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PREFACE

Because of their relative simplicity, Linear Magnetic Fusion (LMF)
systems provide an attractive alternate approach to the development
of fusion reactor systems. The basic advantages of IMF systems
Include MHD stability* high beta, modest impurity problem, and
simple fueling. In addition, there are several heating techniques
available, and the reactor would be composed of modular linear
systems that are amenable to simple engineering and easy maintenance.
An Important difficulty with LMF systems, however, is the energy and
particle loss along open field lines, which impact the length and
economics of LMF reactor configurations.

The research on LMF concepts has been 1n progress for several years
1n different laboratories and Institutions. As an attempt to review
the present status and consolidate future directions of LMF systems,
a workshop was held at Seattle, Washington, on March 9-11, 1977.

This report is a summary of the topics discussed at this workshop.
The authors have Included a broad treatment of the topics in order
to provide a comprehensive discussion of the physics and technology
Issues of heating and confinement, and their recommendation for the
future direction of LMF research and development. This report thus
provides an excellent review of the LMF physics and technology
problems.

Ronald C. Davidson
Assistant Director for

Applied Plasma Physics
Division of Magnetic

Fusion Energy
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EXECUTIVE SUMMARY

The linear-geometry magnetic confinement concept is among the oldest
used in th£ study of high-temperature plasmas. However, it has generally
been discounted as a suitable approach for demonstrating controlled thermo-
nuclear fusion because rapid losses from the plasma column ends necessitate
very long devices. Further, the bosses and how to overcome them have not
yet received parametric experimental study, nor do facilities exist with
which such definitive experiments could be performed. Nonetheless, the
important positive attribute, simplicity, together with the appearance of
several ideas for reducing end losses have provided motivation for continued
research on linear magnetic fusion (LMF). These motivations led to the LMF
workshop, held in Seattle, March 9-11, 1977, which explored the potential
of LMF as an alternate approach to fusion. A broad range of LMF aspects
were addressed, including radial and axial losses, stability and equilibrium,
heating, technology, and reactor considerations. The conclusions drawn at
the workshop are summarized.

1. Radial Confinement, (i) Theory: The equilibrium is stable or
neutrally stable to MHD modes, and is unstable to lower hybrid drift waves
for sufficiently steep density gradients. The stability of rotational modes
has been studied but is as yet unclear. Finite Larmor radius effects
stabilize or reduce the growth rate of unstable modes. Theories have
neglected axial transport effects, (ii) Experiment: Radial transport is
classical in the collisional regime (uc1- T ^ < 1). Plasmas appear to be
stable until end effects induce a wobble and rotation which is unstable in
some cases, (iii) Questions: Can the rotational and wobble instability
be controlled? What is the radial loss rate for a collisionless plasma

iv



' 2. Axial Confinement, (i) Theory: Quasi-steady and transient
flow models predict the end loss time to be several times the ion transit
time (L/2v.)• For energy loss, a quasi-steady treatment predicts that the
electron temperature in theta-pinches is determined by a balance of ion
energy input and electron thermal conduction loss to the ends, (ii) Ex-
periment: Global measurements of plasma decay are in reasonable agreement
with numerical calculations, but time- and space-resolved measurements do
not exist to confirm the detailed mechanism., The electron temperature at
quasi equilibrium agrees with the conduction loss model. Some end-
stoppering concepts have received limited experimental study, (iii)
Questions: Iv̂ at is the effect of !n"gh-B and non-diffuse profile on end
loss rate? Can proposed end-stoppering techniques significantly reduce
both particle and energy end losses without compromising stability or
other factors?

3. Plasma Heating Physics and Technology, (i) Shock Heating:
Multikilovolt ion plasmas have been achieved in a number of experiments,
and satisfactory agreement has been achieved by theoretical modeling,
(ii) Laser Heating: 100 eV plasmas several tens of centimeters long have
been produced by laser heating. The coupling correlates with classical in-
verse bremsstrahlung absorption, and the beam appears to be refractively
trapped in the plasma column, (iii) Relativistic Electron Beam He&ting:
Several hundred eV plasmas have been produced in electron beam heating ex-
periments. The coupling process is anomalous and a variety of theoretical
models have been proposed to describe it. (iv) Questions: What are the
electric field limits for shock heating, and can improved heating be
achieved in practice by a resonant, double pulse process? Can laser and
electron beams efficiently heat long slender plasmas to kilovolt temperatures?
Is special engineering of the plasma or guide field required to ensure beam
trapping?



4. Confinement Technology, (i) Magnetics. High field (> 10 T)
normal and superconducting magnets have been built although generally with
somewhat smaller bore than required for fusion applications. Hybrid mag-
nets (normal plus superconducting) have been built with slow rise time
(a few seconds) in the normal coil, (ii) Power Supply. High voltage ca-
pacitive storage units have received wide use. Inertial storage (homopolar
motor) units have been built for lower voltage high current applications,
(iii) Plasma Chamber. Very little data exists pertinent to the thermal
cycling and other engineering demands on the first wall, (iv) Questions.
What levels of pulsed heat loadings are tolerable at the chamber walls due
to bremsstrahlung and plasma dump. Can hybrid magnets be built with the
large size and fast rise time required for fusion application. Carh high
voltage, fast-discharging homopolar machines fce developed.

5. Conclusions. The most important priorities for LMF research
at present are first to understand and overcome the end loss problem,
and second to clarify the radial stability and transport characteristics.
To accomplish this, a large LMF facility should be built capable to near-
reactor plasma parameters. A versatile 25 m long theta-pinch facility
was proposed which, with a kilovolt ion plasma, could simultaneously achieve
a plasma which is axially collisional (L/X- » 1), and in the magnetized
ion limit (WC1-T.. » 1)- Itoreover, the axial loss time of about 100 psec
would permit good radial transport measurements.

Typical Los Alamos theta-pinch
Culham 8-Metre theta-pinch

Proposed LMF facility
LMF reactor

uc1Ti1
5x10
10

103

10*

LA.
*1
200

30
100

As suggested in the table, these pertinent conditions have not simultaneous-
ly been achieved in past experiments.



I. INTRODUCTION

The Department of Energy (DOE) program in magnetic fusion
energy is directed towards the development of a safe, reliable,
economical rusion reactor for electrical power generation. _ The
program presently is aimed at the operation of a Demonstration
Fusion Power Plant in the late 1990s. The Tokamak concept is
the principal approach for achieving this goal, aiid the magnetic
mirror is the backup approach. However, it is recognized that the
mainline efforts must be supported by the development of alternative
concepts, since some of these may (1) exhibit superior physics per-
formance, (2) impose lesser demands on technology, (3) be more at-
tractive from the user point of view, and (4) be better suited for
alternative end uses.

