT configuration. This broad understanding is essential before wise

choices can be made as to which type(s) of CT would provide the basis for the

most attractive reactor(s).

CT research will involve substantial scientific and technological

interaction with the major MFE fusion programs. Theoretical similarities^with

other axisymmetric systems such as Tokamaks and RFP's should result in mutually

beneficial cooperation. In addition, the plasma .behavior on the open field

lines should be strongly related to mirror physics. Heating techniques,

magnetic field systems, and other technologies are likely to be similar to

those used in other programs, depending on the particular CT configuration. -,

As indicated by the above examples, the CT concept encompasses a broad

class of configurations. Two important parameters that can be used to

characterize a CT and its possible states of equilibrium are a/p^ (where a is

the minor radius of the plasma and p.̂  is the ion Larroor radius" in the region of

the maximum B-field) and Btm/BDtn (where B t m and B are , the maximum toroidal

and poloidal fields). The value of a/p.j can range between a/pn. << 1 as in a

thin Astron layer, to a/p • >> 1 as in a- Spheromak. The value of B.. /B can

range from zero as in the Field-Reversed Theta-Pinch Experiments (no internal

toroidal field) to B t m /
B
p m

 >==^W1S i n t^rte Spheromak concept. A inultifaceted,

national CT program would achieve a unified understanding of this broad class

of configurations and their equilibria. Understanding the stability and

transport properties of CT's will allow the selection of the most attractive

reactor embodiment(s) (see Appendix A) as well as selection of specific

production and heating methods.



LASL CT Program

The main objective of the LASL CT Progam Plan is to produce several CT

configurations and to study their physical properties in a series of

coordinated steps so that the possibility of viable reactor embodiments can be

definitely evaluated. In carrying out this task LASL would pursue those areas

of CT physics research that are effectively complimented by the CT research

efforts at other laboratories. The LASL CT Progam Plan (see Appendix A) thus

contributes to the above described need for a unified understanding of CT

configurations. This section of the proposal will describe only the broad

outline and main features of that plan. The reader is referred to the Appendix

'or ;j more detailed description of the physics and programmatic considerations

rii.it entered into its development.

Although there may be several ways to produce CT's both with and without

l>., it seems reasonable that LASL employ existing facilities and technologies

to obtain physics results on the shortest possible time scale. For example,

since LASL does not presently possess the relevant beam technology for the

AH t i/or approach to CT's (a/p^ < 1), and since the concept is being studied

c 1 si'wiu-n1, the LASL CT studies will be focused on equilibria with a/p^ > 1.

This range: of a/p^ can be studied with the LASL FRX-A, FRX--B, and proposed

i'VX-c systems which produce CT's with Btm/B • 0. The case with Btm/B ~ 1

and a/p£ > 1 is also being examined at LASL with the magnetized Marshall gun

which is now under construction.

The use of these particular sources allows LASL to begin immediately on CT

research. Ultimately, when the physics of the CT configuration is better

understood, it may be unnecessary to employ the high-voltage pulsed-power

techniques which are presently being used. Alternatively, it may be acceptable

to use high voltage in a reactor embodiment because a CT toroid can be formed

in one spatial region and then be translated and trapped in a separate region.

Thus the high voltage is removed from the vicinity of the first wall

surrounding the fusion plasma much as it is with neutral beam technology.

The central facility of the LASL CT experimental program for single cell

configurations will be the CTX now under construction. This facility is

designed to provide the magnetic field and vacuum conditions required to

sustain CT's for longer times than are possible in present LASL experiments.

Tt includes a 1.5-m diameter, 4«5-m long vacuum tank with a 10-kG magnetic



field for trapping and confining CT plasmoids injected from either end. It is

planned that CT's from the magnetized Marshall gun be injected from one end and

that tori from the proposed FRX-C experiment be injected from the other end.

The parallel development of more than one type of injection source, as

recommended by the Ad-Hoc Review Committee for the magnetized Marshall gun,

will make possible a comparison of CT configurations with and without toroidal

magnetic field and in general improves the likelihood of developing a

long-lived CT configuration. A substantial diagnostic system is being

assembled for the detailed study of the stability and transport properties of

CT's produced by both sources.

In parallel with the studies of single cell CT configurations in the CTX

facility, it is proposed to study the multiple-cell configuration in a modified

version of the existing Scylla IV-P experiment.

Auxiliary heating studies are also planned. Several heating techniques

appear attractive with the choice dependent on the specific reactor embodiment.

Heating studies that can be made on existing experiments are restricted to

those capable of high powers because of the short life times (<100 us) that

presently exist. Two attractive possibilities are adiabatic compression and

magnetosonic heating. When plasma lifetimes of > 1 ms are achieved, neutral

beam heating will become attractive. Although preliminary heating experiments

might be carried out in the existing small facilities, the major heating

studies are planned for the CTX system now under construction.

The expectation of producing longer-lived CT's is based not only on the

experimental results from FRX-A and FRX-B, but also on the very substantial

theoretical advances during the past year. The observed gross MHD stability of

CT's without an internal toroidal magnetic field B t is now understood, as well

as the source of plasma rotation and the resulting n = 2 rotational instability

(see Appendix C ) , where n is the toroidal mode number. Continued theoretical

progress is expected to provide a more detailed understanding of the stability

and transport associated with specific CT equilibria and a unified

understanding of various CT experiments.

Reactor studies are important to guide the CT program and a number of

reactor embodiments have already been proposed. »l->»lo»l/ This year the LASL

Magnetic Fusion Reactor Systems Studies effort is undertaking a low-level

(Level III) study of generic CT reactor operating scenarios, technology

requirements, constraints, and energy balances in order to establish the

9



groundwork for more detailed and focused reactor conceptual designs. As more

is learned experimentally and theoretically about CT plasma physics, more

realistic evaluations and more credible reactor extrapolations can be made. In

turn, the identification of attractive CT reactor embodiments will guide the

progression of experimental research. Evaluation at LASL of CT reactors on a

common basis with other alternative concepts makes possible a useful comparison

of relative advantages and disadvantages.

The LASL CT program recognizes that the FRX-A and FRX-B experiments

demonstrate a promising method of CT production. The proposed experiments will

extend these results and will answer many of the crucial questions on the

stability and transport properties of CT's with Btm/B_m = 0. In particular,

the proposed FRX-C experiment will study CT stability and transport properties

by scaling the parameters of the existing FRX-B experiment to higher

temperature, larger size, and increased plasma lifetime. In addition, the

Multiple-Cell Compact Torus experiment will study plasma transport along open

field lines outside the separatrix and the resulting improvement in CT plasma

confinement. The improvement of open-field-line confinement is a result of

multiple mirror effects which will be obtained in the proposed modification of

the existing Scylla IV-P experiment-

The proposed experiments are modest in size and make use of existing

facilities, available components, and established technology to as great an

extent as possible. They form an important part of a unified LASL effort to

expand the CT physics data base so that the potential of CT's to our national

fusion program can be evaluated.

Status of Field-Reversed Theta-Pinch Physics

This section contains a general summary of field-reversed theta-pinch

physics followed by a more specific discussion of results from the present LASL

FRX programs. A review of the extensive literature on this type of experiment:

is given in Appendix B. It shows clearly that CT configurations have been

generated by theta-pinch techniques in many laboratories with plasma lifetimes

ranging from 1-100 usec. A careful examination of the results reveals that the

lifetime in recent experiments is much longer than expected from estimates of

10



MHD growth rates based on Alfven speed and characteristic size or estimates

based on open-field-line confinement.

Theoretical interpretation of field-reversed theta-pinch experiments,

summarized in Appendix C, has been improved in recent years. The observed

gross stability to whole-body MHD displacements is now understood in terms of

geometrical effects and the proximity of metal walls. The rotational n = 2

mode, often observed to occur in experiments near the termination of plasma

confinement, is presently thought to be a consequence of non-classical plasma

transport. The rotation arises only after a significant part of the plasma has

escaped, implying that the basic limitation on plasma confinement is particle

loss and is not due to the rotation itself.

The following main points can be summarized from the experimental and

theoretical work to date:

• A CT without toroidal field can be created with theta-pinch

techniques. The resistive tearing mode can be controlled by proper

vacuum procedures, preionization methods, and experimental design.

• A weakly compressed CT inside a metal wall is stable to whole-body

MHD displacements.

• The CT displays a quiescent phase usually terminated by a growing

n = 2 mode most likely caused by rotation resulting from

non-classical transport.

• The confinement of plasma and energy during the quiescent phase is

superior to plasma confinement in an open field line configuration.

Further theoretical and experimental work will clarify the observed

losses and determine the confinement scaling.

• Translation of the CT from one coil region to another has been

successfully demonstrated.

These favorable results provide a major impetus for the experiments

proposed here.

11



Two LASL experiments, FRX-A and FRX-B, have been successful in clarifying
o 10 iq

many features of field-reversed theta-pinch operation. ' ' (Reprints of

these references are attached in Appendix E.) The proposed experiments are

based on the FRX results and on new theoretical understanding of FRX behavior.

Figure 2 shows the arrangement of a field-reversed configuration in a

theta-pinch coil. Following the application of a reversed bias field and

preionization, the formative phase, depicted in Fig. 3, starts with a radial

implosion of the plasma driven by the fast rising external field. Subsequently

in the first microsecond a tearing mode at the ends of the coil allows magnetic

field lines to reconnect forming an elongated plasma torus. Within a few

microseconds the plasma contracts axially to form the equilibrium shown in

PLASMA

IMPLOSION COIL

•QUARTZ TUBE

Fig. 2.
Arrangement of theta-pinch coil, discharge tube, and CT plasma configuration
obtained with reversed bias field.
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-COLD PLASMA
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FIELD LINE
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- H 0 T P L A S M A

COLD PLASMA

COMPRESSED
BIAS FIELD

FIELD LINE
PENETRATION

AND CONNECTION

AXIAL
CONTRACTION

EQUILIBRIUM

Fig. 3.
Formation sequence of a CT in a field-reversed theta pinch.

Fig. 2. A separatrix defines the plasma boundary inside of which field lines

are closed and outside of which the magnetic lines are open extending out to

the discharge tube walls forming a natural divertor for the CT configuration.
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Figure 4 shows typical magnetic field behavior outside the discharge tube

in the midplane of the coil obtained with a probe. Prior to the implosion,

which occurs at t = 0 on Fig. 4, a rapid oscillation of the reversed bias field

o -40 -30 -20 -10 0 10 20 30 40

a o_
LU
Z
o

03-

10-

Csl-

U "

CJ-
1

F R X - B

—^1 li A AA_JLJ

I I I I

"ocuu/n

-40 -30 -20 -10 0 10 20 30 40

TIME

Fig. 4.
Magnetic field time history obtained with a probe outside the discharge tube at
the coil midplane.
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preionizes the filling gas. After the implosion and axial contraction, a

quiescent phase is observed which persists for tens of microseconds. The

existence of a CT equilibrium is s".en as an increase in the value of local

magnetic field strength, when plasma is present, over the vacuum value as shown

in Fig. 4. The plasma lifetime is defined as the duration of this increased

field strength determined with a magnetic probe. The very long lifetimes

observed in these experiments (20-30 us in Fig. 4) are evidence that a CT has

been formed since simple plasma streaming out the ends would limit the lifetime

to about 3 us. The CT plasma is clearly MHD stable during the quiescent phase

until, in most cases, an n = 2 mode appears, as depicited on image converter

photographs somewhat before the end of the configuration lifetime.

Some tentative but encouraging conclusions regarding lifetime can be drawn

from the FRX-A and FRX-B experiments. Comparisons of FRX-A and FRX-B results

show that for a given a/p^, the lifetime depends weakly upon temperature. In

FRX-B the lifetime is found to increase monotonically with increased a/p^ (as

the temperature is lowered by increasing the filling pressure). These are

encouraging results as they indicate that confinement will be improved in a

larger size device. A loss of stability resulting from reduced

finite-Larmor-radius effects is so far not indicated. The subject of transport

is the least thoroughly studied area both experimentally and theoretically, but
20

recent calculations by Hamasaki including anomalous transport resulting from

the lower hybrid drift instability are in general agreement with the FRX-A and

FRX-B experimental results.

Experimental effort must now be directed towards increasing the plasma

lifetime beyond the limits so far observed. A better understanding of these

limits will come with continuing theoretical effort and more complete

diagnostics being implemented on FRX-B. The plans to improve the confinement

time with larger experimental devices are described in the next two sections.

The FRX-C Scaling Experiment

The purpose of the FRX-C experiment is to increase the plasma lifetime and

to establish the scaling of confinement time with size and plasma temperature.

The FRX-C device, shown in Fig. 5, will be approximately twice the size of

FRX-B and utilizes higher voltage. There are three main reasons for these

15



FRX-C

Arrangement
capacitors.

Fig. 5.
of FRX-C double-fed coil, collector plates, and main bank

design choices: 1) The increased voltage gives higher temperatures; 2) The

ratio a/Pj^ will be increased by approximately a factor of two; 3) The

accessible range of filling pressure, which determines the range of temperature

and a/p^ in a given experiment, will be increased. These changes are expected

to result in a reduction of cross-field losses by an increase of a/p^ as found

in the FRX-B experiments.

The detailed scaling laws used in selecting the experimental parameters

for FRX-C are derived in Appendix D. An examination of the literature

summarized in Appendix B indicates that the longest confinement times are

obtained with minimum adiabatic compression following the implosion phase (see

Fig. D-2). The explanation is uncertain, but it is possibly a consequence of

16



the way the CT equilibrium shape changes as the plasma is compressed. When the

magnetic field increases in a coil of fixed dimension, the plasma density

gradient near the separatrix increases. Consequently, plasma transport is

enhanced and the lifetime is shortened. Therefore, FRX-C is designed to have a

small magnetic compression, approximately the same as in FRX-B, which

necessarily places the burden of heating on the implosion phase and implies a

rapidly rising magnetic field and a high voltage on the driving coil. Using

previously established scaling laws for theta-pinch heating, it is possible to

estimate the parameters expected in FRX-C and the variation with filling

pressure. These estimates are presented in Table I based on the equations in

Appendix D and experimental values from FRX-B. Note that the only experimental

data are those for FRX-B in the left most column corresponding to 9-mtorr

initial pressure. The other columns give expected parameters calculated

according to the scaling laws given the magnetic field, dimensions, and filling

pressure at the top of each column. The estimates of temperature may be

uncertain by as much as a factor of two since processes such as radiation

losses, variations in magnetic field waveform resulting from plasma-circuit

interactions, and heating by axial compression have been oversimplified or left

out.

The parameter a/p^ is important both for its role in cross-field transport

as well as its role in finite-Larmor-radius (FLR) stabilization. In a

particular device this parameter is most easily varied by changes in filling

pressure as indicated in Table I. In FRX-B the upper end of the pressure range

is limited to about 17 mtorr, since at the higher pressures the temperature

drops, the plasma becomes collisional (u>x < 1), and the CT configuration

rapidly diffuses away. The second column of Table I corresponding to a

pressure of 90 mtorr shows the parameters predicted by the scaling laws given

in Appendix D. No experimental data are available for the higher pressure.

The essential point is that a large variation of filling pressure appears

achievable with a collisionless plasma in FRX-C, whereas it does not appear

achievable in FRX-B in agreement with the limits found experimentally.

Some characteristic times are included at the bottom of Table I. The

expression for confinement time x^ represents an approximate upper limit on the

energy confinement time resulting from cross-field ion thermal conduction.

The limitations on confinement in CT equilibria without B t are probably related

to non-classical transport mechanisms such as the lower hybrid drift mode or

17



Comparison

Source voltage (kV)

Final B-field (kG)

Risetime (MS)

Decay time (us)

Discharge tube diameter

Coil length (cm)

Fill pressure (mtorr)

Line density, NQ (cm )

Bias field (kG)

Kl*
Major radius, R (cm)

Minor radius, a (cm)

Length, 2b (cm)

Electron temp. (eV)

Ion temp. (eV)

Final density, nf (cm~
3)

a/p±

toiTi

Tobs

(ab)1/2

TMHD = v '

(cm)

9

1.9 x

1.8

4.7

4.0

1.7

36

100

240 eV

4.1 x

4

71

35 MS

0.4 MS

TABLE I.

of FRX-B and FRX-C

FRX-B
45

7.5

1.8

150

20

100

1017

1015

90

1.9 x 10 1 8

3.2

2.3

5.7

1.7

36

16

38 eV

2.6 x 1016

10

0.7
7

0.9 MS

Parameters

2.4

FRX-C
250

9

1.8

200

40

150

2 x 1017

1.6

5.6

6.7

3.4

54

480

1140

1.2 x

5

3 xlO

0.3 M

eV

1015

3

s

24

2 x

2.8

3.2

8.9

3.4

54

85

200

6.8

11

40

?

0.7

1018

eV

x 1015

MS

TBohm = a 'DB 15 vs 92 MS 15 MS 82 ms

r, = (a/p^)2x.. 32 MS 2 MS 1300 us 100 MS

Magnetic compression equal to final field divided by maximum bias field (see

Appendix D ) .

MHD turbulence of a short wavelength nature, and consequently, the performance

of FRX-C is not easily predicted. The experiment is important in establishing

18



the scaling laws of confinement time with size and temperature, a needed step

towards understanding the physics of CT's without toroidal field. The new

parameter regime expected for the FRX-C device has not been available in other

CT experiments and will permit studies of plasma transport and stability in a

collisionless fusion-relevant regime.

The Scylla IV-P Multiple-Cell Experiment

The objective of a multiple-cell experiment is to improve the confinement

of plasma which would otherwise leave along open field lines that surround the

CT plasma outside of the separatrix. Improved plasma confinement in this

region is possible because of multiple magnetic mirror effects. The

consequence of the improved confinement is an increase of plasma pressure on

and near the separatrix, thereby reducing the sharp pressure gradients which

would otherwise tend to form at the plasma boundary. Reducing the pressure

gradient may prevent short wavelength interchange modes (see Appendix C) or may

alter favorably the plasma transport processes. Thus an improvement of CT

plasma confinement within the closed field region is expected to result from

the modified conditions at the separatrix.