Consequently, it is of importance to identify viable alterna-
tive concepts and to pursue their development in a serious way.

This document is an assessment of the state-of-knowledge and
prospects for an important class of alternilr/e concepts: linear
magnetic fusion (LMF) systems. LMF is a clussification for systems
having in common a linear, cylindrical geometry of plasma, blanket,

_ and confinement system, transverse confinement, primarily by a quasi-
static magnetic field and open-ended field lines. There are a num-
ber of attractive features which are generic to all LMF systems:
(1) high beta, (2) modest imparity problem, (3) straightforward re-
fueling, (4) basic MHD stability, (5) existence of several alterna-
tive heating methods, and (6) potential simplicity of engineering
and maintenance for a modular sysem composed of identical, straight,
cylindrical elements of modest size.

The most serious problem of all LMF systems is the open field
line geometry and the consequent plasma and energy losses. The im-
portance of reducing endloss in LMF systems is evident since a rapid
endloss would necessitate a long LMF reactor. A wide variety of
ideas has been proposed for reducing system length by means of end-
stoppering, or, more generally under the heading Q-enhancement.*
The payoff for successful end-stoppering would be enormous: since
costs vary proportionately with the length, economic power plants
of modest size (less than 1000 MWe) could become a reality.

A number of potential approaches to Q-enhancement are summa-.
rized in Table 1. The first class of approaches pertains to amelio-
rating the demands on confinement by increasing the efficiency of

*Q is defined as fusion energy production divided by
plasma energy.



Table 1

Approaches to Q-Enhancement

1• Increased system efficiency

• Direct conversion of effluent
• High efficiency thermal conversion system
• Pure superconductor confinement
• Efficient auxiliary heating

2. Improved operating modes

• Ignition of thermonuclear burn
• Volume heating (lasers, e-beams) , —
• Wetwood burner
• Steady-state flowing system

3. Auxiliary heating

Alfven wave heating
Magnetoacoustic pumping
Selective RF heating

4. End-stoppering

Material end plugs
Cusps
Simple mirrors
Multiple mirrors
Field-reversal
RF stoppering
Plasma injection
Electrostatic trapping



plasma heating, confinement, and electrical conversion of fusion
energy. The second pertains to alternative operating modes which
would relax reactor engineering constraints. The third pertains to
the use of auxiliary plasma heaters which would increase the effi-
ciency of the total heating process while relaxing the requirements
on the primary plasma heater. Finally, the fourth approach, reducing
particle and energy endlosses, would allow much shorter and more com-
pact reactors to be built. In spite of the many attractive features
of LMF systems, the lack of a comprehensive program to solve the
endloss problem has so far prevented LMF from the possibility of
becoming a leading fusion option.

In the following paragraphs, the current understanding of LMF
physics and technology is briefly described. The following areas
are considered: radial confinement physics, axial confinement phy-
sics, plasma heating physics and technology, and confinement tech-
nology.

RADIAL CONFINEMENT PHYSICS

The plasma is confined radially by an axial magnetic field.
Plasma equilibrium exists in the straight field line configuration
for ideal MHD. It is not yet clear how nonideal effects, such as
confinement field inhomogeneities, finite resistivity, thermal de-
coupling of electrons and ions, and others may impact the basic
equilibrium.

Straight field line confinement is one of the more stable
configurations known. It appears to be MHD stable to all modes
except m = 1 (kink) modes'for which the stability is marginal. Al-
terations in the basic straight field line arrangement may be adopted
to improve axial confinement: some of these may compromise the sta-
bility by introducing bad curvature (e.g., simple mirrors, multiple
mirrors, reversed field). Wall effects and dynamic stabilization
may provide the needed stability margin. At the present time,
the greatest concern about stability pertains to plasma rota-
tion and the associated wobble. Little is known about the detailed
mechanism which drives the instability except that it seems to be
associated with shorting of the radial electric fields and external
boundary conditions.

Classical transport of plasma across field lines is by means
of collisions, and, therefore, is rather slow at fusion temperatures.
However, unstable drift waves may cause anomalously rapid transport.
Theoretical studies of lower hybrid drift waves (which may be the
most dangerous) indicate that the waves are unstable for steep den-
sity gradients and/or low 8. The plasma column should then be com-
posed of a classical core surrounded by a region in which the transport
is anomalously rapid. The correspondence of confinement time with
classical scaling will depend on what fraction of the plasma column



Is taken up by the classical core. Rapid endloss in experiments has
not allowed definitive measurements to be made of the radial diffu-
sivity, its scaling, and how closely it corresponds to classical
over a range of conditions.

AXIAL CONFINEMENT PHYSICS

While enhanced particle energy confinement will be needed in
LMF reactors, most of the research on axial transport has treated
plasmas for which no measures were taken to inhibit losses, i.e., a
free-streaming plasma. Particle confinement times have been measured
in a number of theta-pinch experiments, from which it is known that
the free-streaming loss process is convective and the confinement
time scales as the ion acoustic transit time. Longer confinement
times are predicted for high-3, sharp boundary plasmas due to self-
mirroring effects. However, since typical theta-pinch profiles are
diffuse, the longer confinement has not yet been shown experimentally.
MHD models of diffuse profile plasmas have achieved reasonable agree-
ment with the experimentally observed confinement time. The details
of the loss process are not yet well understood.

Energy loss from conventional theta-pinch plasmas initially
appears to be conductive (electron thermal conduction parallel to the
field lines) and rapidly becomes convective as particle endloss pro-
ceeds. A conduction loss model offers a satisfactory explanation for
quasi equilibrium electron temperatures in theta-pinches. These losses
have only received a cu sory treatment in theory and experiment.

A number of end-stoppering techniques have been proposed
(Table 1), and several experiments have been, or are being, performed,
including simple mirrors, cusps, reverse-biasing, RF-stoppering, mul-
tiple mirrors, and material endplugs. Early results on some of
these techniques indicate that it may be possible to change the axial
loss process from convective to conductive (confinement time propor-
tional to length squared). Another conclusion is that, even though
particle losses may be reduced significantly, energy losses may still
remain a serious problem. The study of end-stoppering techniques is
clearly in its infancy: none have been tested at conditions at which
they are expected to be the most effective; some have not been tested
at all; and, no experiment has used more than one of the techniques
in combination.