Various reactor embodiments have been proposed which make use of multiple

CT cells either for an improvement in energy balance or the expected

improvement in plasma confinement. By modifying the existing 5-m Scylla IV-P

theta pinch to have parameters essentially identical to the present FRX-B

experiment, except for the factor of five in coil length, it is possible to

compare in a meaningful way the data base for single cell operation with the

multiple-cell results.

Particles on open field lines have been essentially unconfined in

field-reversed experiments carried out to date. The magnetic field in many

cases is slightly mirrored (M ~ 1.2) but not enough to significantly change the

estimated free-streaming time of ions, i.e.,

_ ML 1 / 2

'FS vi

19



Here M is the magnetic mirror ratio, Lj/2 is the coil half-length, and v^ is

the ion thermal speed. For FRX-B parameters, T p s ~ 3 ys.

An established method of reducing losses in open-ended systems is by the

use of multiple magnetic mirrors.22,23 ^ e effect c a n be understood as a

friction on the ions streaming towards the ends resulting from an interaction

with trapped particles in the mirror cells. The optimum confinement occurs

when the classical ion mean free path, A, is comparable to the cell length, Z,

in which case

2
M Ll/2

TMM ~ ~ ^ — f o r

A linear array of field-reversed cells as sketched in Fig. 6 creates a

multiple-mirror configuration more complex than that assumed in deriving the

above formula for T,^. However, the similarity in the open tield lines for the

two cases leads to the expectation of a similar confinement of ions along these

field lines. There are possible additional benefits because field lines near

the separatrix pass through a localized field minimum at the end of each CT

plasma cell. The resulting non-adiabatic ion trajectories might enhance the

effect of multiple mirrors although calculations have not yet been performed to

support this conjecture.

Using FRX-B parameters the mean free path for ions on the separatrix is

estimated knowing the density and temperature. For n ~ 2 x 1.0 ̂ cm~ , T. ~ 200

eV, the mean free path A is ~ 33 cm. With this A the optimum multiple-mirror

confinement is obtained with a periodic length of 33 cm (15 cells in the case

of the Scylla IV-P 5-m coil). In the proposed experiment, the number of cells

defined by the periodicity of the applied field mirrors will be adjustable from

1 to 15 since it is not certain what effect the cell length will have on the

stabilty. Depending on the number of cells that can be stably formed the

estimated confinement for 200 eV ions on the open field lines is:
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•METAL COIL MAGNETIC FIELD LINE

Fig. 6.
Sketch of magnetic fields in the vicinity of several field-reversed
configuration (FRC) plasma cells showing the origin of multiple magnetic

15 cells

5 cells

MM
= 3(1» 2 ) 2 (250)2 _

(33) 1.4 x 107

(1.2)2 (250)2

— 25

(100) 1.4 x 107
64 usec.

It should be pointed out that the time T m characterizes the ion particle

and energy loss rate in the absence, of axial electron thermal conduction. If

the electrons conduct heat to a cold boundary at the ends of the 5-m.coil they

represent an additional heat loss process through equilibration with the ions.

The characteristic ion cooling time would be about 75 psec for FRX-B

parameters. Although multiple-mirror effects would still be beneficial in the

presence of electron thermal conduction, the experiment is improved by avoiding
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this conduction. It is assumed here, as in the Livermore Mirror Program, that

classical electron thermal conduction is avoided if the material boundary on

open field lines acts to absorb the exhaust plasma without significant emission

of secondary electrons or ablated plasma. For the conditions in this

experiment where one-half of the plasma energy (~3 kJ) is released in about 100

psec, an area of about 0.4 m at each end of the experiment is large enough to

limit the temperature excursion well below the melting point of a number of

materials including aluminum oxide and stainless steel. 24,25 Thus it appears

possible to test multiple-mirror confinement without the added complexity of

axial thermal conduction.

Future Plans

The above descriptions of FRX-C and the Scylla IV-P Multiple-Cell

Experiment emphasize the issues thought to be most important in the first year

of operation. There are of course many other issues which must be studied

before selecting an attractive CT configuration and developing a CT proof of

principle experiment in the 80's. Data for the basic choice between single and

multiple cells comes from the Scylla IV-P Multiple-Cell Experiment and from

experiments in the CTX facility with the FRX-C and the magnetized gun as plasma

sources.

The first issue to be addressed, after FRX-C has been successfully

operated is the translation and trapping of the CT plasma. This will be

investigated by adding asymmetric mirror fields to FRX-C in order to move the

plasma from the theta-pinch coil through a guide field and into the

steady-state field of the large CTX vacuum vessel. Experiments with asymmetric

mirrors on FRX-A have successfully demonstrated plasma translation out of the

theta-pinch coil and FRX-B experiments in FY-80 will include an external

quasi-steady coil to permit further observations of translation. Trapping

experiments will also be done to the extent possible with the limited lifetime

of the FRX-B plasma.

The next major issue to address is heating. By approximately the end of

FY-82, it will be possible to evaluate the magnetized plasma gun and FRX-C

sources on CTX, and to begin heating experiments. In the meantime, a number of

preliminary heating experiments and analytic studies of the various heating
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alternatives are needed and will be carried out to the extent possible within

budgetary limitations. Heating experiments in the present FRX-A and FRX-B

devices are restricted to the techniques capable of producing high power for a

short time because of the relatively short plasma lifetime.. Some examples of

methods being considered are magneto-acoustic heating or adiabatic compression

possibly with a translated toroid using a passive liner.

Longer energy confinement times are a major goal of LASL's CT research.

When characteristic plasma times of about 1 ms are achieved, the use of neutral

beam heating becomes viable. A preliminary study of the scientific and

engineering feasibility is urgently needed in FY-80 to determine the

implications of neutral beam heating in terms of costs, scheduling, hardware

options, and modifications to the CTX facility. This first step is necessary

to keep pace with the experimental program plan (Apppendix A) aimed at starting

heating studies towards the end of FY-82.
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(3.120) ENGINEERING DESCRIPTION

The FRX-C Experiment

The geometrical arrangement of FRX-C was shown in Fig. 5. A coil diameter

of 0.45 m and length of 1.5 m is compatible with commercially available 0.4-m

i.d. quartz discharge tubes. Driven mirror coils at each end will increase

the effective coil length to approximately 1.8 m. The eventual use of FRX-C as

a plasma injection source for CTX (see Appendix A) makes it desirable to locate

FRX-C adjacent to and on a centerline with the CTX vacuum tank. Limited space

led to the particular design shown in Fig. 5. The collector plates and high

voltage capacitor bank are located above the discharge coil to improve

diagnostic access and to facilitate connections with the pulse charge circuitry

and trigger circuits located overhead on a presently existing deck. The

magnetic field strength of 10 kG in FRX-C presents no special mechanical

problems in the design of discharge coil, transition plates, and collector

plates.

The electrical arrangement, designed to generate the high voltage needed

according to the scaling laws developed in Appendix D, uses methods previously

developed in the LASL Implosion Heating Experiment (IHX) and Staged Theta Pinch

Experiment (STP). Many components left from IHX and STP have been utilized in

the design of FRX-C to save time and money. Examples are the collector plates,

main-bank spark-gap switches, pulse charge circuit components, and trigger

circuit components.

Figure 7 indicates in a block diagram the FRX-C electrical circuit. Not

shown are the bias bank, preionization bank, and mirror coil banks. Pulse

charging is used in the main bank of 24 0.75-yf capacitors to obtain higher

voltage (125 kV) and higher energy density (5.9 kJ/capacitor) than is possible

with dc charging. An example of the high voltage circuitry to be employed on

FRX-C is shown in Fig. 8, a photograph of the IHX experiment. In that

experiment four collector plates and feed slots were used on the 0.4-m diameter

coil. The coil and main bank are in the center of the photograph. Pulse

charge maxi-marx circuits are in the foreground on the right and left, of the

photograph.
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Fig. 7.
Block diagram of FRX-C electrical components.

Computer calculations of the current or magnetic field waveform for FRX-C

are shown in Fig. 9 taking realistic account of the various source inductances

and spark gap resistance. The calculation also includes the effect of reduced

coil inductance at early times resulting from a discharge tube full of

preionized plasma and shows the non-sinusoidal current that results from the

time varying plasma inductance. The relatively rapid current risetime,

compared to the estimate in Table I based on a sinusoidal waveform, will have a

beneficial effect in further reducing the plasma expansion during the time

interval when the field is reversed. As discussed in Appendix D, the best

field-reversed theta-pinch operation is observed when this reversal time is

minimized, since the trapped flux and plasma size relative to the metal wall

are maximized.

No unusual problems are anticipated in the vacuum system, computer control

system, data acquisition system, or other aspects of the experiment. As

discussed in Appendix A, the experiment will share the CTX-facility control

system, screen room, and experimental area (previously the STP area) with the
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Fig. 8.
Photograph of the IHX experiment showing components similar to those needed for
FRX-C.

magnetized Marshall plasma gun experiment. One element of the electrical

circuit, the crowbar switch, requires some development and for this purpose a

1/4-scale electrical prototype is planned. Based on previous LASL experience

with similar high-voltage experiments, reasonable confidence exists that FRX-C

can be constructed and operated on schedule.
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Fig. 9.

Calculated magnetic field waveform for the FRX-C experiment.

1.0

The Scylla IV-P Multiple-Cell Experiment

By modifying the existing Scylla IV-P theta pinch to generate the same

magnetic field waveform in the same diameter coil as FRX-B, it should be

possible to generate a linear array of CT's with known single-cell properties.

Figure 10 shows the 5-m long coil arrangement. By the use of positionable coil

sections, the number of cells formed as the result of tearing modes induced by

coil shaping can be varied. It is convenient to vary the number of cells from

one to fifteen (five cells correspond to five rerlicas of FRX-B) using the

present mechanical design of the Scylla IV-P collector plate and coil system.

The Scylla IV-P theta pinch has previously been used in detailed studies

of linear theta-pinch physics and end-stoppering techniques described

elsewhere. It was proposed and approved in FY-74, and construction was

completed in FY-76. The device is a conventional theta pinch of 5-m length

powered by a 60-kV, 2-MJ capacitor bank of the Scyllac type.

The Scylla IV-P facility occupies the basement of LASL Building SM 105,

popularly known as the "Pit," which is a room 50-feet square with a 25-foot

ceiling. Figure 11 shows an elevation plan view of the device. The
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Fig. 10.
Magnetic compression coil arrangement for the Scylla 1V-P multiple-cell
experiment.

capacitor-spark-gap units of the energy storage system are arranged in clusters

on a three-level platform structure. This layout facilitates trouble shooting

and bank maintenance. The collector plates and 5-m long compression coil are

situated on the middle platform level which also accomodates the majority of

the plasma diagnostic systems. Figure 12 shows a photograph of the theta-pinch

"front end," including the diagnostic equipment available in the Scylla IV-P

facility. Diagnostics include Thomson scattering, ruby laser and

coupled-cavity interferometers, neutron detectors, spectrometers, optical

plasma position detectors, streak and framing cameras, compensated diamagnetic

loops, and internal magnetic field pressure probes.
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Scylla N-P Elevation View

Fig. 11.
Elevation view of the Scylla IV-P capacitor bank arrangement.

The Scylla IV-P theta pinch was the first CTR experiment at Los Alamos to

be completely computer controlled. The computer hardware, which is contained

within a 10-foot by 40-foot air conditioned screen room, consists of a Prime

300 with 32 K, 16-bit words, a 3-million word disk, a Tektronix display

terminal, a Versatec printer-plotter, and a CAMAC system to interface to the

Scylla IV-P device. The computer is used for both machine operation and data

acquisition. A total of 140 computerized data acquisition channels are

presently available in Scylla IV-P. Data can be analyzed "on line" by the

Prime 300 computer or shipped via a serial link to a PDP-10 for subsequent

analysis.

The Scylla IV-P device has been operated continually for the past three

years without an overhaul of the capacitor bank spark gaps. In order to carry

out the proposed experiment refurbishing of a portion of the capacitors is

required. Since a peak confining field strength of 9 kG will be used, about

25% of the existing Scylla IV-P energy storage system will be required to

generate the field. An initial bias field of -3 kG (opposite to the direction
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Fig. 12.
Photograph of Scylla IV-P showing the collector plates, the compression coil,
and various instruments on the diagnostics platform.

of the main field) will be generated with high energy density, low voltage,

ignitron switched capacitors in a bank similar to the bias field bank developed

for ZT-40.

The experimental layout of the multiple-cell device will basically be the

same as that illustrated in Fig. 11. The bottom floor level will contain only

the bias bank capacitors (45-185 uF units) and associated size B ignitron

switches. The main bank capacitors (145-1.8 uF units) will be located on the

middle and upper platform levels. The front of the middle platform level,
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which accommodates the collector plates and most of the plasma diagnostic

systems, will not be changed from the present configuration.

Using the required experimental dimensions and magnetic field strengths,

the necessary energy storage systems and associated electrical parameters were

obtained using the SCEPTRE circuit analysis program on the Lawrence Livermore

Laboratory MFECCA computer. Tables II and III give respectively the resultant

main bank and bias bank operating parameters. Theta-pinch preionization will

be used as in the present Scylla IV-P and FRX-B experiments. Plasma parameters

for FRX-B were given in Table I.

The needed expansion chambers to maintain an ambipolar sheath and avoid

classical electron thermal conduction are modest in size. For stainless steel

it appears that cylinders at each end of the discharge tube 0.3 m in diameter

and 0.3 m in length provide sufficient area to absorb the energy without

TABLE II.

Multiple-Cell Main Bank Parameters

Parameter Value
Wbank (6° kv) °*5 MJ
C 268 pF (145-1.85 pF)
Vbank (operating) 40 kV
L coi l ( m a x ) 12'3 n H

Source 2.6 nH
T/4 2.8 ps
L/R 100 us
B (40 kV) 9 KG

metis.

TABLE III.

Multiple-Cell Bias Bank Parameters

Parameter Value

"bank < 1 0 kV> 0.4 MJ
C 8235 pF (45-185 pF)
Vbank (operating) 9 kV
L coi l ( m a x ) 1 2 ' 3 h H

Source 3 6° hH

T/4 90 ps
Bff lax (9 kV) - 3 kG
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ablation or secondary electron emission. Because of the finite field diffusion

time in stainless steel, a weak quasi-steady magnetic field introduced before

the pulsed discharge is necessary to guide exhaust plasma onto the metal

surfaces. Another possibility being considered is the use of ceramic aluminum

oxide cylinders which obviates the need for the quasi-steady field.

Plasma Diagnostics

Both FRX-C and the multiple-cell experiment are logical next step

experiments beyond FRX-B. Consequently, each should include most of the

diagnostics used on FRX—B for comparison. Thus excluded flux loops, quartz UV

carbon spectroscopy, Thomson scattering, side-on and end-on framing and streak

camera pictures, and magnetic probes down the center are planned for the new

experiments. These measurements should ideally be performed on all cells of

the multiple-cell experiment but a reasonable compromise is the center,

intermediate, and end cells of one side of the experiment. Carbon is expected

to be completely ionized in the interesting regions of FRX-C, and the UV

spectroscopy will not be as useful as it is on FRX-A. Framing pictures may not

be as useful in observing the onset of the rotational instability for the

multiple-cell experiment since the instability may not occur in all cells at

the same time, and light from varied angular positions of the other cells will

decrease the contrast of light from any one cell. However, the initial hole in

the center might still be visible and careful focusing at various places in the

tube may make it possible to observe individual cells from the end. Visible

light and excluded flux loops can be used to study the translation of FRX-C

plasma into CTX. The use of the above mentioned diagnostics on FRX-B has been
Q

discussed previously and since the applications here are so similar, little

further discussion of these diagnostics is needed.

FRX-C is designed to reach higher electron and ion temperatures than

FRX-B, and UV carbon spectroscopy may be lost as a valuable diagnostic, but

neutron measurements may give valuable information about the deuterium ions.

If FRX-C achieves ion temperatures near 1000 eV or above and lifetimes of 100
Q

Us or longer, then well over 10 neutrons will be produced, which will make
neutron emission a useful ion temperature diagnostic. In this experiment one

expects the highest temperature and density to occur near the field null
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radius, and because of the strong density and temperature dependence of the

neutron production rate most of the neutrons will come from a fairly narrow

region around this field null. If Thomson scattering is used to measure the

density in this region, the rate of neutron production could be used to measure

the ion temperature provided the ions have a thermal distribution at

sufficiently high temperature. If ion temperatures above 1000 eV are achieved,

it may be possible to measure plasma rotational speeds by taking advantage of a

resonant transmission of neutrons which occurs in liquid oxygen. This

resonance is fairly sharp with the 2.5-MeV DD neutrons being on the steep part

of the absorption curve. Two balanced detectors looking through liquid air

positioned at the bottom of the machine but on opposite sides will see a

difference signal due to energy shifts toward and away from the transmission

maximum. The difference signal and the total signal could then be used to

measure the rotation of the plasma. After the neutron production rate is

known, a more careful look at this possibility will be necessary to determine

if the difference signal will be above the noise. Side-on Faraday rotation

measurements would be valuable in FRX-C to check for the unexpected but

possible existence of B t < To do this ports through the coil would need to be

added with windows that transmit 10.6 urn radiation. The long wavelength is

necessary so that small B t can be detected.