PLASMA HEATING PHYSICS
AND TECHNOLOGY

Plasma heating in LMF is usually conceived as a staged pro-
cess beginning with rapid heating by a primary heater, which is fol-
lowed by a certain amount of adiabatic compression. This sequence
may also be augmented by some form of slow auxiliary heating. Three
candidates for primary heating have been studied: implosion heating,



laser heating, and relativistic electron beam heating. Implosion
(shock) heating is a proven technique for achieving kilovolt ion
temperatures and has been applied in many theta-pinch experiments
over the years. The limitations on implosion heating are primarily
technological, and pertain to the location of the high-voltage im-
plosion heating coil inside the adiabatic compression magnet, its
connection to external circuitry by a low inductance feed circuit,
and the stringent electric field limitations at the first wall.
The latter constraint leads to small plasma filling factors and
large magnetic energies that must be switched in and out of the
adiabatic compression magnet at high efficiency.

Primary heating by an axially-directed laser or relativistic
electron beam has been proposed within the last decade as an alter-
native to implosion heating. A number of experiments have demon-
strated effective coupling of beam to plasma energy in plasma columns
of moderate (100 eV) temperature. Laser heating apparently proceeds
by classical inverv.» breamsstrahlung absorption, and is best suited
for higher density plasmas (10*7 cm 3 range). The energy-coupling
process for e-beams is anomalously high, and the actual mechanism is
uncertain: e-beams appear to be best suited for lower density plas-
mas (1016 cm"3 range). Lasers and e-beams heat the electrons rather
than the ions, and impose certain requirements on the plasma for the
stability of the beam (density minimum on-axis for laser heating,
and a filamentation-stabilizing guide field for e-beam heating). In-
jection of the laser beam in the plasma appears to be straightforward,
although there is a maximum focussing angle to trap the beam. In-
jection of the electron beam requires a guide field and a moderate
amount of beam compression from a large diode to a small radius
plasma. Existing laser and e-beam technologies appear to be read-
ily extrapolatable to the large (100 MJ) systems required for a
reactor.

The use of an auxiliary heating technique would relax the size
and engineering demands on the primary heater. A variety of slow
heating techniques may be suitable, including magnetic pumping,
Alfven wave heating, and magnetoacoustic pumping. The study of aux-
iliary heating is at an early stage, particularly in terms of exper-
iments.

CONFINEMENT TECHNOLOGY

The LMF confinement system includes the magnet (primarily a
straight solenoid), the plasma chamber, and the fuel handling system.
The magnet system can take a variety of forms, depending on the heat-
ing and end-stoppering concepts employed. For beam-heated systems,
the best configuration appears to be a hybrid magnet which combines
a small-bore pulsed coil just outside the plasma chamber and a large-
bore steady superconductor outside the blanket and shield. This der
sign achieves the highest possible magnetic fields with a minimum of
resistive losses and magnetic energy storage requirements. Implosion



heated systems may be restricted to large-bore normal pulsed
coils which may be located inside or outside the blanket.

Technology factors in the magnet have a strong impact on the
overall reactor design. Energy consumed by switching or resistive
losses in the coil itself can equal or exceed the recirculated energy
to heat the plasma. While the time-averaged magnet cooling require-
ments are modest, the pulsed heat loading during the burn may be sig-
nificant and could lead to a stringent upper bound on the allowed
burn time, particularly for the pulsed coil in a hybrid magnet. The
technology of the magnet system does not appear to be severe on the
whole. The linear geometry has certain very strong generic advantages:
the magnet can be constructed in small-size modular elements which can
be readily manufactured and transported. The design of straight sole-
noid superconductors is relatively straightforward compared to other
geometries.

The most stringent demands on confinement technology may arise
in the first-wall design, due to large pulsed x-ray energy deposition
and, in the case of implosion heating, the large e?"tric field that
must be withstood. The best plasma chamber design will probably be
a loosely mounted first-wall material to relax thermal stresses and
downshift the x-ray pulse, surrounded by a solid vacuum wall.

The fuel-handling system in a pulsed LMF reactor is relatively
straightforward. Because of the short burn time, impurity removal during
the pulse is probably not possible: however, it may not be necessary be-
cause of the high densities and therefore, the relative unimportance of
commonly observed impurity levels (1011* cm" 3). Refueling can readily be
performed during the interval between pulses, in the absence of a plasma.

In the light of the preceding description of LMF physics and
technology, certain problems emerge which demand early study to
prove the feasibility and attractiveness of LMF reactors. The fol-
lowing discussion describes a logical approach to an LMF program.

RECOMMENDATIONS FOR THE
NEAR-TERM LHF PROGRAM

The most important priorities pertaining to LMF are, in order:
(1) to demonstrate end-stoppering of both particle and energy losses;
(2) to establish the effectiveness of radial confinement, particu-
larly in view of possible tendencies toward wobble and rotational
instabilities and toward drift wave-rinduced microinstabilities;
(3) to prove the suitability of alternate plasma heaters; and, (4) to
develop confidence in the requisite confinement and heating technolo-
gies.

A proposed experimental and theoretical program for the near
term is summarized in Table 2. Experimentally, the program includes
the vigorous pursuit of existing or proposed heating and confinement
experiments, as well as the development of a large physics test-bed



Table 2

Recommendations for Near-Term Prog •»

Experimental

• Develop Long Theta-Pinch facility as a test bed for radial
confinement physics and end-stoppering ideas.

• Pursue proof-of-concept experiment for laser heating.

t Demonstrate enhanced confinement and L scaling on Scylla IV-P

2
Demonstrate enhanced confinement, L scaling, and dynamic

• Initiate e-beam heating proof-of-concept experiment.

Demonstrate enhanced cor
with material end plugs.

Demonstrate enhanced con
stabilization on the Long Multiple-Mirror experiment (Berkeley).

Theoretical

« Broaden the theoretical effort significantly and initiate the
utilization of major numerical codes for studies of:

a. radial equilibrium and MHP stability, and
b. microstability and anomalous transport.

• Attach high priority to understanding the results of laser
solenoid and e-beam solenoid experiments.

• Systematically evaluate Q-enhancement ideas and continue the
search for new approaches:

a. end-stoppering,

b. auxiliary heating, and
c. improved operating modes.

t Initiate technology studies to advance the confidence in reac-
tor systems for confinement, plasma heating, power supply,
refueling, and effluent handling.

• Begin development of a comprehensive LMF design code to pro-
ceed as the theoretical and experimental description of the
plasma matures.



facility. This facility would be dedicated to the careful examination
of radiaT confinement physics and to the testing of promising end-
stoppering concepts. Suitable parameters for such a facility are
described in Section III. Existing theoretical studies relating to
LMF are quite limited and need to be expanded significantly. Of par-
ticular importance are two items: (1) the support of careful studies
to understand the results of laser and e-beam heating experiments,
and (2) a systematic, broad-brush search and evaluation of end-
stoppering ideas. The latter thrust is absolutely essential to give
direction to the course of end-stoppering experiments on the large
physics facility and on other existing facilities.

The remainder of this document gives a detailed account of
particulars mentioned in this introduction. Section II is a more
extensive description of the state-of-know!edge in the four main
areas of LMF physics and technology. Section III proposes a prac-
tical physics test-bed facility and describes a specific set of de-
sign parameters.



II. REVIEW OF LMF STATE-OF-KNOWLEDGE

AXIAL CONFINEMENT

The most crucial physics question facing the successful de-
velopment of an I.MF reactor is that of axial confinement. The loss
of particles and energy from the en-Js of the plasma column is a com-
mon feature characterizing LMF plasmas. Particle loss includes alpha
particles as well as ions and electrons. Significant energy losses
from the column occur as a result of electron thermal conduction, as
well as convection. The importance of axial confinement in LMF systems
derives from the dominant role it plays in determining the length of
the proposed reactors. In fact, it is difficult to design an economi-
cally attractive, moderate length reactor without resorting to as yet
untested advances in endloss control. It is generally accepted that
the state-of-knowledge on axial confinement in LMF systems is un-
satisfactory, in spite of the fact that axial confinement represents
one of the oldest problems of linear plasmas. Thus, the axial con-
finement problem must be understood and overcome; this then results
in assigning a top priority in research to this area of plasma phy-
sics. In the remainder of this section, some pertinent details of
axial confinement are discussed, current attempts at improving con-
finement are presented, and a prognosis for future work is given.

Particle Endloss. Particle endloss is a serious factor in
the axial plasma confinement since the plasma does not continuously
replenish itself. As mentioned, particle endloss has been observed
ever since serious pinch experiments were begun in the early 1960s.
Many attempts have been made to describe theoretically the physics
of free-streaming losses along straight field lines, and various
theoretical particle confinement times, xp, have resulted, depending
on the physical models chosen to simulate the process. This con-
finement time is defined through the following simple relationship:

dN _ -N

where N is the total number of particles. Collisional and collision-
less, steady state and transient models of plasma endloss have been
proposed with varying degrees of success in describing results from
theta-pinch experiments.>~$ The models have generally been unable
to accurately predict x p over a wide range of experimental plasma
conditions. This is not surprising since they have only been capa-
ble of treating the plasma physics in limiting cases, i.e., either
fully collisional or fully collisionless. Perhaps the single most
illuminating result arising from an analysis of a wide range of



experimental data** is that T scales as

T - n k
Tp n 2
p n 2 l2kT.;

where L, m-j, k, and T* are the plasma column length, the- ion mass,
Boltzmann's constant, and the ion temperature, respectively. The .
parameter n was found to depend on beta and density profile shape,
and may depend on many other factors as well, such as collisionality,.
in both the radial and axial directions, and radial transport rates.
Experimentally measured values of n have varied from 2 to 5 over plas-
ma regimes ranging from relatively cold collisional to hot collision-
free plasmas in a variety of gases.

Alpha particle endloss is another important aspect of the par-
ticle confinement problem. The trapping of energetic, fusion-produced
alphas would enable the plasma to self-heat, achieving a more rapid
reaction rate, and thus a higher Q. Alpha particle endloss may be
faster than inn or electron endloss bacause of the difference in tem-
peratures, and consequently may be even more difficult to control.
On the other hand, a certain amount of ~lpha particle loss will be
welcome as a means of controlling the temperature in a reactor plasma.
Alpha particle effects could only be studied experimentally in an ig-
nited plasma, and thus must be postponed until some much later time.
There is almost no theoretical work on this problem, and thus it is
not possible to estimate the magnitude of the difficulties involved
in characterizing this loss.

Energy Endloss. The common occurrence of T e « Tj in high-
temperature theta-pinches has been attributed to rapid electron heat
conduction losses to cold material surfaces in the end regions of the
discharge tube. A satisfactory estimate of T e has been found by
balancing the energy gained from collisions with the much hotter ions
and thermal conduction to material walls.' For long linear plasmas,
the energy confinement time for electron thermal conduction loss to
uninsulated cold walls at the ends is approximately

a 2nkL
2 _

3
Te - Ke

 3 \ (n e

where me, n, Ke, and Ae are the electron mass, number density, ther-
mal conductivity, and mean free path, respectively. This expression
accounts for a realistic electron temperature profile and ignores
energy gained from alpha particles.

The importance of the energy endloss process is evident: it
most likely controls the ion and electron temperatures during the
burn phase of a reactor and, in the event of successful particle



end-stoppering, it may control the plasma lifetime. Energy losses
differ qualitatively from particle losses. First of all, while parti-
cle losses cannot be replenished, energy losses can, in principle, be
replenished by thermalization of fusion-produced alpha particles.
Second, electron thermal conduction cooling is very rapidly felt
everywhere along the column, whereas particle losses in axially col-
lisional free-streaming plasmas occur by means of rarefaction waves
moving inward from the ends. While qualitative evidence, laigely
theoretical, has been given for these properties, large gaps exist
in che understanding of energy losses. In particular, the effects
of sheaths and long mean free path in the end regions is not under-
stood, nor has the regime of applicability for the classical heat
conduction model been established.

End-Stoppering Schemes. A variety of schemes for controlling
endlosses have been suggested, and some have been experimentally at-
tempted. The most promising schemes are described briefly.

The first general class of end-stoppering techniques involve
the use of material barriers (solid° or dense gas^) to retard plasma
Icsses. Such material barriers should prevent particle losses from
the ends and the loss mechanism will instead be electron thermal
conduction. In this case, something akin to the expression for x e
will govern the endloss rather than xp. This represents an improve-
ment if, for example, n = 3, T e = T-f = 8 keV, then the material end-
plugged reactor is shorter than the free-streaming reactor (assumed
for the moment not to suffer thermal conduction energy losses) if
nx > 3 x 1011* sec/cm3. However, it is still desirable to achieve
some improvement in confinement over xe: in order to achieve nxe >
1015 sec/cm3, as per a typical reactor, LB2 must exceed 1.2 x
106 m-T* for a 3 = 1, T = 8 keV plasma, i.e., L > 12 km for B =
10 T, and L j 1.4 km for B = 30 T. It i's desirable then to achieve
at least a three- to ten-fold increase in confinement over xe to re-
alize a reactor of moderate length. Thus, the study of material end-
plugs includes not only the objective of stoppering particle endloss,
but also to reduce conduction losses. Possible mechanisms for re-
ducing conduction losses include partially insulating thermal barrier
generated at solidlO.ll or dense gas9 plugs, or the anomalous reduc-
tion of thermal conduction due to gradient-driven microinstabilities'2
near the ends of the plasma column.