In the multiple-cell experiment it will be important to measure particle

and energy confinement times in order to understand these confinement times as

a function of the number of cells as well as for comparison with FRX-B. This

can be done through the use of many excluded flux loops, multiposition Thomson

scattering and end-on interferometry. In this experiment extensive use of

computer data acquisition and analysis will be necessary since many cells will

be studied. It seems that approximately 32 flux loops on one half of the

machine could be used to study the size and shape of the cells and their energy

per unit length. These exluded flux loops could give the energy per unit

length as a function of axial position, the energy decay time for each cell,

and the overall energy decay time. In this long experiment the plasma at the

ends will introduce less errors than in the single cell experiments, and

reasonably accurate overall particle inventory decay times can be measured

using end-on two-time holographic or multibeam interferometry. Thomson

scattering should be done in at least three cells so the T e and n could be

measured as a function of axial position. This might be done using one laser
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and beam splitter which would simplify the data acquisition in that one gate

time could be used for all three stations. It is important here to use Thomson

scattering for at least relative density information from cell to cell. The

one laser concept helps to eliminate some errors in this part of the

measurement.

Proper use of the diagnostics mentioned should give sufficient information

for a good understanding of the physics of these two experiments. Most of the

diagnostics are standard at Los Alamos and could be implemented with little

difficulty.



(3.130) TOTAL ESTIMATED COST

The FRX-C Experiment

Costs are estimated assuming that all design, the majority of

construction, and all diagnostics and operations are carried out by permanent

LASL manpower. As mentioned above, considerable savings in cost and time are

realized by using available components from IHX and STP. Major procurement is

largest in the first fiscal year and is itemized in Table IV. The total cost

given in Table V is based on the assumption that the experiment is constructed

in approximately one year and operated for approximately two years. Except for

continuing diagnostic hardware costs and other small items, ' the only

anticipated major procurement items after FY-80 are a transition coil and

vacuum components to link FRX-C to the CTX vacuum vessel (see Appendix A ) .

Manpower requirements are summarized below in Table VII.

TABLE IV.

FRX-C Major Procurement Items for First Fiscal Year >}

Item Cost'l K$

Electronics for control and data acquisition

Diagnostics hardware

Capacitor bank components

Quartz discharge tubes

Vacuum components

Mechanical structure

Compression coil

Miscellaneous

Total

if

30

70 ,;

35

25

30

25

11
290

35



TABLE V.

Total FRX-C Costs (K$)

FY-80 FY-81 FY-82 Total

Manpower (permanent)

Construction labor (temporary)

Major procurement

Subtotal

Capital equipment

Total

1160

85

290

1535

300

1835

1410

0

150

1560

150

1710

1840

0

200

2040

150

2190

4410

85

640

5135

600

5735 ;

The Scylla IV-P Multiple-Cell Experiment

Costs are based on the assumption that approximately one year Is required

for modification of the Scylla IV-P facility, including main-bank refurbishing,

and at least one year Is needed for operation. The totals are given in Table

VI in terms of first and second fiscal years following approval. In an

aggressive program the work would be started in FY-80; in a modest pace program

the funding would be delayed until FY-81.

TABLE VI.

Total Scylla iV-P Multiple-Cell Experiment Costs (K$)

First fiscal year jj Second fiscal year

Manpower (permanent) 520 ;/ 840

Technician labor (temporary) 80 0

Major procurement 240 50

Sub-Total 840 890

Capital equipment 120 80

Total 960 970

36



The FRX-C Experiment

(3.140) MILESTONES

August, 1979

September, 1979

December, 1979

February, 1980

August, 1980

October, 1980

August, 1981

November, 1981

Proposal submitted to DOE

DOE decision

Complete construction on FRX-C electrical prototype

Prototype evaluated and final design completed of FRX-C

Complete construction and begin electrical check-out of

FRX-C

Begin operation of FRX-C

Evaluate FRX-C scaling and decide whether to begin

modifications for translation and trapping experiments

Assuming a favorable August '81 decision,

begin injection studies in CTX

The Scylla IV-P Multiple-Cell Experiment

First fiscal year October

January

March

June

September

Second fiscal year March

September

Begin main-bank refurbishing

Finish design of modifications; place

order for new coil

Finish main-bank refurbishing

Finish construction; begin electrical

check-out

Begin operation of experiment

Finish parameter surveys; begin detailed

diagnostics

Evaluate multiple-cell CT confinement
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3.150 MANPOWER REQUIREMENTS

The FRX-C Experiment

FY-80 FY-81 FY-82

Mechanical engineering

Electrical engineering

Computer support

Experimental staff

°;ientists

Technicians

1.5

1.0

1.0

4.5

13.0

21.0

1.0

1.0

1.0

8.0

10.0

21.0

1.0

1.0

1.0

10.0

12.0

25.0

The Scylla IV-P Multiple-Cell Experiment

Mechanical engineering

Electrical engineering

Computer support

Experimental staff

Scientists

Technicians

9.0 13.0

Fi r s t FY
0.5

0.5

0.5

2.5

5.0

Second FY
0.25

0.25

1.0

4.5

7.0
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APPENDIX A—PROVISIONAL LASL COMPACT TORUS PROGRAM PLAN

May, 1979

R. K. Linford, A. R. Sherwood, and R. E. Siemon

I« Introduction

Several reactor schemes have been proposed^-»^' •* based on the Compact Torus

(CT) concept which appear to have significant advantages over conventional

tokamak reactor plans. The experimental Program Plan described in this

document addresses many of the important issues that must be resolved before

the viability of these reactor schemes can be properly assessed.

The term CT refers to a toroidal plasma configuration with no material

other than plasma in the "hole" of the torus. Thus it excludes toroidal

systems such as the tokamak, reversed-field pinch (RFP), and ELMO bumpy torus

(EBT). The magnetic fields in a CT plasma may be supported by high energy

beams, as in Astron-like devices, or by thermal plasma currents. The

Astron-ring configurations are being studied extensively in other laboratories,

so this Program Plan is restricted to the study of CT's supported by thermal

plasma current. This latter class of CT's can also be separated into two

subclasses: with toroidal field, Bt, and without toroidal field (see Fig. A-l).

A survey of pertinent experiments indicates that the reversed-field theta pinch

is the only device that has made a closed field CT without Bt. CT's with Bt

have been produced with a modified coaxial gun and conical theta pinch

guns. » ' Most of these experiments were performed at low energy and very

little is known theoretically or experimentally about CT stability and

confinement, particularly in parameter regimes approaching reactor conditions.

Different names have been attached to particular types of CT's. The

spheromak is conceived as a low aspect ratio tokamak with no Bt coils and a

metallic shell that is topologically spherical instead of toroidal (see

Fig. A-l). It can be thought of, equally well, as a low aspect ratio RFP with

Bfc going to zero at the plasma edge instead of reversing. Experimentally,

increased turbulence has been observed in RFP's when the field reversal

decreases to zero. This is consistent with the relatively low 3 limits

theoretically determined for spheromak stability. In assessing these
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Compact torus schematic showing the geometrical parameters R, a, and b, and the
fields B and B t. For some CT's, Bt = 0.

observations, it is useful to remember that the theoretical concept of a

spheromak is the same as a CT with Bt> As mentioned above, CT's with Bfc have

been produced and appear to be grossly stable. In addition, in the case of

CT's without Bt, geometry effects such as large elongations (large b/a) are

important to stability. Similar geometry effects may be important in CT's with

B t, allowing higher 3's than have been calculated. In other words, it is
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important to gain a unified understanding of all variations of CT's in order to

eventually assess their reactor potential. The proposed Program Plan includes

the study of CT's both with Bt (spheromak) and without Bt.

Another variation of the CT concept is the field-reversed multiple

mirror. As is shown in Fig. A-2, this concept consists of a series of CT's,

with ..heir open field lines in common. The multiple mirror confinement on the

open field lines allows increased pressure on the separatrix, which may be

important to stability and transport in CT systems. Again, the proposed Plan

includes the study of these and other physics issues culminating in a

Proof-of-Principle experiment for the CT concept.

METAL COIL MAGNETIC FIELD LINE

Multiple cell geometry.
Fig. A-2.
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II. CT Reactor Systems

The study of possible reactor systems is crucial to the LASL CT Program

Plan. These studies provide both physics and technological goals which must be

met for a viable reactor embodiment. Care must be taken not to rely heavily on

results based on sparse and poorly understood physics data, but important

information can be obtained about reactor constraints even at this early stage

of research. In that spirit, three previously proposed reactor schemes are

mentioned here along with some general comments about each.

The LINUS concept1 (see Fig. A-3), developed at NRL, consists of a

rotating liquid metal liner which compresses a CT plasma. Some of its

attractive features are that the renewable first wall also acts as a neutron

blanket and breeder and supplies the adiabatic heating to ignition. The moving

ring reactor (MRR) (see Fig. A-4), developed by PG & E and Cornell, uses an

ion-ring type of CT, but other CT types are also usable. The ring is

adiabatically compressed to ignition as it drifts into the blanket region and

then continues to burn as it drifts down the tube. Like LINUS, this scheme

LEAD-LITHIUM
TURBINE

MOTOR

Fig. A-3.
LINUS reactor
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Fig. A-4.

uses the simple heating method of adiabatic compression, and a conducting wall

can also be kept near the plasma during compression and burn. This passive

liner approach avoids the mechanical complexity of cycling the liquid metal,

and the first wall loading problems can be avoided by drifting the plasma

instead of needing a renewable first wall as in LINUS. However, the complexity

of maintaining this axial motion has been added. The field-reversed mirror

(FRM) (see Fig. A-5), developed at LLL, uses a CT or linear array of CT's in a

long-pulse or steady-state mirror configuration. The CT is heated and

maintained with neutral beams. These beams must supply not only the heating

but also must replace the particles and flux lost by diffusion for long pulse

operation. The obvious advantage, however, is that the CT source does not have
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to be operated nearly as often as In the LINUS or MRR systems. As presently

conceived, all of these systems use a high-voltage, pulsed-power source for the

CT, so the size and pulse rate become a technological issue* Significant

progress has been made in the recent past with this type of technology, and

continued progress is needed to improve the attractiveness of all these

schemes.

The major physics issues are common to all of these reactors, but the

specific impact on the design will be different. One of the major issues is

the degree to which the equilibrium and gross stability depends on a conducting

shell or feedback-controlled fields. Are quadrupole fields necessary or

sufficient as assumed in the FRM? Is field diffusion into the metal walls slow

enough so that stability is maintained during the implosion of LINUS or the

drifting rings in MRR? How are these effects dependent on the plasma geometry,

amount of Bt, plasma 3, etc? Another major issue is the dependence of the

transport rate of heat, particles and flux on the above mentioned equilibrium

parameters. So little is known about these physics issues that an accurate

assessment of the above reactor schemes is not possible at this time. However,

these small, technologically attractive reactor ideas motivates the aggressive

Program Plan which has been designed by LASL to answer the major physics

questions.
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III. LASL Compact Torus Physics Plan

A. Introduction

A flow chart of the Physics Plan is shown in Fig. A-6. The production,

translation, and trapping of grossly stable CT's, both with and without Bt,

will be investigated experimentally. The confinement properties of both types

of CT's will then be studied as single cells. The effect of multiple cells on

confinement will also be studied. The most promising CT configuration will

then be selected for heating studies in the single-cell form. The results of

each of these studies will culminate in the design and operation of a CT

Proof-of-Principle experiment. The need for a strong, parallel, theoretical

program cannot be overemphasized if this proposed experimental Program Plan is

to succeed. Each step of the Physics Plan is discussed below in more detail.

WITH
SINGLE Bf

CELL
NO
Bt

MULTIPLE
CELL

EQUILIBRIUM 8
GROSS

STABILITY

PRODUCTION
TRANSLATION
TRAPPING

N/

\ /

\ /

' CONFINEMENT

SCALING OF
PARTICLE AND

HEAT TRANSPORT

1

! HEATING i PROOF OF

PRINCIPAL

LASL Compact Torus Physics Plan.
Fig. A-6.
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B. Production .,

The choice of a CT source is crucial to the success of the near-terra

experiment as well as the reactor. Several different sources have been tried,

and several more have been proposed. To our knowledge, only the three sources

mentioned in Sec. I (reversed-field theta pinch, conical theta pinch, and

coaxial gun) have been successful at generating CT's with a/p^ > 1. The

philosophy of this Program Plan is to choose the sources that have the highest

probability of yielding important physics results in the near term.

Since the field-reversed theta pinch (FRX system) is the only

experimentally demonstrated source of CT's with no B t, it is the natural choice

for that type of CT. The formation process of the CT is shown in Fig. A-7.

Once the CT is formed, it can be translated by pulsing a separately driven

mirror coil (not shown) on one end of the system. This translation process has

been demonstrated at Krasnaya Pachra and at LASL on FRX-A. Trapping of the CT

has yet to be tried.

The conical theta-pinch gun and the modified Marshall gun (added poloidal

field, B ) have both been used to form CT's with B t < The Marshall gun is the

preferred choice because of increased efficiency and experimental control over

B and Bt. The operation of the gun is shown schematically in Fig. A-8. Since

this type of gun has not been operated in the high-temperature, low-density

regime required in the Program, major questions still remain. Other sources

such as the conical theta pinch should be considered as alternatives.

Several other alternatives that have not been successfully demonstrated

have been proposed for producing CT's with Bt. The rotating hollow REB at

NRL has formed reversed fields, but the lines intersect the wall. Passing

current axially down a theta pinch (see Fig. A-9a) was proposed by LASL at the

June '78 Princeton Spheromak Meeting. The use of a system similar to the old

Hothouse-I facility at UCB is being considered at the University of Maryland

(see Fig. A-9b). Several other techniques have also" been proposed by PPPL.

After considering each of these schemes, it appears that the FRX system and the

modified gun have the best chance of producing CT plasmoids that can be

translated and trapped for detailed physics study in the near term.
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Fig- A-7.
Formation sequence of a CT in a field-reversed theta pinch.

C. Equilibrium and Gross Stability

Once the plasma has been rrapped, the dependence of gross stability on a

variety of equilibrium parameters can be studied. The gross shape of the CT,

such as the values of K/a and b/a, appear to be important. Metal walls may be

required to maintain the optimum shape of the equilibrium or they may be needed

to wall stabilize gross MH1) modes. The need for metal walls may be relaxed by

using quadrapole fields. Tiie.se issues need to be addressed experimentally and

theoretically as well as the c-if uct:s of pressure profiles, pressure on the

separatrix, ratios of Bt/B , and 3 r-n thw gross stability of the plasma.
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Gun production of a CT (Lawrence Livermore Laboratory),

D. Confinement

The confinement properties of CT's are not likely to be classical.

Internal, higher order MHD modes, resistive modes, and microturbulence from a

variety of sources are expected to enhance cross-field transport* The

important parameters that need to be varied in the experiment include all of

the equilibrium parameters mentioned above plus shear, a/pj (p± is the ion

gyroradius) and ">CJ_TJ_ (<°ci
 is ttle ion gy*°f*equency and x^ the ion collision

time)* In particular, theory indicates that an optimum value of a/p^ may

exist. This optimum arises from the opposite a/pĵ  scaling of two possible

sources of transport. Increased a/p^ decreases transport from modes such as
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Fig. A-9.
Formation of a CT with Bt using two modified theta-pinch geometries. The two
geometries are shown just prior to the implosion with fields antiparallel to
the indicated axial bias field. The subsequent reconnection of the
antiparallel fields near the ends should be similar to the sequence in Fig. 7.
(a) An axial current is drawn between the electrodes to establish B just
prior to implosion, (b) An ionizing shock propagates axially from the coaxial
electrodes to establish Bt just prior to implosion.

the lower hybrid drift, but decreased a/p± provides enhanced FLR stabilization

of MHD modes. Preliminary experimental results indicate that increased

lifetime results from increased a/p^. Future experiments must extend this

study of transport to larger values of a/p^ and to higher temperatures. In
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addition to the single-cell studies, experiments are needed to test the

enhanced confinement predicted for the multiple-cell geometry.

E. Heating

The results of the confinement studies will be used to select the CT

equilibrium parameters which are most promising for the heating studies which

follow. Three types of heating schemes appear the most attractive at the

present time: 1) neutral beams as proposed for the FRM, 2) adiabatic

compression as proposed for the MRR and LINUS concepts, and 3) RF heating,

most likely in the form of magnetosonic heating. These heating approaches need

more careful examination before one or more is chosen for the heating

experiments. Care must also be taken that the heating scheme does not enhance

the transport unacceptably or drive the CT grossly unstable. If the heating,

transport, and equilibrium studies are compatible with a reactor, then a

Proof-of-Principle experiment becomes the logical next step.
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IV. Description of LASL Compact Torus Experimental Plan

A. Introduction

In Fig. A-10 the plan is shown for a series of experiments to accomplish

the physics objectives discussed above. The constraints assumed in cost and

manpower are explained in Sec. V below. Each box represents the interval of an

experiment's operation with arrows showing the flow of needed information for

LASL COMPACT TORUS EXPERIMENTAL PLAN
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Compact Torus Experimental Plan.
Fig. A-10.
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other subsequent, or in some cases, concurrent experiments* Fiscal years

indicated at the top show the approximate time scale.

In addition to the specific experiments indicated in Fig. A-10, other

CTR-Division activities are important to the success of this program. The most

important are the ongoing reactor studies indicated as a long bar at the bottom

of Fig. A-10. The interaction between LASL's system studies and experimental

groups hopes to ensure that all experiments are designed to test the relevant

physics and technology, but for simplicity a single arrow is shown contributing

to the Proof-of-Principle experiment. Similarly an ongoing theory program and

technology development program contribute at all phases of this experimental

plan. Component development in the areas of pulsed power, RF heating, and

neutral beam injection is anticipated to be needed in this program.

Computer control and data acquisition methods already developed in

previous LASL experiments are adequate for the near term plans. Clearly future

larger experiments will require engineering and development in this area.