Solid endplugs have been inserted into the ends of a linear
theta-pinch experiment with surprisingly satisfactory results.'3 The
particle endloss was strongly impeded and the time duration of the
plasma column was increased by about 25 percent, even though the ex-
periment was conducted in a regime where tp is somewhat less than
ip, which suggests that some thermal shielding may have occurred.
Moreover, there was only minimal ablation of the quartz endplug
surface, and the wobble of the plasma column, which was dramatically
present for the unplugged case, was eliminated. These results are
very encouraging, especially in view of the fact that they repre-
sent the first attempt at using material endplugs.
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The use of solid endplugs has also been theoretically inves-
tigated,10'11 yielding some insight into the dynamic nature of the
plug-plasma interaction. Apparently, energy conducted to the plug
ablates material from its surface. The resulting compression of
the plasma column, which may turn into a shock, replenishes some of
the energy lost by thermal conduction.11 These studies have also
shown that the use of a moderate atomic number plug material, Z =
6 to 10, leads to some thermal shielding. Apparently, higher Z
leads to very good insulating properties but causes rapid energy
loss due to recombination and line radiation. For reactor appli-
cations, oi course, the use of a high-Z thermal barrier adds the
potential liability that a significant impurity level may build up
in the plasma during the burn. Both theory and experiment concern-
ing solid endplugs are at very early stages of development: results
to date are encouraging, indicating further research is indeed
warranted.

g
The use of dense cold gas endplugs has also been suggested.

Here again, promising results have been obtained in preliminary ex-
periments. 14 With cold gas plugs, the end-stoppering process may be
more complicated than for solid plugs, ideally, the dense gas-hot
plasma interface evolves quickly into a rarefaction wave travelling
into the plasma and a shock moving into the dense gas. For a suf-
ficiently dense gas, the shock will lead to high pressures and re-
duced plasma flow, or possibly even the reversal of flow. Much ex-
perimental and theoretical work remains to be done before dense gas
plugs can be properly evaluated as an end-stoppering method.

The second general class of end-stoppering techniques involves
the use of magnetic field shaping. These techniques are aimed chief-
ly at reducing particle endlosses by either (1) reducing the size
of the holes at the ends, through which the plasma must escape,
(2) extracting momentum from the plasma by friction against parti-
cles which are anchored in place by the field structure, or (3) trap-
ping of particles on closed field lines, necessitating cross-field
transport before escape can occur. Magnetic field shaping techniques
do not directly address the question of conductive energy losses.
However, since the fusion plasma is not in immediate contact with
cold surfaces as with material endplugs, it may be possible to re-
duce the conductive losses to a level comparable to the convective
losses. This may require the use of large end-chambers with special
arrangements to minimize the reflux of cold plasma back into the fu-
sion plasma. Clearly, the study of a given particle confinement
technique should at every stage include consideration of -its energy
confinement characteristics.

Cusped-end f-^d configurations achieve end-stoppering by
means of reducing the effective hole size. For a field-free plasma
interior, the hole size is reduced approximately by the ratio of the
current sheath thickness to the plasma radius. Cusp losses can be
reduced further by electrostatic13 or radio frequency1^ stoppering
of the holes. Experiments have shown that a significant reduction of
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endloss can be obtained in the low density regimes.1? The radio fre-
quency field intensity for effective plugging usually increases with
density, but depends sensitively on the mode of the applied field.
For an electromag. etic mode, only very slight increases are required
for densities up to lO^cnr3, consistent with a theoretical predic-
tion, and the extrapolation of this result of higher densities is
predicted. Alternatively, it may be*possible to reduce cusp losses
by initially imbedding an orthogonal "stuffing field"18 in the
plasma. This technique combines closed field lines with hole size
reductions.

One of the most promising field-shaping techniques is multiple
magnetic mirrorsJ9,20 which reduce endlosses by friction of the
plasmas against ions trapped in magnetic mirrors. The particle loss
thus becomes diffusive rather than streaming. Theoretical treatments
of a multiple mirror system, with ion mean free path, X-j, approxi-
mately equal to the intermirror spacing, predict a particle confine-
ment time

T
mm 8v.A. " 1 5

where M is the mirror ratio and 7i is the ion mean speed. This ex-
pression is only strictly valid for M » 1, but the case of weak mir-
rors can be approximately represented by replacing M by the magnetic
field modulation factor. Thus, Tmm is several times greater than re
for M ~ 1. Because of the infrequency of momentum transferring col-
lisions, multiple mirror confinement becomes rapidly less effective
at higher temperature: nxmn, « 1/T*2 for fixed 3- This deficiency
may be overcome if non-adiabatic scattering21 occurs as a result of
finite field line curvature or other processes. Other factors could
also enhance the multiple mirror confinement, including higher 3
which increases the effective mirror ratio and-enhances non-adiabatic
scattering. The multiple mirror configuration, of course, carries
the liability of an unstable geometry necessitating additional field
shaping (minimum B configuration), dynamic stabilization, or feedback
stabilization. Associated with the proposed stabilization methods
are important, largely unexplored problems relating to technology
or reactor energy balance. Experimental verification of the multi-
ple mirror concept has been obtained in a low density device where
the basic scaling and predicted axial density profiles have been
observed. Further experiments and theory are necessary for high-
density, high-6 regimes of interest.

Another promising field shaping technique is the reverse
field geometry, which can lead to closed magnetic field lines.22'23

A closed field line configuration can, in principle, be established
if a reverse bias magnetic field can be imbedded in the plasma,
followed by a tearing-like phenomenon at the ends of the column
which connects the reversed field across the neutral layer of
vanishing magnetic field. The attractiveness of the reverse field
concept is that the streaming loss of particles is converted into
cross-field diffusion in all directions. The reverse field con-
figuration may persist as initially established, or the tearing
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mode may occur elsewhere along the column causing breakup into a
series of stable plasma cells, each containing reversed trapped
magnetic field. Because of the presence of the closed field line
cells, this configuration should still have a confinement time based
on cross-field diffusion. Possible rotation of the plasma or a very
low level of impurities may resist the tendency to tear into cells
and lead to a rotational instability." . i;

An alternative to field-reversal techniques which also em-
ploys closed field lines is the race-track arrangement,7 in which
two linear plasma columns are located side-by-side and the magnetic
field lines curve at the ends to link the two columns. The rationale
behind this approach is that the unstable curvature is confined to
relatively small regions where extraordinary stabilizing measures
could be taken. Anomalous diffusion occurring in the end regions,
possibly as a consequence of the stabilizing measures, may not be
serious since it only applies in a very small fraction of the overall
plasma volume.

Future Work. It is important to note that the sum total of
hard experimental data concerning endloss from linear plasma columns
is minimal when compared with other data taken from the same exper-
iments. In other words, we do not have a detailed picture of the
physics of endloss over the relevant range of the most important
plasma parameters. It was mentioned earlier that not only must the
endloss be investigated to where it is understood, it must be over-
come. Clearly then, much more research is called for and top prior-
ity must be assigned this problem. More illuminating theoretical
descriptions are necessary which account for radial structure and
radial and axial transient phenomena, as well as the ability to de-
scribe the plasma over a wide range of experimentally relevant oper-
ating regimes. A series of new experimental investigations is es-
sential to try the most,.promJs.ing,endT,stoppenng schemes in the
relevant plasma regimes. A consensus of workshop participants in-
dicates a minimum requirement for such experiments is a « A < L,
where a is the radial length scale. Ideally, a number of different
experiments is called for in order to answer endloss questions for
the various LMF concepts. Further, at least one large dedicated
facility is absolutely necessary for steady LMF progress. The ex-
perimental device proposed in Section III of this report is designed
to meet this need.

RADIAL CONFINEMENT

Transverse magnetic confinement of plasmas encompasses the
aspects of radial equilibrium, macrostability, and cross-field
transport. The consequences of each aspect become evident in times
which, in general, are shortest for equilibrium and longest for
cross-field transport. The key issue with respect to equilibrium
is the balance of forces: lack of radial equilibrium will show up
in a dynamic response timescale, a/v/\ (a is the plasma radius and
v/\ is the Alfven speed), which is generally somewhat less than a
microsecond for experimental and reactor grade plasmas. Macro-
stability includes the issues of MUD stability and other macroscopic
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effects, such as rotation: instabilities of these types become
evident in a time (X,/2irv/\)/f which is typically 1 to 100 ysec (S, is
the characteristic wavelength of the disturbance and f is a factor,
generally less than unity, which depends on the strength of the
condition driving the instability). The cross-field transport rate
depends on microscopic processes, whether due to collisions or short
wavelength instabilities: radial transport shows up on a timescale
which classically is na2/ry_» where y is the free-space permeability
and rij_ is transverse resistivity. This time ranges from 100 usec
to 100 msec, but it may be somewhat shorter if anomalous transport
occurs. Since the observation time of experimental plasmas has
generally been determined by endlosses in times of 1 to 20 ysec,
it is possible to make convincing statements about plasma equilib-
rium, at least for simple, straight field line geometries. On the
other hand, relatively little can be claimed about the slower radial
transport processes on the basis of experiments to date. The fol-
lowing discussion reviews the status of knowledge in each of the
three areas.

Equilibrium. The radial equilibrium state of a magnetohy-
drodynamic plasma is governed by the radial component of

Vp = J x B"

where p, J, and B are the local plasma pressure, current density,
and magnetic field, respectively. The existence of equilibrium has
been observed at the midplane of many experiments until end effects
arrive, i.e., for 102 to 10" times a/v^. The radial force balance
must be modified in the presence of field inhomogeneities and plas-
ma rotation. Field inhomogeneities can arise from imperfections in
the magnetic field or may be applied intentionally as part of an
end-stoppering technique. There are several possible causes of
rotation, including field imperfections,24,25 shorting of the ra-
dial electric field at end walls,26,27 and momentum transfer between
ions and the wall at the beginning of a theta-pinch implosion.28
The existence of an equilibrium in the presence of these effects
is probable, though not assured: the more serious questions per-
tain to their stability consequences, as will be discussed.

Stability. Magnetically-confined plasmas have long been
known to be susceptible to a variety of instabilities. One of the
most important classes of instabilities are of magnetohydrodynamic
origin. In this regard, a straight field line LMF plasma is one
of the more stable configurations known. Indeed, linear plasmas
are positively stable to sausage (m = 0) instabilities, and flute
(m J 2 ) instabilities are quite generally stabilized in quasi-
static nonrotating columns by finite ion larmor radius. However,
long wavelength kink (in = 1) instabilities are neutrally stable in
the simplest view and are susceptible to destabilization by bad
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curvature, resulting from unavoidable field nonuniformities or from the
end-stoppering technique (e.g., multiple mirrors). The growth rate
due to destabili-zing field imperfections is Y ~ (27rv/\/Jl)AB/B, where
I is the length scale of the imperfection and AB/B is the relative
variation in field strength. The growth rate due to bad curvature
is Y ~ 2iTVfl/R, where R is the radius of curvature of the field lines.
The instability growth time due to bad curvature is at most a few
microseconds and should show up in most experiments. The growth
time due to field inhomogeneities is longer, e.g., several tens of
ysec for AB/B ~ 1 percent, and may not be observable in short life-
time plasmas.

There are several configurational mechanisms that may be
helpful to achieve the desired margin of stability. These include
(1) high beta, (2) line tying at end walls, (3) magnetic wells
(favorable curvature), (4) magnetic field shear, and (5) wall star
bilization. High beta appears to stabilize regions of bad curva-
ture in a bulged theta-pinch.29 Line tying at end walls is useful
in short plasmas but may be of little value in preventing long
wavelength kink instabilities in the very long central region. In-
troducing favorable curvature into a conventional LMF plasma with-
out simultaneously creating bad curvature elsewhere is only possi-
ble by use of cusped ends: these should stabilize the ends in much
the same way as line tying but may not prevent interchange of field

• lines in the long central regions. Magnetic shear might be intro-
duced into the plasma by drawing an axial current. Wall stabili-
zation is only possible for sufficiently large ratios of plasma to
wall radius.

Plasma stability may also be achieved by either dynamic sta-
bilization or feedback stabilization. Dynamic stabilization has
been achieved in a screw-pinch plasma,30 but may require unreason-
ably large powers for reactor-size plasmas. Feedback stabiliza-
tion, in principle, requires much less power but could become com-
parable to dynamic stabilization in practice.