Diagnostic measurements, an essential part of all plasma experimental physics,

are reasonably well developed and are constantly being refined at LASL for this

plasma regime although new developments will be needed when the program reaches

the phase of heating studies. The measurement of internal magnetic fields

(without perturbing the plasma) is a difficult diagnostic of particular

importance in CT configurations with their intrinsically complex field

patterns. Fortunately this need also exists in the RFP program, and concerted

efforts are underway in the LASL CTR-Division to develop methods of measuring

internal magnetic fields.

The research effort represented by this Compact Torus Experimental Plan

both compliments and benefits from the main CTR-Division program to develop the

RFP concept. Although the experimental methods of plasma production are rather

different, both programs study the physics of an axisymmetric torus in

approximately the same regimes of density and temperature. Diagnostic

techniques are of mutual interest as already mentioned with regard to magnetic

field measurement. Another example is the development of space-resolved

Thomson scattering for ZT-40 which can be applied to the CT program. Concepts

and theoretical studies developed in one program are likely to benefit the

other. For example, the elongated prolate geometry of the field-reversed theta

pinch has proven experimentally to be beneficial for plasma stabilty. As

theoretical understanding of this result is obtained, it becomes possible to



investigate whether a similar geometrical modification would improve the RFP

configuration. Other CTR-Division activities also compliment the CT program.

Precise heat flow measurements in the Q-machine are important for understanding

the physics of plasma outside the separatrix of CT's- The multiple-cell

experiment described in IV-E will particularly benefit from such studies.

B. The FRX-B Experiment

The development of CT's without a toroidal magnetic field begins with the

presently operating FRX-B experiment (Fig. A-ll). As shown in Fig. A-10, the

experiment operating through FY 1980 contributes the main.data base for a

future scaling experiment, FRX-C, and a multiple-cell confinement experiment.

To date the FRX-B has established that a CT with a grossly stable equilibrium

can be formed. The diagnostic measurements underway will establish a data base

with a limited range in a/p^ and geometrical parameters provided by varying the

initial filling pressure, initial bias, and so forth.

PLASMA

IMPLOSION COIL

•QUARTZ TUBE

Fig. A-ll.
FRX-B coil and plasma geometry.
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One important physics issue addressed by the experiment is the origin of

the plasma rotation which leads to an m = 2 disruption. At present it is

believed that the rotation results from plasma particle losses, but more

complete diagnostics are required to establish this interpretation

experimentally. If the present interpretation is correct, the n = 2 mode

develops after more than one-half of the plasma is lost. Therefore, the mode

is not the primary cause of plasma loss. Thus the plans to explore scaling

aimed at better confinement will also address the m = 2 rotational mode.

Before termination of FRX-B near the end of FY 1980, it will also be

possible to make initial tests of translation and trapping in an external

quasi-steady coil. The development of pulsed gas techniques and pre-ionization

methods underway for FRX-B translation experiments will be of general

applicability in the CT program. Translation experiments will provide new

physics information about CT's. For example, the need for a metal wall in

close proximity to the plasma can be investigated because the geometry of metal

walls can be varied in the guide-field region.

It should be noted that results from the FRX-B experiment contribute in an

important way to the LINUS program. Based on data obtained in FRX-B and the

scaling experiment described below, it should be possible to establish whether

theta-pinch generation of a CT is adequate for the requirements of LINUS.

C. The FRX-C Experiment

The FRX-C is a scaling experiment which extrapolates the FRX-B results

towards the higher temperature and longer lifetime needed for fusion.

Scheduled to begin operation late in FY 1980, as shown in Fig. A-10, it

provides a means for production and injection of plasma with no toroidal field

into a steady mirror field.

Based on field-reversed theta-pinch experiments at LASL and elsewhere, it

can be shown that collisionless high-temperature CT's produced by theta-pinch

methods require large applied voltage with minimum subsequent compression

before translation. The hardware needed for the experiment shown in Fig. A-12

is largely available from parts salvaged from the Staged Theta Pinch

Experiment. Technology developed in that experiment and the Implosion Heating

Experiment lead to confidence that a high energy CT can be produced with

temperature in the keV range. Compared to FRX-B a larger coil diameter (45 cm)
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FRX-C

Fig. A-12.
FRX-C main bank, collector plate and coil geometry.

and length (150 cm) combined with higher temperature provide key tests of the

scaling of CT's with geometry and a/p^.

The configuration shown in Fig. A-12 is chosen to permit locating the

FRX-C experiment adjacent to the CTX vacuum vessel and mirror coil described

below. This allows translation and trapping of the theta-pinch produced CT

into a steady-state magnetic mirror where the confinement can be measured.

Plasma is transferred through a quasi-steady solenoid designed to decouple the

high-voltage generator from the mirror coils.

D. CTX Prototype Gun Investigations

The first plasma source for the CTX facility, to be described below, will

be a coaxial plasma gun with poloidal field components. This possible method

of producing CT's having both toroidal and poloidal fields was described in

part I. The scheme follows the recent suggestion of C. W. Hartman^-^ and the
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much earlier experiments of Alfven and coworkers^ with low energy guns

containing the required poloidal field (see Fig. A-8). Typically, the high

energy guns without poloidal field tested at LASL^ have produced two velocity

components. The fast component has the right range of energy and particle

inventory needed for the CT and FRM programs, but, unfortunately, the slow

component contains about 100 times the desired inventory. The key experimental

issues are whether the slow component can be eliminated or rendered harmless

and whether the fast component can be trapped in the desired closed-field

configuration.

The use of plasma guns as a source for producing CT's is also being

investigated at LLL in their Field Reversed Mirror (FRM) program. The present

effort at LASL was started as a cooperation with LLL because the numerous

issues and questions to be investigated require both programs to get answers on

a timely basis. The Livermore approach employs an only slightly modified LASL

gun operating in the usual density regime. An important question is whether

this approach can induce the necessary magnetic field line reconnection to

separate the fast and slow components. The LASL approach involves more

extensive modification to the gun in an attempt to operate at lower densities

and eliminate the slower component. There are indications from the work of

Marshall and Henins in 1964-65,*3 that the addition of a bias field (i.e., a

magnetic field in the gun barrel parallel to the gun electrodes), as is present

in our new gun, may indeed allow operation at somewhat lower than conventional

densities. They also found that the presence of a bias field supressed the

formation of the slow plasma component.

Figure A-13 shows a schematic diagram of the new gun being constructed at

LASL. The radial dimensions of the gun have been altered to achieve a ratio

between the inner and outer electrode diameters nearer to unity than is normal

for LASL coaxial guns. This may decrease the tendency, believed to originate

from the 1/r dependence of the driving magnetic field, for the gun to produce

fast and slow components of the output plasma. A pair of magnetic field coils,

called the poloidal field coils, have been introduced just inside and outside

of the inner and outer electrodes respectively. These coils are run in series

and produce the largely radial field at the muzzle of the gun that forms the

poloidal.field for the CT. The bias field coil is placed outside of the outer

poloidal field coil. In order to provide easy access to the inner poloidal

field coil and to allow diagnostic access down the axis, the usual arrangement
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Cross section of modified LASL gun.
Fig. A-13.

of a single gas puff valve on axis has been changed to having six

simultaneously operated puff valves feeding gas through the outer electrode.

As shown in Fig. A-10, the initial experiments will be done using the

zodified plasma gun on the present gun facility. This work will be done in

parallel with the construction of the CTX facility. The emphasis of these

investigations will be on the problem of the production of CT's with toroidal

fields. Other issues such as translation and trapping of the tori, energy
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containment time, etc., will be investigated later on the CTX facility itself.

It is anticipated that the effect of the variation of a variety of parameters

(such as the gun voltage, the strength of the bias and poloidal magnetic fields

and the amount and timing of the neutral gas puffed into the gun) will have to

be investigated before it is learned how to produce CT's from a gun source.

E. CTX

CTX provides the central facility for LASL's Compact Torus program. It is

presently being installed in the area formerly occupied by the Staged Theta

Pinch experiment. Figure A-14 is a side view of CTX. The central element of

the facility is a 4.6-m long, 1.5-m diameter vacuum tank fitted with external

DC magnetic field coils. Fortunately, the coil/tank system already exists at

LASL, having been obtained years ago for a different experiment. A new power

supply for the DC coils will provide a guide field of up to 10 kG, so the

system is ideal for studying the trapping and the confinement properties of

CT's.

-COLLECTOR PLATE
CTX VACUUM TANK

AND COILS

TRANSITION
GUIDE FIELD

FRX-C
DEVICE

Fig. A-14.
Side view of CTX showing the gun and FRX-C sources•
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Both ends of the CTX central vacuum tank are available for plasma sources.

Compact tori from two sources, then, can be studied on the same facility with

common diagnostics. If the schedule demanded it, and if the necessary funding

were available, one can imagine operating the two sources "simultaneously" by

dual shift operation of the facility. As is shown in Figs. 14 and 15, it is

presently planned to install a plasma gun source in one end and the FRX-C

source in the other end, thus allowing the study of CT's with and without

toroidal fields. As is shown in Fig. A-10, the first experiments on CTX will

address the equilibrium and gross stability issues of gun-produced CT's. In

particular, the problems of translation, trapping, the necessity of nearby

metal walls, etc., can be studied, the questions of production having already

been investigated in the prototype gun experiments. Later, when the properties

of the FRX-C plasmas have been established, this source will be connected to

CTX. With the two different sources the effect on the energy containment time

CTX
VACUUM TANK

& COILS

COLLECTOR/
PI flTP/

Fig. A-15.
Plan view of CTX in the experimental area.
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of such parameters as magnetic field shear, fci, the geometry of the torus, a/p.,

e t c , can be studied- These investigations concerning energy and particle

confinement in CT's will occupy more than a year and will address the

single-cell confinement section of the Physics Plan-

During the period of the confinement studies it will be necessary to study

various heating options for the next phase of the Physics Plan. Possible

options are neutral beam heating, RF heating, (magnetosonic and other

possibilities), and compressional heating. More than one type of heater needs

to be developed because it is possible that a particular heating method could

cause equilibrium stability or transport problems for the type of CT chosen for

heating studies. Therefore, we anticipate a parallel effort to develop

components and hardware for the heating options. During this period it will

also be necessary to obtain familiarity with new (to LASL) diagnostics such as

charge exchange techniques.

E. Multiple-Cell Experiment

Theory indicates that confinement of a CT is related to the plasma

pressure profile, particularly the pressure on and near the magnetic field

separatrix. A significant increase of confinement for plasma lost on open

field lines is possible by using the effect of multiple magnetic mirrors in a

linear array of CT's. There is a clear need to study the physics of such a

configuration before deciding on the optimum reactor embodiment and the

associated Proof-of-Principle experiment. Thus the Compact Torus Experimental

Plan, 1'ig- A-10, includes conversion of the present Scylla IV-P device into a

multiple-cell experiment in FY 1981 with operation in FY 1982. The arrangement

shown in Fig. A-16 assumes that Scylla IV-P is modified to produce plasma with

the same parameters as FRX-B in all respects except length and number of plasma

cells. A d;ita base therefore exists to compare single-cell and multiple-cell

confinement. Variations in cell length determined by the periodicity of the

external coil permit study of the resistive tearing mode and confinement for a

variable number of cells.
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Fig. A-16.

Multiple-cell experiment on Scylla 1V-P theta pinch.
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V. Schedule and Manpower

A. Introduction

Obviously the physics of CT's is not well established at the present time.

Therefore, the PERT chart shown in Fig. A-l7 is designed to answer as many key

questions as possible as quickly as possible. An accelerated program at higher

cost could be considered, but the assumptions made here are 1) the total

CTR-Division resources grow at a modest rate, and 2) the CT program will not

interfere with the major project in the LASL CTR-Division, viz., the Reversed

Field Pinch, ZT-4O experiment. The unified application of remaining resources

in the division yields the aggressive Program Plan developed in this document

and summarized in Fig. A-17. It should be stressed that the experiments
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LASL Compact Torus PERT chart.
Fig. A-17.

65



planned make good use of available hardware and require minimum major

procurement for the next two fiscal years (FY '80 and FY '81). Experiments are

carefully arranged during this time to permit adequate operational and

diagnostic support while keeping an approximately constant level of design and

construction as is consistent with the available engineering support. Assuming

successful demonstration of the answers to physics issues defined above, the

program grows in the years FY 1982-1985.

B. Pert Chart Logic

1 As discussed above in general, the single-cell CT investigations follow

two main paths on Fig. A-17. The upper path concerns tori with toroidal field.

It starts with the construction of the CTX facility and simultaneous production

studies in the prototype gun experiment. These studies shift to translation,

trapping, gross stability, etc., investigations on the CTX facility through

August 1981. On the lower path, which is for the theta-pinch branch, transport

and translation experiments continue on FRX-B while design and construction of

the FRX-C experiment is underway. The FRX-C experiment is built in its final

position as a source for the CTX facility. This results in a considerably more

crowded space situation than if FRX-C were built elsewhere, and there will be

some interference between the operation of CTX and the construction of FRX-C

for a few months. However, the overall savings in time and effort of not

having to build two versions of FRX-C (or alternately of not having to move

FRX-C) makes this plan necessary if the physics results of transport and

heating are to be obtained on a timely basis. In October 1980 the FRX-B

experiment stops, and FRX-C begins and rut;j for about a year. In August 1981

the wall between CTX and FRX-C is removed, and FRX-C is connected to CTX with a

short transition section. This takes only about two months which is the payoff

for this crowding of the two experiments together. At this time the

construction effort shifts to the multiple-cell experiment. Beginning in

October 1981, single-cell transport physics is studied on CTX with two sources;

a smaller crew does the multiple-cell transport physics on the modified Scylla

IV-P facility. Also in October 1981 additional staff are acquired for the

beginning of component development for a future Proof-of-Principle experiment

and also to begin the development of the heating hardware. In October 1982 a

choice is made as to which should be the initial heating method to be tried on

CTX.
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In January 1983 two very important decisions are made for the whole

program. At this time a choice is made as to which type of single-cell CT will

be heated. Also, based on the comparison of the results from single-cell and

multiple-cell transport studies, a provisional choice is made as to which cell

configuration should be used in a follow-on, larger, fusion feasibility test.

Input from the reactor studies which have been going on throughout this time

will also bear on these two choices. Finally, the heating experiments

conducted on CTX, provide information more or less continually for the design

of the fusion feasibility test.

C. Manpower Projection

Using Fig. A-17 as a guide for requirements, it is seen that the major

expansion occurs in FY 1982-1984 in preparation for a Proof-of-Principle

Experiment. A preliminary estimate of the manpower needed to meet these

requirements is given in Table I.

FY

1980

1981

1982

1983

1984

TABLE

MANPOWER

SCIENTIFIC

Staff

16

17

23

24

21

Tech

20

20

22

23

24

I.

ESTIMATE

SUPPORT

Staff

5

6

9

13

13

Tech

7

7

10

14

14
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APPENDIX B—REVIEW OF PREVIOUS EXPERIMENTS

R. E. Siemon

Early in the history of theta-pinch research the obvious advantages of a

closed field line configuration were recognized. Every major laboratory that

has reported theta-pinch experiments has devoted part of its effort to field

reversed configurations. A brief recap of the major conclusions recorded in

the literature is included here to help in formulating the key issues and

defining the proposed experimental program.

Table B-l summarizes parameters associated with various experiments. It

is intended to give an overview and should be used in conjunction with the

original references. The lifetime in the table is the best reported by the

authors, and to the extent possible the plasma parameters are consistent with

the stated lifetime. Lifetime for the quiescent phase is defined as the

duration of a field-reversed configuration independent of why it is terminated.

The main indicators are excluded flux or a hollow luminous structure observed

from the end. The first indication of n = 2 activity, when observed, is at a

time generally somewhat shorter than the lifetime stated in the table.

A. Culham

1 O

Early experiments were reported by Bodin et al. using second half-cycle

operation in which no control of the bias or preionization was possible. It

was found that an important feature of reversed field operation is the

generation of axially moving area waves or shocks leading to irreversible

heating processes beyond those of implosion and compression. An axial

contraction of the field-reversed configuration by typically a factor of three

or so is a common observation in experiments. Following the axial contraction,

the plasma lifetime was usually limited by an instability linked to rapid

rotation.3 According to end-on framing photographs the field reversed

configuration disappeared before the onset of rotation. Typical parameters are

listed in Table B-l.

Later experiments by Green » drew attention to means for extending the

lifetime of the field-reversed configuration (from 2 ps of earlier results to

over 6 ps). The best confinement resulted when trapped field was minimized
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because In that situation the axial compression which led to instabilities was

minimized.

Bodin^ reported experiments in which framing camera photography was used

to identify an axial structure in the early formation of the field reversed

configuration. Discrete rings were observed to be formed which then moved

axially and sometimes merged into a contracted single cell. The rings were

formed early in the implosion phase and were associated with resistive tearing

modes that were fully developed in 0.2-0.5 psec. The theory for resistive

tearing modes cited to agree with the experiment was given in a paper by Furth,

Killeen, and Rosenbluth' referred to as FKR theory.

An important limit on the maximum possible bias field was pointed out by

Green and Newton. Calculations and experiments were cited that show that the

trapped bias is limited to a value B = 5 x 10^Eg(a p0) where B is the

maximum initial bias, EQ is the electric field at the discharge tube wall in

V/cm, a the fraction of gas ionized, and p 0 the initial deuterium presssure in

mtorr.

B. Jiilich

The Jtilich group was among the first to develop techniques for independent

preionization and bias.' A noteworthy result of the early work was that

impurities played an important role in determining the lifetime. J By

discharge cleaning, the plasma lifetime could be extended to last for a

complete half cycle (1.8 us), whereas rapid decay of trapped field and

non-symmetric discharges were associated with higher levels of impurity. Also

of interest in the early work was the paper by Kever*-^ which indicated that

implosion heating becomes less effective when the bias field exceeds a critical

value. The value to within a multiplying constant is identical to the maximum

bias derived by Green and Newton."