Another area of serious question about the macrostability
has arisen in recent years which relates to plasma column rotation
and wobble. Whereas the theoretical formalism for treating con-
ventional MHD stability is relatively well developed, the under-
standing of rotational stability is in its infancy. Observations
indicate that the onset of rotation occurs in a time of order L/2v^
which is generally comparable to an ion transit time rp/n. Thus,
it is not sufficient merely to require a long device to delay the
onset of rotation since Tp/n is much shorter than the desired con-
finement time for reasonable-size reactors. If the onset of rota-
tion indeed scales as L/2v^, then it is probably the consequence
of shorting out the radial electric field at cold end walls, which
£orces^ the column to rotate in order to confine the ions by a
Jj x B force.
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Rotational instabilities are stabilized by finite ion larmor
radius effects_if the local rotation speed is less than a number
comparable to ve(pcj/a) based on ideal MHO theory. This condition
may be violated if the ions are somewhat hotter than the electrons.
However, ideal MHD theory does not explain the relatively stable
behavior observed in experiments. A recent MHD formulation modi-
fied for finite pcl- has shown the importance of the radial electric
field in determining the stability.3> It is now believed that fi-
nite larmor radius stabilization is more effective than previously
thought. Clearly, experiments are needed to perform more careful
diagnostics on rotation phenomena. Probe measurements to detect
components of J x B, Doppler shift measurements of rotational veloc-
ity, and other exploratory experiments are needed.

Other instabilities may arise as a result of the heating pro-
cess. Fluting due to a Rayleigh-Taylor instability (acceleration
of a heavy fluid by a light fluid) often shows up in theta-pinch
implosions but ceases in the quiescent phase. The same instability
would also appear forlaser or e-beam heating on a timescale compar-
able to the dynamic response time, a/v^. In this instance, the con-
sequences might be more serious because of the greater proximity of
plasma to wall in laser and e-beam systems. Rayleigh-Taylor insta-
bility problems are eliminated for quasi-static heating, i.e., gen-
erally for heating pulses longer than a microsecond.

Transport. The calculated radial confinement time based on
classical plasma transport is generally two to four orders of mag-
nitude longer than the axial streaming time. For this reason, radial
confinement, assuming stability is assumed, has often been taken for
granted. This feeling has drawn support from the observation that
radial transport during the quiescent phase of theta pinches is in-
appreciable. However, it is premature to assume that radial trans-
port will be similarly unimportant in plasmas which are to survive
for tens of milliseconds, particularly since the radial dimension
is four orders of magnitude shorter than the axial length.

The classical particle confinement time is

which predicts T_L ~ 300 to 1000 usec for high temperature theta-pinch
experiments (Te ~ 300 to 600 eV) and 50 to 100 ysec for low tempera-
ture experiments (100 to 150 eV). By contrast, the axial confine-
ment times of past experiments have typically been only 1 to 20 jjsec,
making it nearly impossible to establish whether the transport is at
classical rates. Indeed, only the 8-Metre experiment at Culham has
been able to make such a measurement.32 It was concluded that the
warm plasma (100 to 200 eV) diffused across the field lines at no
more than twice the classical rate.
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Micro.instabilities, which had previously been thought to
occur only in the implosion phase of theta-pinches, are now be-
lieved to be important during the quiescent post-implosion phase.33,34
These drift wave instabilities thus are believed to occur even for
the low electron drift velocity regime, vp < v^, which arises for
broad current sheaths, 6n > pc^/2 = (c/2u)pi)3V

2, where the sheath
thickness is defined as 6n = n(dn/dr) , and c is the speed of
light. The most rapidly growing mode is the lower hybrid drift in-
stability. It is characterized by a wavelength on the order of p c e,
and hence the effect of the instability is on a microscopic scale,
leading to an anomalously rapid diffusion phenomenon. The esti-
mated diffusivity due to the saturated lower hybrid drift insta-
bility34 exceeds the classical rate by the factor D|_HD/DC1 S

C.08(pc1-/6n)
2(Xe/16pce). It is interesting to note that for a local

sheath thickness comparable to the ion larmor radius, Sn ;; pc1*, the
diffusion rate is 1/12 the Bofcn rate.

Three effects have been identified which could stabilize the
lower hybrid drift waves. Finite-beta effects,35 in particular due
to VB drift, completely stabilize the lower hybrid drift waves if
the local sheath thickness exceeds a certain $-dependent value.
This leads to a situation where the transport is classical in the
cere of the plasma column where density gradients are small, but
it becomes anomalous in the wings where the gradients are steeper.
Finite (noninfinite) ion larmor radius also tends to stabilize
the lower hybrid drift waves. For broader sheaths, the mode is
transformed from the nonresonant lower hybrid instability into the
resonant ion cyclotron instability, which is eventually stabilized
for sufficient sheath breadth. It has been shownJb that the instabil-
ity is completely stabilized for pci/<Sn S 0.12 for a deuterium
plasma. The lower hybrid drift instability is also stabilized by
magnetic field shear, but relatively large shear levels are needed
for this effect to be important.'' A model 3° accounting for regions
of unstable and stabilized (finite-3 effects) lower hybrid drift
waves predicts that: the global plasma confinement is essentially
classical if the plasma radius, a, exceeds 5 to 10 times pc1-; it is
governed by the anomalous scaling law if a s 2 pc1-; and, it experi-
ences a very rapid transition from anomalous to classical (spanning
as much as two or three orders of magnitude in confinement time)
for 2 < a/pcl- < 5 to 10. In the event that the lower hybrid drift
instability is largely stabilized, universal drift modes may be
unstable.

Clearly, significant experiments are needed to carefully
measure the radial transport rate, to delineate the various regimes,
and to establish the nature of drift wave stabilization. To accom-
plish this will require a plasma for which the axial confinement
time is at least as large as the classical radial confinement time,
probably necessitating an axial confinement time on the order of
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100 ysec. Further, the plasma should have significant electron mag-
netization, i.e., large Ae/pce, in order to have as large a dif-
ference as possible between classical and anomalous rates.

Radial energy transport is another important factor, partic-
ularly since the classical thermal diffusivity exceeds the particle
diffusivity by a factor of about (mi/mgJ'A. If the plasma is sur-
rounded by a near-vacuum magnetic field, i.e., density less than a
few percent of the core density, then the radial heat losses should
be reduced to a negligible level. However, the effect of microinsta-
bilities is generally to increase radial transport rates. The ques-
tion of anomalous heat conduction to the wall probably hinges on how
much plasma is carried into the vacuum field region by anomalous
plasma transport.