A very interesting experiment called Julietta13'^ was reported in the

late 60's. The diagnostics were mainly excluded flux and plasma streaks.

Conclusions for parameters listed in Table I were as follows:

1. Complex axial variations are observed presumably resulting from a

resistive tearing mode (typically three or four plasma cells in a 1.3-m

coil).
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2. The tendency for tearing is reduced by reducing the magnetic compression

following the initial implosion.

3. The "fragments" of plasma that result from tearing appear to be stable and

long-lived (particle containment in excess of 50 ps).

Based on the experimental results, the opinion was offered that the

tearing mode was not a fundamental limitation since the resulting fragments

were stable. Furthermore, weak magnetic mirrors should help in the confinement

of the fragments which tended to move out of the ends of the coil.

C. Garching

Measurements by Keilhacker*" showed that quartz shielded probes placed

inside a field reversed configuration led to localized cooling and resistive

instabilities which rapidly destroyed the configuration. In a study of

resistive tearing modes Eberhagen and Glaser*' observed that either inserted

probes or empty external side pockets (and the associated hole in the external

coil) could induce the plasma to break into discrete plasma rings. The plasma

formed with smooth walls was sometimes unstable, but could be free of the

tearing mode if a discharge cleaning procedure was used. The major impurity

problem was felt to be water deposits adsorbed on the quartz tube walls. It

was also reported that the ring formation time appeared to be slow in

comparison with the predictions of theory. In discharges free of the tearing

mode'-" time- and space-resolved density measurements showed that the axial

contraction was consistent with a complete sweep up of the initial plasma.

A relatively complete characterization of a stable field-reversed

configuration is given in the paper by Eberhagen and Grossmann. " It was found

that an axially uniform single plasma cell was formed which decayed slowly

until disruption by a rotational n • 2 instability ended the confinement.

Parameters are given in Table B-l. Possible explanations offered for the

absence of tearing modes seen in earlier experiments were 1) a reduced level of

initial, plasma perturbation, or 2) a stabilizing effect from the observed

plasma rotation. Shaped coils (mirror ratio 1.2) were found to eliminate a

tendency for plasma to leave the coil axially. Before the disruption by n = 2

there were no observable MHD instabilities although the excluded flux exhibited

a gradual decay during the quiescent period of about 15 us. It was also noted
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that under conditions of poor preionization the plasma exhibited strong axial

inhomogeneities which could have been mistaken for tearing modes had they not

been eliminated by more efficient preionization.

The most recent Garching experiment was a Poloidal Field Belt

Pinch. The geometry of coil and vacuum vessel resembled a belt pinch but the

windings were arranged to produce only a poloidal field. The aspect ratio

(major to minor radius, R/a) was approximately 10 and as a result of the larger

plasma moment of inertia it was possible to avoid the rotational n = 2

instability. A resistive mode (separation into two rings) limited the plasma

life, and it displayed a growth rate in good agreement with FKR theory. The

plasma lifetime was about ten times longer than the characteristic growth time

for MHD instabilities but the authors caution that the relatively low

temperatures (T ~ 20 eV and W ^ T ^ < 1) may lead to results inapplicable for

fusion conditions.

D. Naval Research Laboratory

The early work by Kolb and colleagues2*"^ was more concerned with heating

than with confinement. In particular cases it was noted that large electric

fields can arise at the field null in a field reversed experiment. As a

consequence neutrons can be produced by nonthermal acceleration of ions.

Models for plasma confinement and loss processes in the theta-pinch with

zero or parallel bias were determined to agree fairly well with experiment. In

constrast, the factors which influence heating and confinement with an initial

reverse field were stated to be complex and poorly understood.

A frequent experimental observation was the formation of two well-defined

filaments that rotate with angular velocity J2 ~ 10 sec" . The origin of the

implied angular momentum was discussed in a paper by Rostoker and Kolb. They

argue that leakage of plasma cannot explain the rotation because I) a

substantial fraction of the plasma would have to leak out of the ends, and

2) the predicted sign of rotation would be wrong. The explanation given

assumes constant angular momentum during the dissipation of trapped fields ,

but it does not explain the origin of the initial value of angular momentum.
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The PHAROS experiments^""^ use<j a larger coil and demonstrated longer

plasma lifetimes. Based on results with applied small transverse magnetic

fields, it was established that rotation can be a result of transverse

fields.29"31 Hintz and Kolb32 reached the following conclusions:

1. Confinement limited by magnetic field duration (no crowbar) could be

obtained with field reversed configurations, while zero or parallel bias

fields led to more rapid plasma losses.

2. An axial contraction was observed for the field reversed case. Outside

the central region a narrow thread of plasma connected the bulk of the

plasma to the ends of the coil.

3. While rotation can in some instances result from small transverse fields,

it remains unclear whether that explains rotation in the cases where the

coil and feed plate arrangement limited the stray fields to less than one

percent.

4. The rotational velocity and n = 2 instability growth rate increase with

larger transverse fields and decrease with larger current density or

larger electron temperature.

With an extended current pu] 2^ it became clear that plasma confinement

was not limited by the magnetic field duration. With the highest temperatures,

confinement was limited by the onset of n = 2 instabilities and not by particle

loss.

Detailed measurements of plasma particle loss were presented by McLean et

al. ^ Two coil diameters were compared. The higher temperature (small bore)

confinement exceeded Bohm by more than an order of magnitude. The lower

temperature (larger bore) showed improved confinement during a quiescent phase

after which plasma was lost rapidly at roughly a rate consistent with Bohm.

The axial contraction and other features of field reversed operation were in

good qualitative agreement with the other laboratories.

In an attempt to improve confinement further PHAROS was converted to a

hard-core experiment. The results were of limited success primarily

because of a complex instability eventually associated with a helical structure

following current paths in the plasma. * The limits for confinement of the

observed multihelix plasma were never established because of the limited

duration of the applied magnetic fields.



Axial irregularities, possibly associated with the development of

resistive instabilities in other experiments, were given a new interpretation

by Dixon, D£ichs, and Elton. " Their evidence shows that the structure

originates with the initial breakdown phase of the preheater discharge. A

theory by Haines^ for instabilities associated with thermal waves is proposed

to explain the results.

E. Kurchatov Institute (Krasnaya Pachra)

The first work by Kurtmullaev on field-reversed configurations was

reported in two papers by Es'kov et al. » at the Sixth European Conference

in 1973. The experiment^ demonstrated that the axial shock formed after

reconnection is an effective heating mechanism. A metal disk (perpendicular to

the axis) inside the discharge tube at one end of the external coil was used to

speed the reconnection process. The axial shock propagating away from the disk

increased the plasma pressure by a factor of ten over the value predicted for

radial implosion alone. The second paper'*"' was a proposal to imbed toroidal

field in the initial plasma with an axial current and then form a

field-reversed configuration with rapid increase of the poloidal (6-pinch)

field.

Experimental results with and without toroidal fields were reported in

1974. It was found, as in other experiments, that the lifetime without

toroidal field is at least an order of magnitude greater than expected,

evidently ". . . related to pecularities in the behavior of the magnetic field

in toroidal geometry with an elongated cross section." Plasma confinement was

limited to about ten microseconds because of a rather poor crowbar.

Preliminary results with embedded toroidal field from a hard-core shielded

conductor indicated: 1) the conditions for shaping and heating the toroidal

plasma are noticeably different as a consequence of plasma interacting with the

structure on axis, and 2) it is possible to create a closed toroidal field of

prolonged existence.

A solution to the problem of limited bias field (Green and Newton, Ref. 8)

was reported at Lausanne. Longitudinal conductors parallel to the axis

outside the discharge tube are pulsed to form a barrier octopole field during

the phase when the applied field begins to rise. In this way the expansion of
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plasma against the walls of the vacuum vessel is inhibited and larger bias

field can be employed. Probe measurements indicated a significant increase in

the trapped flux. Within the limits imposed by a poor crowbar it was concluded

that the confinement time was as much as 50 usec under those conditions where

the plasma diameter to coil diameter ratio was 0.5 to 0.8. A diffuse current

sheet was associated with the long confinement time. Parameters, given in

Table I, were obtained with a delayed crowbar and a fairly low magnetic field.

A discussion of the experiments was also presented in a 1976 report. An

introductory comment was the following: "For the purpose of stabilization one

can introduce toroidal magnetic field. However, at the present time promising

results were obtained concerning stability of such structures in the absence of

this component of the magnetic field." It appears that while theoretical

considerations have motivated the experimenters to introduce toroidal fields,

the experiments thus far have not shown any resulting improvements. The report

offers many observations and conclusions:

1. Heating by an axial moving shock increases the temperature by a factor

(£/R) compared to the radial implosion, and this amounts to a factor of

10-30 in typical experimental arrangements.

2. The geometry of field-reversed systems makes it possible to transport the

plasma toroid and thereby spatially separate the region ot formation and

heating from the fusion blanket region.

3. Experimentally the longest stable confinement is for ratios of plasma

radius to wall radius of order unity. Strong radial compression after the

closed configuration is formed leads to losses of particles, magnetic

flux, and energy.

4. A rapidly pulsed barrier field (Ioffe bars) is an effective way of

reducing plasma losses during the time when the applied poloidal field is

being reversed. The consequence of increasing the trapped flux is a

general tendency toward stability associated with the increase in radial

dimensions.

5. Calculations for the proposed case of embedded toroidal field indicate

that significant heating and high beta are consistent with stable

equilibrium (q > 1) formed with embedded toroidal field.

6. Calculations are presented which describe the equilibrium of a highly

elongated toroid without embedded toroidal fields and the heating to be

expected from the axial shock compression. It is concluded that the
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maximum shock heating occurs when the initial current layer of thickness 6

is small with respect to the separatrix radius. '

7. For experimental parameters, the axial contraction time is comparable to a

sonic transit time, and therefore neither shock heating nor an adiabatic

compression description is strictly applicable.

8. The present work addresses and solves the following fundamental problems:

a) pulsed formation of a compact toroidal plasma

b) shock heating of the plasma by longitudinal compression with the aid of

poloidal field

c) relaxation of shock perturbations without losses in the presence of

stable confinement

d) inhibition of the radial particle and magnetic flux losses and the

prevention of MHD instability in the inversion phase of the field.

In the Innsbruck paper there are a number of new developments reported.

A significant improvement in confinement time (T ~ 100 psec), a demonstrated

method of transporting plasma toroids, and refinements in controlling the field

reconnection at the ends are the major points.

With regard to field reconnection, it was found possible in experiments to

greatly delay tearing at the ends (up to 40 psec). During that time plasma was

confined radially by the barrier fields and axially by steady-state mirror

coils at the ends of the shock coil. Also during that time the reversed field

was applied on a relatively slow time scale. Then a fast rising "trigger coil"

permitted rapid reconnectionn to be initiated at the ends with the subsequent

development of a strong axial shock. Without the trigger coil the axial shock

was more diffuse and weak. The prolonged life of a field-reversed but

open-ended configuration is thought to differ from all previous experiments

because of the barrier field which maintained the plasma several centimeters

from the material walls. This wall-plasma isolation was found beneficial in

suppressing tearing modes. Tearing was observed to occur under certain

conditions such as near x-ray targets inserted into the discharge tube or when

the bias field was initially weak. It was also established that perturbations

in the process of developing could be stabilized by the action of the

longitudinal shock and compression.

The advantages in a fusion reactor to be gained by separating the

high-voltage formation and heating region from the fusion region require

transporting a plasma toroid. A method of accomplishing the transfer from the
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shock coil to a quasi-steady magnet was reported. The "trigger coil" used to

initiate an axial moving shock was activated at only one end of the shock coil.

The subsequent shock moved away from the trigger coil, and providing the timing

was adjusted to synchronize with the diffusive reconnection at che other eiid,

the result was a plasma toroid which moved axially at roughly the poloidal

piston velocity (~ 10 cm/sec).

Confineir.ent was found to be limited by the crowbar tirae x ~ 100 psec. No

sign of instability was observed, and it was stated that no particle loss or

energy loss other than adiabatic decompression were measurable during the time

of observation. Unfortunately these very encouraging results were not

documented very completely with data in the paper. Interferometric density

measurements were given but the magnetic field waveform and geometry were not

included for ti:e conditions of the measurement. Table B-l assumes the nomir.ai

paraEtters listed elsewhere for the coil with 8.8 cm radius. The good results

were found to be critically dependent on the ratio of separatrix radius to wall

radius. It was ctser/ed that the separatrix radius must exceed a .'aluc- ot 2.5

to 3.5 cm for a w-ill radius of 8.8 cm. This was possible for initial pressures

ranging from approximately 2-li.j mtorr. On the other hand, fiiling pressure

L-utsid<? this range leads to a sharp decrease in conf inement. (T-; <• •[••0 ,.";ec'; . It

was concluded that a diffuse current sheet with thickness comparable tu the

separatrix radius is optimum for stability and confinement.

F. Los Alamos

Early experiments with reversed bias fields were motivated by heating

questions. "* It was observed that fast compression of preionized plasma with

an embedded reverse bias field emitted neutrons, whereas zero or positive bias

did not. This effect was understood as an enhanced ion heating during the

implosion. Subsequently it was determined that lower filling presssure without

a bias permitted heating and neutron emission while avoiding the various

complexities associated with reversed bias such as the n = 2 rotational mode-

The standard Los Alamos theta-pinch configuration became the zero-bias mode and

the Scyllac project utilized that mode experimentally and assumed it in the

theory.
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Recent experiments by Linford et al. ^ ^' have reexamined the potentials

of confinement in the field reversed configuration. Diagnostics include

external and internal magnetic probes, streak and framing cameras,

spectroscopy, interferometry, and pressure probes. The parameters listed in

Table B-l were reported at Innsbruck.

Termination of the confinement usually follows the development of an n = 2

mode. Direct evidence linking the instability to a gradually accelerated

plasma rotation is provided by measuring the CV Doppler shift. The instability

begins when the rotational velocity reaches about 0.4 of the diamagnetic drift

velocity. Theoretical estimates by Freidberg and Pearlstein and Seyler

show that the deuterium velocity should exceed the diamagnetic drift speed by a

factor of 1.3 to 1.7 before instability occurs. Since the theories correctly

predict the observed frequency of n = 2 motion, it is now believed that the CV

rotation is an underestimate of the deuterium plasma rotation.

Interferometry, luminosity measurements, and pressure probes sensing the

flow of plasma on open field lines, all indicate that a significant plasma

pressure exists on the field line separatrix and the nearby open field lines.

This feature is mentioned only briefly, if at all, in other published work.

Together the data indicate that plasma is confined on closed field lines for a

time ronsiderably longer than the expected confinement on open lines, but the

loss rate is finite and leads to a steady flow of plasma out of the system

during the quiescent phase. The estimated particle confinement time associated

with the parameters in Table B-l is 50-80 psec according to the pressure probe

measurement.

G. University of Maryland

Experiments on the Maryland high voltage theta pinch are frequently

performed using a reverse bias field. Since the magnetic field has a

half-period of about 0.6 usec, the time of observation is too limited for an

estimate of plasma lifetime. However, Chen reports neutron emission

measurements which indicate significantly reduced plasma loss in the field

reversed configuration.
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A paper by Hess and Griem"^ reports that the plasma beyond the ends of the

coil is heated too rapidly to be explained by classical energy transport

mechanisms. The data were taken with a field reversed configuration and pose a

question not yet resolved. The role of convective energy transport may be

important but was not determined in the experiment.

Irby, Drake, and Griem have recently reported very interesting

observations of tearing mode activity in the field reversed mode. Thorough

mapping of the internal magnetic field displays magnetic islands formed on a

time scale of an Alfven transit time. A theoretical interpretation is given

which points out 1) the FKR theory of tearing modes does not apply because the

field reversed theta pinch has no shear, and 2) slab models, often used to

calculate resistive mode growth rates, are not applicable to an experiment in

which field lines in the vicinity of a field null are essentially circular. A

growth rate is derived assuming magnetized electrons

JL»1.

where y is the growth rate, &^ is the ion gyrofrequency, a is the scale length

fcr field curvature, and r^ is the ion Larmor radius. The calculation is in

reasonable agreement with experimental observation. The nonlinear evolution

and apparent saturation in other field reversed experiments is receiving

further study.
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APPENDIX C

D. C. Barnes and C. E. Seyler

A number of field reversed theta pinch experiments have demonstrated the

formation of a reversed field configuration by a fast tearing mode followed by

a quiescent phase in which no gross instabilities are observed. This

quiescent phase is later terminated by an n = 2 rotationally driven mode.

Motivated by these experimental observations theoretical work has concentrated

on four major areas: formation and equilibrium; stability of a static

(nonrotating) configuration; stability of rotationally driven modes; the origin

and scaling of the spin up time to the onset of rotational instability.

A complete description of the formation of a field reversed configuration

by rapid compression and reconnection of magnetic field lines requires a

physical model which includes single particle effects for the plasma ions. The

hybrid models with massless electrons recently developed by Sgro and Nielson*

and by Hewett and Sgro2 includes all ion orbit effects as well as resistivity

and thermal conduction for fluid electrons. One-dimensional simulations of the

formation of field-reversed configurations have been carried out^ and the

results of the FRX experiments have been qualitatively reproduced in the

simulations. Two-dimensional (r, z) calculations are necessary to correctly

represent reconnection and axial contraction during the formation phase and

this work is in progress.

A simpler description of the gross features of the quiescent configuration

is obtained by considering single fluid, scalar pressure MHD equilibria. These

are obtained as solutions to the Grad-Schafranov equation

where <(/ is the magnetic flux and p(i|0 is a suitably chosen function. Anderson1*

has numerically obtained solutions to the above which agree well with the

plasma parameters produced in the FRX experiments by choosing p(ijj) and the

external boundary conditions in an appropriate way.
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Using a slightly more complicated numerical scheme, Grossmann and Hameiri^

have determined ty and p(^)' consistent with adiabatic constraints appropriate to

quasi-static time varying boundary conditions. These calculations determine

the relationship between radial and axial contraction and allow one to

investigate adiabatic compression and transport in field reversed

configurations.

An even simpler model of equilibrium is provided by considering the plasma

to be a sharp boundary, skin current equilibrium. Models of this sort have

been developed by Radish** and independently by Linford'. The later model

predicts the relation between the plasma major radius, R, minor radius, a,

separatrix radius, rg, wall radius, rw, and half length, b.

A major conclusion7 from the sharp boundary equilibrium model is that a

large compression of the plasma (large rw/rg) produces a plasma with a large

inverse aspect ratio, a/R, and a small elongation, b/a. The diffuse

calculations have generated elongated equilibria and verified the predicted

scaling of b/a with rw/rs- The a/P scaling with compression is more

complicated since this d- >ends on the profile chosen. In addition, the axial

profile of the diffuse solutions tends to be much more Gaussian in shape than

the trapezoidal like variation observed experimentally. Both tlie aspect ratio

scaling and the axial shape are currently being studied.

A most surprising feature of field reversed experiments is the lack of

unstable MHD modes. Recent theoretical work has been directed toward

understanding these modes in a stationary field reversed configuration without

toroidal field. Several classes of modes have been identified and analyzed.

These are: axisymmetric modes; gross displacements; small n modes; and.large n

modes, where n is the toroidal (azlmuthal) mode number.

For axisymmetric (n = 0) modes, an examination of 6W° shows that stability

depends on the pressure profile p(ip). A sufficient condition for n = 0

stability to fixed boundary modes is p " < 0.9 This is difficult to realize in

all of the plasma region with realistic boundary conditions but much less

restrictive conditions should be sufficient as well.

The most dangerous free boundary n = 0 mode is a gross displacement of the

plasma along the major axis. For elongated configurations, the applied axial

field generally has a maximum in the midplane of the device and this axial mode

will be unstable in the absence of an outer conducting wall. A conducting wall

placed at a moderate distance from the plasma stabilizes this mode. It may
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also be possible to stabilize this motion by placing mirrors at the ends of the

device but other instabilities limit the strength of these mirrors.

A second possible gross motion of the plasma is a sideways displacement of

the plasma perpendicular to the major axis. This n = 1 mode is similar to

unstable Scyllac modes in bumpy and helical systems. A straightforward

calculation shows that because.of the internal field reversed plasma ring, this

sideways mode is normally stable and is destabilized only if strong external

mirrors are applied at the ends of the device. Thus, there may be a stability

window in which end mirrors stabilize axial translation without a conducting

shell but do not destabilize the n « 1 sideways mode.

For more general n = 1 modes such as tilting and for n > 1 but finite,

large scale numerical methods are required. In three-dimensional MHD

calculations'* using the MALICE*" simulation code, all of the modes discussed

above as well as large scale modes with n < 3 are well resolved and equilibria

which are completely stable to all such modes have been constructed. These

calculations have been carried out for equilibria with plasma pressure on open

field lines outside the separatrix. A major conclusion is that a field

reversed configuration can be unstable to an n = 2 flute like mode if the

plasma is overcompressed. This occurs either because the equilibrium changes

as the plasma is moved farther from the wall or because wall stabilization is

lost (both effects occur simultaneously in the calculations). Finally, n = 0

or 1 modes (including tilting) are always found to be stable in these

s imulations.

The above stability considerations explain the observed good gross

stability of field reversed plasmas. To complete the MHD stability picture,

localized modes are also considered. These local modes may be important for

transport discussed below and may impose a lower limit on finite gyroradius

size. Local modes correspond to the limit n + °» and may be considered using

the well known energy principle. There are two classes of these modes for a

configuration which is symmetric about the midplane, even and odd modes.

Within each class, th-2 poloidal mode number, m, counts one half the number of

nodes around a given field line.

The n = 0 mode (which is even) is a local interchange mode for which the

normal displacement of a field line is approximately constant along the line.

This mode is the analog of the n - 0 sausage mode in a straight, cylindrical

z-pinch and may be stabilized by a proper choice of the pressure profile.
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Interchange stability for these zero shear configurations depends on the

presence of closed field lines. Thus, the situation is quite different from

that in devices with significant toroidal field. Interchange stable solutions

have been constructed using analytic** and numerical^ techniques. These

configurations are elongated and have finite pressure- on or near the

separatrix.

The n = 1 local kink occurs either as an axial (odd) or a radial (even)

translation of the field lines. Both of these modes are unstable for an

elongated Hill's vortex, which ,is the only equilibrium investigated so far.

The axial mode is the least dangerous of these two. For this mode the growth

rate scales inversely with the elongation and the mode becomes stable for

toroidal mode numbers small compared to the elongation. The growth rate of the

radial node, which resembles a theta-pinch flute mode, is also inversely

related to the elongation but this mode may be unstable at small toroidal mode

numbers as indicated by the three-dimensional calculations described

previously. Finite gyroradius effects on both of these modes are significant

and probably supress them experimentally.

Finally, N'ewcomb"'" has shown that all m > 2 modes are stable for the

Hill's vortex and it is expected that this is generally true. A complete study

of these local modes and finite gyroradius effects is underway.

Tn the present field reversal experiments it is rotational instability

which terminates plasma confinement. ^ The rotational stability of infinitely

long field reversed theta pinches has been studied by Pearlstein1**,

Freidbergib, and Seylor16. Freidberg used the finite Larmor radius equations

in which he treated the field null in an ad hoc manner. The predicted value of

the critical rotation velocity was about 0 - 1»6 to*, where w* is the ion

diamagnetic drift frequency. Using the exact Vlasov-Fluid equations in which

no field null singularities occur, Seyler found the critical rotation velocity

to be somewhat lower, S2 - 1.3-1.5 co*, depending upon the profiles. Both

results, however, are in qualitative agreement, the threshold for n = 2

rotational instability is Si > w*.

The mechanism which causes the plasma to spin up to this instability

threshold has not been positively identified. However, three types of

explanations have been proposed. First, the plasma may initially rotate and

because of profile changes related to transport later reach the critical

rotation. The magnitude of initial rotation for this explanation to hold
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requires the ions to carry a large fraction of the current initially. Since

this is inconsistent with a number of theta-pinch experiments, this explanation

seems unlikely.

A second possible explanation of plasma rotation might be end shorting on

the open field lines and viscous transfer of rotation to the remainder of the

plasma. This is unlikely to be the full explanation because the energy

available in the open field region is much less than the final rotational

energy of the plasma.

Finally, particle and flux loss from the closed field region might result

in the loss of angular momentum from the system and corresponding plasma

rotation. This appears to be the most likely cause of rotation. There are

five types of particle orbits in a field reversed configuration and only those

encircling the axis or outside the separatrix have negative angular momentum.

These particles are lost in a thermal transit time, resulting in a net gain of

angular momentum by the confined plasma* In addition, resistive decay of the

closed field flux corresponds to a net gain of mechanical angular momentum by

the plasma. Thus, both of these effects are consistent with tiie observed

rotation of the plasma.

The rotational velocity reaching the instability threshold requires the

loss of one half to two thirds of the plasma. Classical cross field transport

times are much too long and have the wrong scaling vith temperature.

Anomalous transport may come about either from fluid (MHD) turbulence or

from microturbulence. The instability of local MHD modes suggests the

possibility of fluid turbulent transport but this is probably unimportant in

the present experimental regime. This local MHD activity is supressed by

finite gyroradius effects. Thus, transport from this source should increase

when the ion gyroradius, p^, is reduced. Experimentally, the opposite

occurs13, transport worsens as p.,/a increases.

Microturbulence can explain the observed confinement times in the present

small experiments. Hamasaki10 has obtained reasonably good agreement with the

experimental observations using lower hybrid drift anamolous resistivity and

including radial geometric effects. In future experiments and reactor type

plasmas, the transport should be much more nearly classical. In this regime,

the universal drift instability needs to be investigated. Finite 3 effects may

stabilize this instability but the effects of field line curvature may also be

important.
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These rotation and transport considerations suggest that the rotational

instability occurs only after a large part of the plasma energy is lost. Thus,

the basic limitation on plasma confinement is particle loss. Two possibilities

for improving particle confinement are suggested by our present experimental

and theoretical understanding. First, cross field losses should be reduced by

increasing a/p^, i.e. increasing the size of the configuration. Second,

plasma on the open field lines might be confined for many transit times,

providing significant pressure on the separatrix and again reducing cross field

losses.

A field reversed multiple mirror experiment would achieve this by

converting the streaming loss of these particles to a multiple mirror diffusive

loss for which the open field line confinement would scale a s ^

(2)

where t= t^ + t2» t^ is the average time an ion is trapped between cells and

is the time between trappin]

total length of the device.

is the time between trapping , £„ is the distance between cells, and L is the
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APPENDIX D—FIELD-REVERSED THETA-PINCH SCALING

R. E. Siemon

1. Introduction

The model developed here is intended to be as simple as possible while

displaying some of the presently understood features of a field reversed

configuration generated by theta-pinch heating techniques. The plasma pressure

profile is assumed to be uniform in a field free annulus as shown in Fig. D-l.

While this "thin skin" approximation is clearly a poor approximation to the

diffuse profiles observed experimentally, it provides considerable algebraic

simplification. The density in the annulus corresponds to the maximum density

BJr>' PLASMA
PRESSURE

V B.

Fig. D-l.
Geometrical parameters for thin-skin plasma pressure approximation.
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of a diffuse profile (3 = 1), and the radius a of the annulus corresponds to

the characteristic width of the density in a diffuse profile. With some care

in application of the results, it has generally been found that the "thin skin"

model is a good starting point for developing scaling laws.

2. Compression Factor K

From all experiments to date there appears to be a correlation between the

amount of magnetic compression and the plasma lifetime. The compression factor

K is defined as follows

Bf
K = B 7

where BJT is the final external magnetic field and B^ is the initial bias field.

The lifetimes from Table B-l of Appendix B are plotted in Fig. D-2 vs the

factor K. Data are omitted for a few cases where the lifetime was stated to be

limited by the magnetic field duration. A general tendency for increased

lifetime with small K is clear from the data, but the explanation for this

correlation is uncertain. Wall stabilization may be involved since it is shown

below that the plasma radius increases with reduced K. Equilibrium

calculations indicate another effect. As K increases, spacing between

separatrix and plasma boundary at R+a decreases as a result of two-dimensional

equilibrium effects. It is not important for present purposes to explain the

correlation. Rather, it is assumed that for scaling purposes the value of K

must be kept comparable to the FRX experiments to insure stability. In this

section and below the factors which influence K are discussed.

The inside magnetic field, Bingide>
 a n d e x t e r n a l magnetic field are

related through pressure balance

R2 R 2
Bf Binside

8? - —8F-
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100

Fig. D-2.
Rough correlation of plasma lifetime with
numbers are references in Appendix B.

magnetic compression. Circled

where Bf is the final external field, n^ is the final maximum density (where B

= 0) and kT = kT e + kT1« The plasma radius is determined by the quantity of

trapped magnetic flux

B.R2 = (3)

where kĵ  is a constant less than unity representing the loss of initial flux

during the turbulent implosion phase and B^ is the initial bias magnetic field.

In terms of K the plasma radius R is given by
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In FRX-B the measured values of K (- 5) and R/Ro imply kj ~ 0.5.

3. Maximum Bias B,

The value of K is made small by making the initial bias as large as possible.

However, there exists an upper limit, B p first discussed by Green and Newton.

(See Appendix B.) The limit results from the initial phase of the implosion.

The pre-ionized plasma with embedded flux finds itself unconfined near the wall

as the external field begins to reverse. The maximum force of expansion occurs

at the instant when the external field has zero magnitude, but an outward

expansion continues until the applied magnetic field reverses direction and

reaches the same magnitude as the initial bias. The flux lost as a result of

the expansion requires detailed treatment of the resistivity of plasma

interacting with the material wall. An approximate limiting value for the

initial bias is obtained by requiring the field turn-on time to be much less

than the Alfven transit time,

7<<EvI •
V A =

Thus

B (4TTP O)
1 / 2

We define an upper limit on the bias to be
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j = const x R ^ B 1 ' 2

where the constant is chosen to give a limit in agreement with experiment. It

is convenient to introduce the initial line density

No = * Ro

in terms of which

Nl/4

Data from FRX-B indicate that for Bj (gauss), B (gauss/sec) and NQ (cm~
x)

the value of kg ~ 1.4 x 10 . The main purpose here is to develop the scaling

rather than exact numbers. Green and Newton demonstrate that trapped flux (and

thus R) varies as expected with increasing initial bias until an abrupt

transition at a bias that scales as Eq. (5). Increasing the bias above B, does

not increase the trapped flux because of the expansion process. The limit Bi

is set by the voltage (BR£) and a weak dependence on N . As explained later,

variations in NQ affect other quantities such as a/p^.

4. Optimum Compression, K,

The choice B^ = Bj corresponds to an optimum in the sense that K is as small

as possible with conventional theta-pinch heating. In considering the

experimentally possible parameter variations it is important not to increase K

since experiment indicates that the minimum K produces the longest lifetime.

The value of Kj is defined as
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Bf

_£ . (5)

The scaling of the value of Kj with bank parameters

and magnetic energy per unit length

E m = (B|/8ir) TTR2

is

El/2

x c o n s t

o o

One feature to note is that the magnetic energy can not be increased alone, say

by adding capacitors, without changing Kj. Experiments in the early 60's

tended to use large E m and small voltage which is in a direction to increase

Kj_, reduce R, and limit the lifetime.

5. Theta-pinch Heating

Conventional scaling is

where kg is adjusted to agree with the experiment. With temperature in keV, B f
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(gauss), B (gauss/sec), RQ (cm), N Q (cm"1), the value of IC3 is about 42 for

FRX-B and 64 for Scylla IV-P. The scaling is derived by starting with the

snowplow equation

P V2 = l! .

During the implosion the B field varies in time simply as Bt where B is

constant. Therefore

Vr = \jW t • (9)

The sheath reaches the axis in a time t^m- which can be written in terms of an
• 1 In

effective acceleration a = B/(8irpQ) '

The radial velocity increases linearly in time until the sheath reaches the

axis. At that instant the directed energy is assumed to equilibrate.

Following equilibration the increasing magnetic field provides further heating

by adiabatic compression

The field 3C is the shock field at the end of the implosion
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Bs

Combining Eqs. (9), (10), (11), and (12) gives the often used scaling law,

Eq. (8).

The model applies for initial bias fields of sufficiently small magnitude.

The maximum bias is roughly estimated by requiring it to be small compared to

the shock field B_.

Bi « Bs

The value of Bg obtained from Eq. (9) is

Bs - Btimp

Comparison with Eq. (5) shows that the maximum bias consistent with heating

scales identically to the maximum bias that is contained during the initial

transient while the field reverses.

One implication is that the optimum regime for stability, K = K,, is

inevitably associated with some compromise in heating efficiency and associated

complexities in the heating process. Experimental data indicate that the

compromise is not bad. The constant k̂  differs by less than a factor of two

between Scylla IV-P with no bias and FRX-B with a bias.

Another implication concerns the use of multipole barrier fields to

contain pre-ionized plasma as described by Kurtmullaev (see Appendix B). The

above considerations show that increasing B^ above B^ necessarily corresponds

to a reduction in heating efficiency. On the other hand, as Kurtmullaev points

out, axial shock heating can still be employed. It is possible that

Kurtmullaev's approach of barrier fields and axial shock heating offers

advantages, and it warrants further study. However, the present discussion is

formulated under the assumption that conventional theta-pinch heating is being

utilized.
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6. Plasma Characteristic Thickness, a

The remaining variable to determine is a, the half-width in the radial

direction of the final plasma density profile. It is calculated by assuming

that most of the initial particles in the tube are swept up by the implosion

and contained during the subsequent axial contraction,

2TfR(2a)Afnf = k27r(R2 - R
2)L Q n Q . (13)

The constant k2 is not yet well established in the FRX experiments but is

probably close to unity as has been determined in some earlier experiments. In

terms of previously defined variables

2k2k3 r S r- kU K1'22k3
a =

kBki

It is assumed that K might be less than Kj since an initial bias less than Bj

is possible. The major dependence of a is on RQ if K is chosen equal or close

to Kl.

A consequence of assuming that the heating is independent of the bias

field is that the final density is also independent of bias field:

where k*3 = 1.6 x 10~°k3 to convert keV to ergs.

7. Ratio a/p^

The ratio of radius, a, to ion gyro-radius, p^, determines in many cases the

finite-Larmor-radius (FLR) stabilization of short wavelength MHD instabilities.



It is possible that present FRX experiments rely on such stabilization, and

consequently a new experimental configuration must allow for operation with

similar values of a/p^. At the same time it is necessary to explore variations

of the ratio since cross-field transport processes depend strongly on the same

parameter. A reasonably large ratio (> 10) is probably necessary for meeting

nt requirements in a fusion system.

The above scaling laws determine the ratio:

1 / 2 (
= const X

. .„

Pi (l + r 1̂/2

Here rT is the ratio of electron temperature to ion temperature which is

necessarily introduced since the ion temperature determines the ion gyro

radius. As long as K ~ K^, the above relationship can be simplified

a
— = const x N_, . (16)
pi

One concludes that N Q is the most important variable in determining the ratio

a/p^. Voltage, discharge tube radius, final magnetic field, etc. are to first

approximation of no consequence, although, unlike a conventional unbiased theta

pinch, the result does depend weakly on other variables through such parameters

as a/R and L/£f.

The selection of N Q is limited at the high end by loss of FLR

stabilization and low temperatures (Eq. 8), and at the low end by anomalous

resistance and poor implosion efficiency ("leaky piston"). The lower limit is

derived by requiring that the commonly observed skin depth c/w • be small in

comparison with the implosion distance RQ:
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This implies

N Q > const

Most theta pinches work with N Q > 10 ci*' although the lower limit also

depends on pre-ionization problems when the filling pressure is below a few

mtorr.

8. Heating with Fixed Compression

The above scaling arguments can be summarized by expressing the temperature in

terms of voltage, optimum compression factor, and filling pressure:

Kl vo
kT = const x . . (17)

It is clear from this equation that the desire for higher temperature with

fixed K-̂  (for stability) and fixed N Q (to determine a/p^) can only be met by

going to higher voltage. One also sees that a/p^ can be increased with fixed

temperature by increasing Hi' and V at the same time.
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APPENDIX E

Reprints of three recent papers on FRX-A and FRX-B experiments are

attached.

1. Field Reversal Experiment (FRX)

Submitted to the Seventh International Conference on Plasma Physics

and Controlled Nuclear Fusion Research, Innsbruck, Austria, Aug. 23,

1978.

2. Driven Mirror Studies on FRX-A

Submitted to Office of Fusion Energy, DOE, 1979.

3. Field Reversal Experiment

Submitted to the Ninth European Conference on Controlled Fusion and

Plasma Physics, Culham, 1979.
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(Submitted to the Seventh International Conference on Plasma Physics and
Controlled Nuclear Fusion Research, Innsbruck, Austria, Aug. 23, 1978.)

FIELD REVERSAL EXPERIMENTS (FRX)
R. K. Lir.ford, W. T. Armstrong, D, A. Platts, E. G. Sherwood

University of California
LOR Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

I. INTRODUCTION

The reversed-field configuration (RFC) shown in Fig. 1 is topologically
similar to the astron configuration, except that the toroidal current in the
RFC is carried by thermalized plasma particles with vdr-ft

<vth°rmal' R F C' S

have been produced in numerous theta pinch experiments £T-8J''and"recently by
relativistic electron beams where the beam does not remain in the
plasma [9—10].

The early experiments, prior to the mid-60's, exhibited destruction of
the RFC in less than 3ys. The annihilation of the reversed field .was not
associated with any macroscopic distortion cf the plasma shape, except for
the disappearance of the central hole [2]. Observations included tearing-
mode-indLjeed rings that normally coalesced before the annihilation [3]f and
the ra=2 rotational instability that appeared afterwards [1,2]; however, the
cause of the RFC destruction is not known.

More recent results have extended the lifetime of the RFC up to
25ys [7] and then to 50ps [8]. The absence of the expected MHD (kink) and
tearing instabilities has stimulated the hope that the RFC might be used to
reduce end losses in linear systems. The RFC equilibrium and stability is
being studied in two linear-theta-pinch facilities, FRX-A and FRX-B, in
conjunction with several theoretical efforts.

II. EXPERIMENTAL SYSTEMS

Both FRX-A and FRX-B produce the RFC in a 20-cm i.d. quartz tube
inserted in a 25-cm i.d., one-turn, theta-pinch coil about 1 m long. A 10%
mirror field is produced by shaping the end of the coil. The majority of
the detailed diagnostics have been done on FRX-A, which has a 7-kG peak-
field capability with a 3.2us rise time. Similar studies have been
initiated on the more energetic FRX-B (12 kG and 1.8us rise time).

The temporal behavior of the external B-field shown in Fig. 2 is
produced by conventional crowbarred theta-pinch circuits operating in the
"reversed bias" mode. The sequence begins with the slowly rising negative
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bias field, followed by the ringing theta-pinch preionization (PI), and then
at t=0, the main field rises rapidly and is crowbarred with a 150-200^s
decay time. Comparison of the vacuum shot with the static 5 mTorr D2 fill
shows the increased damping of the ringing PI as the plasma is formed. The
bias field and PI plasma are allowed to diffuse before the -main field
reverses the external field and implodes the plasma. The oppositely
directed bias and main fields reconnect near the ends of the system [3,7]
forming the RFC (see Fig. 1). The RFC excludes the open field lines from a
substantial volume of the coil. This excluded flux effect results in a
lower coil inductance and a higher coil current and external field shown in
Fig. 2» When the. RFC is destroyed (in this case, by the rotating m=2 mode),
the field rapidly returns to the vacuum value. This effect has proved to be
a reliable measure of the RFC lifetime. Fig. 2 represents typical data, but ,
not the longest lifetimes observed in the two machines.

Other diagnostics are shown in Fig. 3. The spectrometer is used to
estimate the electron temperature profiles by observing the OV 2781A,
CIII 2297A*, and CV 2271A lines. The ion temperature and rotational velocity
is inferred from the polychromator measurement of the Doppler broadening and
shift of the CV 2271S line. In addition to the end-on interferometer shown
in Fig. 3, a feedback stabilized interferometer was used to measure the line
density through the plasma diameter at various axial positions. A pressure
probe [11] has also been used to measure the spatial and temporal behavior
of the plasma escaping out of the end of the system.

III. EXPERIMENTAL RESULTS

The macroscopic behavior of the plasma is indicated by the side-on
streak and end-on framing pictures in Fig. 4. Five phases of the plasma
behavior can be seen during the usual "clean" mode of operation
(Fig. Mb)): (O £i (t<0), (2) implosion, field reconnection, and axial
contraction (0<t<5ys), (3) equilibrium (5<t<15us), (4) onset and growth of
the rotational m=2 instability (I5<t<19vis), and (5) the disruption of the
RFC and loss of confinement (19<t<23ps). This behavior is very similar to
that observed by Eberhagen and Grossmann [7].

An abrupt switch from clean to "dirty" mode operation (Fig. Ma)) is
produced by increasing the fill pressure, lowering the plasma purity, or
lowering the power input to the plasma. This behavior suggests that the
dirty mode is caused by failure to burn through a radiation barrier. The
sudden destruction of the RFC before the onset of the rotational instability
(Fig. Ma)) characterizes the dirty mode and was observed in the behavior of
the early experiments; however, the mechanism of the early RFC destruction
is not understood. The dirty mode plasma contains CIII throughout the
plasma life, indicating an electron temperature T £20 eV. During the clean
mode, OV burns through during the implosion and CV exists during equilibrium
and instability phases, indicating that Tg~100 eV (see Fig. 5). The re-
mainder of the paper considers only clean mode behavior.

The axial profiles of transverse line density shown in Fig. 6 confirm
the plasma length of about 35 cm indicated by the streak photographs during
the equilibrium phase. The axial profiles are also confirmed by CV
radiation measurements. The hollow radial profile indicated by the framing
pictures is also confirmed by CV radiation and end-on interferoraetry.
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However, accurate measurements of the radial density profile are hindered by
cold plasma outside the region of the implosion coil.

Ion temperatures are inferred from the Doppler broadening of the
CV 2271& line, which does not suffer from signicant Stark effects in the
density range of interest. Depending on the strength of the implosion
field, T^ varies between 150 and 350 eV. For the densities of interest, the
equilibration time between the CV and deuterium is less than 5us. The ion
temperature is independent of radius and appears to decrease by about 20%
during the 14MS of the equilibrium and instability phases. -Although this
decrease is about the same as the uncertainty of the measurement, it is also
the amount that is consistent with classical equilibration between electrons
and ions, assuming T is fixed.

During the equilibrium and instability phases, the temporal behavior of
the plasma 3ize, density (Fig. 6), electron temperature (Fig. 5), and ion
temperature indicate energy and particle confinement times that exceed UOps,
which is more than 10 times the expected confinement in an open-field
system. Furthermore when the RFC is disrupted, the observed particle loss
rates are consistent with the expected 3 to 4ps, and the drop in CV (Fig. 5)
is consistent with the .slightly faster electron thermal losses
expected [12,13] along open-field Iine3.

These results indicate that the enhanced confinement is due to
closed-field lines, but the reversed field has also been measured directly.
A magnetic field probe was inserted along the axis of the systen that
measured reversed fields of the order of &5% of the external fields.
However, this internal probe shortened the lifetime of the RFC and was
removed.

Pressure probe measurements of the plasma escaping from the end of the
coil region confirmed and clarified several other measurements. A short,
small burst of pressure was measured at all radii, which apparently
corresponds to plasma lost at the time of implosion before the field line
closure. All subsequent plasma loss occurred in a circular jet of plasma
along the system axis less than 4 cm in diameter at the mirror peak and
expanding along a vacuum flux tube. Time of flight measurements of this jet
indicate that the majority of plasma loss occurs in two equally energetic
bursts of similar mas3 that originate during (1) the axial contraction and
(2) just following the RFC disruption. Between these two bursts (during the
equilibrium and instability phases) the pressure from the escaping plasma
corresponds to a characteristic loss time of 50 to 80us. The first pressure
burst corresponds to the loss of 1/2 the initial fill during the axial
contraction. This measurement is consistent with the measured inventory
after the axial contraction. The magnitude of the two pressure peaks also
agrees with a plasma pressure equal to the confining field pressure (3=1).
In addition, assuming an appropriate rigid rotor density profile, the
measured density, temperatures, and B field are consistent with pressure
balance. The cause of the loss of plasma during the contraction phase is
not yet understood.
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Ion rotational velocity is determined by the Doppler shift of the
CV 2271 A* line along a variety of chords through the plasma. The temporal
behavior of the observed rigid-rotor rotation is shown in Fig. 7. The onset
of the rotational instability always occurs at the same normalized value of
rotation.

Several minor modifications of the system have been made in an attempt
to limit the rotation or generally to extend the life of the plasma. Since
Kurtmullaev and co-workers [7] did not see the m=2 mode, hexapole fields
were added and both first- and second-half-cycle operation were u3ed in an
effort to duplicate their results. No significant change in the maximum
attainable lifetimes was observed.

Cuartz end plugs were inserted in an effort to control the radial
electric field and the associated rotation [14]. The effects were generally
detrimental, but the results were clouded by possible interference of the
plugs with the PI process. Experimentally, the plasma stability is very
sensitive to the PI conditions.

The passive mirrors were removed from the end of the main coil in FRX-A
and separately powered mirror coils were added. With a 1 us quarter period
risetime and a mirror ratio ~ 2 , the uncrowbarred mirrors resulted in RFC
lifetimes up to 45us. The plasma parameters under these conditions are
being measured. The mirror power supply will soon be crowbarred to provide
additional axial implosion energy, similar to the Kurtmullaev experiment. A
possible explanation for the improved lifetime is that more rapid closure of
the field lines confines a larger fraction of the plasraa, and hence, greater
inertia opposes the accelerating torque.

The higher energy FRX-B can produce up to UOps RFC lifetimes with the
original passive mirrors.

IV. DISCUSSION

The radial equilibrium profile of the observed RFC is probably similar
to an infinitely long system because the length ~35 cm is long compared to
its radial dimensions £6 cm. Viscosity will cause the radial equilibrium to
approach a rigid-rotor profile. Although existing measurements such as ion
rotation are all compatible with the rigid-rotor model, accurate radial
density and B-field profiles are needed to determine the actual radial
equilibrium. The axial equilibrium behavior of the plasma is similar to the
results of belt-pinch equilibrium calculations [15,16], The plasma in both
FRX systems contracts to about 1/3 of the coil length and oscillates
slightly with the crowbarred field modulation (Fig. 2) with very little
change in radial dimensions. Several attempts are being made [17] to
calculate the equilibrium shape with appropriate FRX boundary conditions.

The observed confinement time during the equilibrium phase of about 40
to 80ps is longer than predicted for Bohm diffusion, but is substantially
shorter than the 300ps classical time, assuming the estimate of Te=100 eV is
accurate. These shorter confinement times might be caused by micro-
instability-enhanced diffusion [18,19] or by ion-ion diffusion. This like-
particle diffusion can dominate electron-ion diffusion for small values of
a/pj_ where a is the minor radius of the plasma and p^ is the ion gyro radius
in the external field [20]. For the observed values of 2<a/pi<3, both
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sources of anomalous diffusion are viable. The diagnostic studies of the
recently observed longer-lived plasmas should increase the accuracy of the
measured particle and energy confinement time.

The study of the stability properties of the FPX-produced plasmas is
dominated by the rotational m=2 mode. The rotational modes for a standard
theta pinch have been theoretically determined by Freidberg and
Pearlstein [21], The theory predicts a stable range of normalized rotation
0<-;V2*<1 for a rigid-rotor profile. Freidberg modified the model to handle
the rigid-rotor RFC. He made a simple, but not unique, analytic continu-
ation in the vicinity of the singular point at B=0. The result predicted
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the critical rotation of -fl/Q» ~1.6 for the m=2 mode. Because the finite
Lannor radius (FLR) expansion used in the code breaks down near B=0? the
validity of the result was suspect. However, the results -were verified
(-fl/fi* ~1.5) by using a Vlasov fluid code [22] that correctly calculates
the orbits near B=0.

The experimental and theoretical results qualitatively agree that a
stable range of rotation does exist. However, the theoretically predicted
value of the critical rotation is four tiroes higher than experimentally
observed. The error bars in Fig. 7 do not include the uncertainty in
determining fi* from measured quantities, but it is certainly accurate to
within a factor of 2. Other possibilities exist to explain the error, such
as that the RFC may not have the assumed rigid-rotor equilibrium, or the CV
ions may not be rotating at the same velocity as the deuterium, even though
calculations indicate they should.

The apparent lowering of the rotational threshold for instability may
arise from a coupling between the rotational mode and the MHD kink mode.
Because of the geometry, the fastest growing kink mode probably results in
the same m=2 distortion. Even though geometry and FLR effects may reduce
the growth rate of the kink so that it is not observed in a non-rotational
fora during the plasma lifetime, the free energy in the field that drives
the kink may lower the threshold of the rotational mode. Since both rota-
tional models are ons dimensional, they do not contain this possible driving
force. Freidberg is examining the possibility of adding a gravitational
term to simulate this effect. In addition, a 3-dimensional MHD code [23] is
being used to study the effects of geometry and rotation on the kink
mode

The macroscopic tearing of the plasma into distinct rings has never
been observed in the FRX systems. In spite of recent advances in the
understanding of tearing modes [25,26], a two-dimensional model may have to
be developed to accurately determine the stability of finite length layers
as produced in the FRX systems. But even if long layers tend to tear into
distinct rings, the result may not be detrimental to fusion concepts [27],

The continuing focus of research is to understand and control the m=2
rotational instability. Detailed experimental studies of the dependence of
this mode on temperature, geometry, and RFC formation process are being
pursued. Advanced theoretical models including geometry and kinetic affects
are under development.
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FIGURE CAPTIONS

Fig. 1. Reversed-field configuration.

Fig. 2. Comparison of the external B field measured in FRX-A and FRX-B
between the quartz tube and the coil at the axial midplane. Traces
are shown for both vacuum and a static 5 mTorr D2 fill pressure.

Fig. 3. Schematic arrangement for some of the diagnostics on FRX-A.

Fig. 4. Side-on streak and end-on framing pictures for the (a) dirty mode
and (b) clean mode of operation. The framing rate is 1.7ps/frame,
with the first frame at t=3ys. The thin, outer luminous ring in
the framing pictures corresponds to the 20-cm diameter quartz tube.

Fig. 5. Oscilloscope traces comparing the temporal behavior of the (a) CIII
2297A radiation, (b) CV 2271J? radiation, and (c) the external
magnetic field for clean mode operation. The intensities of the
two carbon lines are plotted on the same scale.

Fig. 6. The line density through the RFC diameter as a function of axial
position for three times during the equilibrium phase. The
connecting lines are added for visual clarity*

Fig. 7. The temporal history of the CV rotational velocity normalized to
the deuterium diamagnetic drift velocity.
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Fig, 4T Side-on streak and end<^m framing pictures for the (A) dirty mode and
(B) clean mode of operation. The framing rate is 1.7 ps/frame, with the first
frame at t = 3 ys. The thin, outer luminous ring in the framing pictures

corresponds to the 20̂ -cm diameter quartz tube.
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Fig,o5, Oscilloscope traces comparing the temporal behavior of the (A) CIII
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for clean mode operation. The intensities of the two carbon lines are plotted

on the same scale.
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Fig, 6, The line density through the RFC diameter as a function of axial
position for three times during the equilibrium phase. The connecting

lines are added for visual clarity.
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DRIVEN MIRROR STUDIES ON FRX-A

W. T- Armstrong, R. K. Linford, J. Lipson, D. A. Platts, E. G. Sherwood

A. INTRODUCTION

The passive mirrors shown in Fig. l(a), which are normally used

on both FRX-A and FRX-B, were removed from FRX-A and the independently

driven mirrors shown in Fig. l(b) were installed- When the operating

parameters were optimized with the new driven mirrors, the maximum

obtainable plasma lifetimes were increased by more than 30 percent.

These previously reported results motivated additional studies directed

at understanding the effect of driven mirrors on plasma lifetime. This

report briefly summarizes these studies, which include measurements of

various plasma parameters both with and without energizing the driven

mirror coils, and compares these results with data previously obtained

with the passive mirrors. In addition, the report describes the

formation and translation of the plasma out of the end of the system

when only one mirror coil is energized.

B. SYMMETRICAL DRIVEN MIRROR EXPERIMENTS

The lifetime of the plasma was maximized by varying all of the

available parameters except for the main magnetic field* This field

was kept at about 5.5 kG as measured 10 us after the implosion. The

optimum pressure was found to be 7 mtorr both with and without the

mirrors energized in contrast to the 5 mtorr value obtained with the

passive mirrors. The optimum timing of the driven mirrors coincided

with the initiation of main bank, and an optimum magnitude for the

mirror field was also determined. The plasma behavior was essentially

independent of whether the mirror field was crowbarred or not.

After these optimum conditions were determined, the discharge tube

was brought up to atmospheric pressure and the B-field on axis was

measured as a function of axial position. Fig. 2 shows this axial

profile for several times during the initial rise of the field when the

mirror coils were energized. Fig. 3 compares the theoretically

determined field for the passive mirrors, and the measured field, for
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Fig. 1. Schematic diagram showing the (a) passive-mirror coil and
(b)the driven mirror coil.

the driven-mirror system, 30 ps after implosion, both with and without

the driven mirrors energized.
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Fig. 2. The measured axial profiles of the magnetic field with
driven mirrors for several times during the initial
rise of the main field.
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Fig. 3. A comparison of the axial profiles of the field, numerically
calculated for the passive-mirror case and measured
at 30 \is after the implosion for the driven-mirror
and no-mirror cases.
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Several observations can be made from these two figures. For

optimum plasma lifetimes, no mirror field exists after the peak field

is reached. This fact explains the insensitivity of the plasma to the

mirror field crowbar. The rise time of the mirror field is only about

2/3 of the main field risetime and substantial mirrors do exist during

the implosion phase. After peak field, the curvature of the vacuum

fields in the main coil region have the sane sign for both driven

mirrors and no mirrors (driven mirrors in place, but not energized),

but the opposite sign for the passive mirrors. This may partially

explain why some parameters, such as optimum filling pressure, are more

similar for the driven-mirror and no-mirror cases than for the

passive-mirror and driven-mirror cases.

Several diagnostic measurements were made to compare the

driven-mirror and no-mirror cases with the previously measured

passive-mirror case. The major radius, R, and minor radius, a, were

determined from end-on framing pictures. The obvious inaccuracy of

these measurements must be remembered when trying to draw conclusions

from the data in Table I. The length of the plasma column 8, and the

line density fndU through a diameter are obtained with a fractional

fringe interferometer. The peak plasma density n^ is calculated from

the values of R, a, and the line density by assuming a rigid rotor

profile. The ion temperature T^ is determined by the Doppler

broadening of the CV 2271A line measured by a polychromator. The

stable time Tg is defined by the time between the implosion and the

onset of the m=2 instability (simultaneously observed in the end on

framing pictures, CV radiation, and the interferometer). The lifetime

T L is defined as the time between the implosion and the annihilation of

the reversed field (simultaneously observed in the end on framing

pictures, CV radiation, and the excluded flux feature of the B-field

trace)•
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PQ [mTorr] (optimum)
*£p [cm]
*R [cm]
*a [cm]
*/ndl [lO15cm~2]

(*)nm [lO15cm~3]
*T± [eV]
Ts L*11
TL [»«
^p [W
p
peak

TABLE I

Passive

Mirrors

5

35

3.3

1.2

14

2.6

170

15

22

35

27

Driven

Mirrors

7

50

3.6

1.2

11

2.0

170

23

33

58

14

No.

Mirrors

7

38

3.6

0.9

9

2.3

170

19

27

48

10

*Measured 10 us after implosion

In addition to the above diagnostics, pressure probe measurements

were made to compare with those taken in the passive-mirror case.

Radial scans were taken at axial positions that would have the same

ratio of local B-field to the B-field at the midplane. In particular,

the probe was placed at Z=55 cm for no mirror, Z=62 cm for the driven

mirrors, and Z=54 cm (8.3 cm from the main coil) for the passive mirror

case, for which the B-field ratio is about 1/3.

Typical on axis pressure signals for the three mirror cases are

shown in Fig. 4« Only the passive mirror case exhibits a strong

pressure peak early in the plasma lifetime. This behavior is not

understood, but might be correlated to the persistance of the mirror

field after peak field in the passive-mirror case. The maximum

pressure, Ppeak> during this early time is recorded in Table I. The

pressure signal lifetime T is defined as the time between the

implosion and the last measured pressure equal to half of Ppeak*

The pressure profiles in Fig. 5 were obtained for the

passive-mirror case. The radial behavior of the driven-mirror case was

virtually identical to the 8.3 cm position in Fig. 5. The no-mirror

case had a much broader radial profile, apparently arising from an m=l
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PASSIVE
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DRIVEN
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NO
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B - FIELD

Fig. 4, Comparison of the on-axis pressure probe signal (upper trace)
and the external B-field (lower trace) for (a) passive mirrors, (b)

driven mirrors, and (c) no mirrors.
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5 10

RADIUS FROM AXIS (cm)

Fig. 5. Spatial distribution of the axial plasma pressure at about
6 Vis after the implosion for the passive-mirror case-

wobble of substantial amplitude as observed in the end on framing

pictures.

It is of interest that the ratios of the characteristic times T

x^, and T are independent of mirrors. In addition, the values of i^

and T. and the associated plasma pressure are also essentially

independent of the mirrors. This maximum confined-plasma pressure is

slightly less than the pressure associated with the measured 5.5 kG

fields, if T e ± 100 eV is assumed. If the average momentum of the ions

hitting the pressure probe is assumed to be proportional to the ion

thermal velocity and independent of time, then the integral of the

pressure over the cross sectional area of the tube and over time is

proportional to the total number of particles in the initial plasma.

With this assumption, a rough calculation can show that the pressure

probe signal indicates 2 to 3 times more particles than the density and
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volume measurements indicate, independent of the mirrors. Even though

this pressure probe inventory is consistant with the initial fill,

neither the volume measurements nor the probe measurements are accurate

enough to draw the apparently obvious conclusion that 1/2 to 2/3 of the

initial fill is being lost during the formation. These conclusions

must await the electron temperature and density profile measurement

from the Thomson scattering system now being assembled on FRX-B.

In summary, the volume, density, temperature, and pressure probe

measurements appear to scale in a self consistant way. However, the

relatively poor accuracy does not allow absolute inventory or pressure

balance measurements. Contrary to the results of Eberhagen and

Grossman , measurable differences in the plasmas can be made between

the passive-mirror and no-mirror cases (P , T g, T L, T , Ppeak

wobble). In addition, driven mirrors substantially increase the plasma

length and lifetime while leaving most other parameters comparitively

constant. In particular, increased temperature frorri axial shock

heating, is not observed within the ±15 percent experimental error.

This result is in contrast to observations by Kurtmullaev , in which

independent mirrors of a different design led to enhanced axial shock

heating and higher temperatures. Finally, the connection between

driven mirrors and increased plasma length and life time is not

understood theoretically. A better understanding of the plasma

confinement will be necessary before these observed effects can be

understood. This increased understanding of plasma transport will

require experimental measurements with improved diagnostics over a

broad range of operating conditions which can then be matched to

theoretical models.

C. PLASMA. TRANSLATION WITH SINGLE DRIVEN MIRROR

When a single mirror was energized, the plasma formed and

contracted axially in about 3 MS as in the symmetrical case, but an

axial drift on the order of 3.3 cm/us caused the plasma to leave the

system about 15 us after formation. As expected, the dire.tion of

drift can be changed by energizing the opposite mirror coil. The drift

velocity increases as the plasma reaches the end of the main coil,

apparently because of the strongly diverging fields. The maximum
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Fig, 6, Comparison of data for a (a) stationary plasma, and
a (b) translated plasma,
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observed drift speed is ~ 7 cm/us which is approximately half of the

Alfven speed.

The fractional fringe interferometer, external field probes, and

the side on framing camera show that a well defined plasma column

shrinks to a length of 40 to 50 cm before it drifts out of the system

(see Fig. 6). These measurements indicate that a field reversed

plasma has been formed and translated intact. This result is important

to the translation and trapping experiment planned for FRX-B.
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FIELD REVERSAL EXPERIMENTS*

R. K. Linford, W. T. Armstrong, J. Lipson, D. A. Platts, E. G. Sherwood

Los Alamos Scientific Laboratory
Los Alamos, New Mexico, USA

The equilibrium, stability and confinement properties of the
reversed-field configuration are being studied in two theta-pinch
facilities, FRX-A and FRX-B. The configuration is a toroidal plasma
confined in a purely poloidal field geometry. The FRX systems produce
highly elongated torii with a major radius R=2-6 cm, minor radius a
2 cm, and a total length I ~ 35 cm. Plasma conditions range from Te ~
150 eV, T± ~ 800 eV and i ^ ~ 1 x 1015 cm " 3 to Te ~ 50 eV, T±.~ 50 eV
and n m a x ~ A x 10 cm • The plasma configuration remains in a
stable equilibrium for up to 50 us followed by the destructive m=2,
rotational instability.

The rotation instability has a delayed onset and slower growth
rate with increased density, and correspondingly decreased temperature,
scaling on FRX-B. The longest stable period is > 50 us for 17 mtorr
operation. Agreement of experimental and theoretical instability mode
frequencies is observed for a variety of theoretical models (u ~ 2ft*:
Freidberg, Pearlstein, Seyler) over a large range of plasma parameters.
However, the rotation source and acceleration rate are not well
understood. Scaling of the instability with n, B, T and a/p^ has been
studied in hopes of identifying the responsible rotation mechanism.

Neither large scale MHD, nor tearing instabilities are observed.
Theoretical studies of high beta, shearless interchange modes indicate
stability for large elongation and small aspect ratio (Seyler and
Barnes). Experimental geometries lie in the calculated stable region,
supporting the conjecture that configuration geometry is important to
MHD sc^'ilrty. Experimental stable periods are ~ 100 times greater
than characteristic MHD e-foldini, times. Furthermore, increasing a/p^
to ~ 10 (corresponding to the 17 mtorr fill pressure operation on
FRX-B) still resulted in no observed MHD instabilities. This is in
contrast to past conjectures that an upper bound of a/p. *- 3 to 5 might
exist for MHD stable configurations.

*Work performed under the auspices of U. S. Department of Energy.
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Field Reversal Experiments*

W. T. Armstrong, R. K. Linford. J. Lipson, D. A- Platts, and E. G. Sherwood

I. Introduction

The equilibrium, stability, and confinement properties of the
reversed field configuration are being studied in two theta pinch
facilities referred to as FRX-A, and FRX-B. The configuration is a
toroidal plasma confined in a purely poloidal field contiguration
containing both closed and open field lines. The FRX system produces
highly elongated tori with major radius R=3-5 cm, minor radius a ~ 2
cm, and a full length Z ~ 35 ca. Plasma conditions have ranged from T
~ 150 eV, T. ~ 800 eV, and N v ~ 10

15/cm3 to T ~ 50 eV, T\ ~ 50 eV,
and N m a x ~ 4 x 10 /cm • The plasma remains in a stable equilibrium
for up to 50 us followed by an n-2 rotational instability which results
in termination of the reversed field configuration (RFC). The plasma
behavior with respect to equilibrium, stability, and rotation is
consistent with recent theoretical work in these areas.

II. Recent Experimental Results

Before proceeding with a detailed review of experimental data and
their consistency with theory, we shall first briefly describe our most
recent experimental results. Independently driven, crowbarred mirror
coils were recently included on FRX-A. With optimum mirror timing, it
was found that the particle inventory increased as compared with
plasmas created with passive mirrors or without any mirrors, the
increase being largely due to greater plasma length. It is thought
that the mirrors produce a more localized tearing and reconnection of
field lines during the formation phase by providing more favorable
field curvature at the ends. This should contribute to increased
inventory. After the first few microseconds, the mirrors act more like
an extension of the implosion coil which would also increase plasma
length. An increase in plasma lifetime from 20 to about 35 us is also
observed but has not yet been fully explained.

An experiment in plasma translation was performed by disconnecting
one of the driven mirrors. Where the remaining mirror was activated
0-5 us before the implosion, the plasma was observed to translate
towards che opposice ena witn an iuiciai drifc velocity of 3-2 zrz/\is.
exiting the coil in 15 us. This time is intermediate between the
plasma stable time (tg) and an Alfven transit time (T^) so that the
plasma can undergo a collective translation prior to instability. A
6328 A fractional Eringe interferometer, external field probes, and a
side on streak camera all indicated a well defined plasma column
forming in the center of the implosion coil and then drifting uniformly
out of the system.

*Work performed under the auspices of the U. S. Department or Energy.
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End-on framing photography indicated retention of an annular
equilibrium as the plasma moves axially.

Thomson scattering has recently been added to FRX-3. The system
has all its components rigidly mounted to a single table surface such
that all relative alignments remain fixed. To shift the -experiment
either radially or axially, the table is translated by means of air
bearings- This versatility is permitted because a three grating
polychroraator has been employed. This instrument has sufficient
rejection at 6943 A to obviate the necessity of a beam or viewing dump.

Observations were made on the axial midplane at a constant filling
pressure of 17 mtorr. Over the stable lifetime of the plasma, the
electron temperature was essentially constant in both time and space at
about 100 eV for radii interior to the seperatrix. Relative density
was also fairly constant as a function of time at these radii. The ion
temperature on the axial midplane was determined by Doppler broadening
of the 2271 A line of CV and after the first 10 us was also 100 eV as
required by fairly rapid equipartition. These data indicate that the
energy density at any given radial position on the axial midplane is
nearly constant in time. This implies that the equilibrium adjusts
axially to compensate for losses from this region. The data also
reconciles pressure balance quantitatively (to within 20%) where
previous interterometric data at 17 mtorr has been used. The
determination of an energy confinement time must await detailed axial
scans-

III. Equilibrium

Great progress has been made in modeling the FRX equilibrium both
analytically and by means of computer codes.

A 2D sharp bounday calculation by Linford*" has yielded results
similar to earlier calculations by Wright et al , and by Kadish^. The
model indicates how the equilibrium varies under adiabatic compression,
either by the addition of vertical flux-, or by a perfectly conducting
moving liner. The plasma length £ is found to be proportional to
rg

14// (rs is the seperatrix radius) for the first case, and rg • for
the latter case. These findings are in excellent agreement for
moderate compressions with a 2D time dependent ideal M.H.D. code
developed by Grossmann . The results diverge for large compressions
because the equilibrium looses information about the wails and c
from an elongated to a roughly circular configuration as described by
Kadish, and Stevens6.

IV- M.H.D. Stability Review

The situation concerning H.H.D. stability has been greatly
clarified- No pure M.H.D. modes are observed during the stable
iifi^iTie even though ^s > ICC tA the latter being the minimum time
scale for M.H.D. growth. Further, it has been observed that the
stable time increases with increasing a/p (p is the ion gyro-radius)
for our experimental range 3 < a/p < 10. This is precisely the
opposite scaling if finite Larraor radius (FLR) effects were
contributing to the stability significantly.
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The 3D M.H.D. simulation work of Anderson et al, and the
analytical work of Barnes and Seyler8 has been largely consistent with
experimental observations. The n«o mode (n= toroidal mode number) is
found to be stable for reasonable pressure profiles in the fixed
boundary model but is wall stabilized in the free boundary model. The
n«l sideways mode was found to be stable even without a wa-11 except
where very strong mirror fields are included. The n=l tilting mode is
never observed in the 3D computer modeling.

For n-2, 3D computer simulations show stability except for
pressure profiles characteristic of over-compressed plasmas- Here the
n=2 mode was found to have a relatively small growth rate Y ~ 30 T..
For n >2 but still not large, the simulations indicate stability.

Local modes have also been considered. For n+ °° the m=o mode (m
is the poloidal mode number) was found to be stable for closed field
line configurations (no shear), and for proper pressure profiles and
boundary conditions. Indications are that finite pressure on the
seperatrix is also required. The wl axial and radial kink modes have
been examined by Pearlstein and Newcomb* for a Hill's vortex
equilibrium. The growth rates both scale as a/i so for highly
elongated RFC's the growth is small. FLR effect should also help
stabilize these modes. For m >2 all modes were stable. In all cases,
elongation of the equilibrium was favorable for stability.

V. Rotation

The plasma lifetime is limited by the onset of an n=2 rotational
instability which has been treated theoretically by Seyler1^ using a
Vlasov fluid code, and by Freidberg and Pearlstein using an FLR
expansion. In Seyler's model -u)r/J2* = 1-64 where u> is the real part
of the perturbation frequency, and Q* is the diamagnetic drift
frequency. For FRX, this ratio is about 2.0 where u> is determined by
end on framing photography- The Ylasov fluid model also indicates a
critical value of a = - £2/f2* = 1.55 for stability where ft is the ion
rotational frequency. This is not in agreement with the experimentally
determined value of 0.4, however 0. is determined experimentally by
measuring the doppiar shift of the 2271 A line of CV- It is thought
that the impurity profile is much more diffuse than the deuterium ion
profile and that the CV measurement is not reflective of the deuterium
rotational velocity. This is supported by the theoretical criterion
that U)r < n S2 an inequality not satisfied for the experimental data-
The critical £ however has been observed to scale with Q* as predicted.

The most plausible explanation for the spin-up of the plasma has
also been advanced by Seyler where the preferential loss of particles
with negative angular momentum is considered. These particles are
found to be located either outside the seperatrix or encircling the
axis, precisely the locations of anticipated large losses.

VI. Transport/Scaling

Transport has been the least satisfactorily studied arsa both
experimentally, and theoretically. The energy confinement time during
the stable period is of the order of tens of microseconds which is
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significantly shorter than a classical diffusion time. One, candidate
for enhanced transport is like particle (ion-ion) diffusion which can
proceed rapidly when the density gradient length is of the order of an
ion gyro-radius. Also possible is anomalous transport due to the lower
hybrid drift instability1^ which is driven by strong pressure
gradients. A ID hybrid code is being developed by Hamasaki to
consider both classical and anomalous transport but has not yet yielded
definitive results.

Experimentally, the study of transport and scaling is limited by
the relatively restricted parameter range of existing machines- A
larger experiment called FRX-C has been proposed to alleviate the
difficulty.

VII. Conclusions

Considerable progress has been made in defining the equilibrium,
stability, and rotational properties of the RFC. These efforts have
been aided by the addition of Thomson scattering to FRX-B, and by
substantial new results from the theoretical community. Much remains
to be done both experimentally and theoretically in understanding
transport and scaling with respect to micro-turbulence, resistive
instabilities, M.H.D. stability, and equilibrium.
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