Radial alpha particle confinement is probably assured merely
by the presence of a vacuum magnetic field boundary surrounding
the plasma, assuming sufficient clearance between plasma boundary
and first wall. This requires a plasma-wall clearance of at least
54/B(T) cm. The alpha larmor radius is also nonnegligible com-
pared to the plasma radius, especially for the more slender laser
or e-beam heated plasmas. Two important effects follow from this:
(1) significant charge separation is potentially set up by the large
alpha particle excursions into the vacuum field region; this will
be largely neutralized, however, by the dielectric nature of the
low density plasma in the vacuum field region; and, (2) if alpha
particles make large excursions into the vacuum field region, then
their thermalization rate can be slowed considerably, as much as a
factor of two or three for certain practical cases. This may also
lead to a significant pressure contribution by the more slowly ther-
mal izing alpha particles. Since no LMF experiment with significant
fusion reactions and alpha particles is expected in the near fu-
ture, significant studies of alpha particle effects should proceed
on a theoretical level. These studies should treat such unknown
areas as the dynamics of nearly collisionless (radially and axially)
alpha particles, the effect of large excursions into a vacuum field
reg.on upon stability and transport, and the nature of thermaliza-
tion processes.

HEATING PHYSICS AND
TECHNOLOGY

LMF benefits from having several alternative plasma heating
techniques. Indeed, the strength of these techniques has caused
LMF concepts to develop historically along independent paths ac-
cording to the heating method, specifically, theta-pinches, laser
solenoids, and e-beam solenoids. While it is in the spirit of the
present document to emphasize LMF as a unified concept with broad
areas of commonality, it is nonetheless true that the heating
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method leads to notable divergences in design. Diverse physics
phenomena lead to differing engineering constraints, which in turn
lead to variations in reactor design. The most important differences
in reactor detjn pertain to the size of the plasma tube, the magni-
tude of the pulsed energy requirements, the intensity of magnetic
fields, and whether a conventional or hybrid magnet (normal coil
plus superconductor} is employed.

For reactor applications, LMF designs usually employ at least
two plasma heating techniques, a primary heater which produces a
plasma of 1 to 2 keV, followed by a secondary auxiliary heater
which increases the temperature to ignition at 5 to 6 keV. In view
of rapid plasma and energy losses to the first wall at low plasma
temperature, the primary heater must be fast pulsed, i.e., a sig-
nificant fraction of its energy must be delivered in a few micro-
seconds. Fast pulsing commonly carries with it the inefficiency of
rapidly converting electrical energy to plasma energy, and a need
for expensive capacitive energy storage. The most severe reactor
design requirements are generally imposed by the rigors of the pri-
mary heating phase. On the other hand, secondary heating can take
place over a much longer time span, typically in the millisecond
range. While secondary heating commonly requires more energy than
primary heating, the longer pulse time allows it to make use of
fast-discharging homopolar generators, which are expected to be much
less costly than capacitive storage. Secondary heaters are expected
to be very efficient fo? converting electrical energy to plasma
energy. The most attractive benefit from employing auxiliary heating
is that it considerably relaxes the size and engineering demands im-
posed by the primary heater.

The primary plasma heating can be achieved by means of im-
plosion heating in a theta-pinch, or by absorption of energy from
an axially-directed laser or electron beam. Secondary heating can
be performed by adiabatic compression by a slowly rising magnetic
field, or by a variety of wave-heating techniques known as magnetic
pumping, Alfven wave heating, or magnetoacoustic heating, depending
on the frequency of the wave.

Implosion Heating. Implosion or shock heating has for years
been a proven method for achieving high temperature plasmas in
theta-pinch experiments. It has the advantage of directly heating
the ions, and multi-kilovolt ion plasmas have been achieved with
ion densities of a few times 1016 cm"3. Theta-pinch implosions re-
quire a rapidly rising magnetic field (a few hundred nanosecond rise
time) and therefore a low inductance circuit. The fill gas is gen-
erally ionized partially by a weak discharge prior to firing the
implosion circuit. Nonadiabatic heating is typically performed at
10 to 25 percent efficiency (electrical energy to nonadiabatically
supplied plasma energy). The plasmas produced have current sheaths,
of a few ion larmor radii in thickness, and some magnetic flux
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generally becomes imbedded in the plasma, even at the axis, during
the implosion. For low line density plasmas, less than 2 to 4 x 1016 cm"
(i.e., low fill gas pressure), the density profile is roughly gaussian,
and the peak value of beta is somewhat less than unity. High line den-
sity plasmas have a fairly flat density profile surrounded by the sheath
and have peak values of beta approaching unity.39

The physics of shock heating has been characterized by means
of the so-called "bounce modeV'.^O^the rapidly inward moving magnetic
piston causes the stationary ions (preionization is assumed) to re-
flect from the piston at twice the piston speed. The fast, radially
moving ions isotropize and thermalize in 100 nsec or so by nonadia-
batic turbulent processes. The cold electrons are then heated by
collisional equilibration with the ions. For higher density, more
collisional plasmas, the behavior evolves from a bounce phenomenon
to one describable by a "snow plow" model, for which the ions are
entrained by the magnetic piston rather than being reflected. The
most effective heating occurs with thr so-called bounce-free expan-
sion heating sequence,42 in which the magnetic field is pulsed on,
off, and then on again: the the plasma is allowed to re-expand
nearly to the wali during the brief "off" period. This technique,
which is typically assumed in theta-pinch reactor studies, 6 has
the important liability that the plasma may pick up a significant
level of impurities as a consequence of the momentary expansion
nearly to the wall.

Despite the large amount of experimentation with theta-
pinches, including major programs over the years at several labor-
atories, a number of questions remain about the detailed plasma
physics. It has been demonstrated that turbulent processes domi-
nate plasma heating and transport, and numerical simulation calcula-
tions have exhibited correlation with most of the observed plasma
phenomena.'*'* However, the origin and details of the turbulence are
not yet well understood: consequently, it has not yet been possible
to characterize the transport and heating in terms of simple expres-
sions which are claimed to apply vdthin specified regimes. Drift
wave instabilities, notably, the lower hybrid drift instability,
have been set forth as the probable mechanism for sheath broadening
and anomalous heating, and also as a possible cause of heating dur-
ing the implosion. Some agreement between experiment and lower hy-
brid drift theory has been observed.45>46

The primary limiting factor in shock-heating for fusion reac-
tor application pertains to the large azimuthal electric fields
that must be generated to drive the magnetic piston at the required
velocity. The electric field, which is first experienced at the
plasma chamber wall, is severely limited by materials considerations,
as will be discussed later. This limitation has necessitated that
shock-heating be combined with a large amount of magnetic compression
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in order to achieve ignition plasma temperatures (5 to 6 keV). A
small plasma tube filling factor (ratio of plasma tc first-wall
radius) results with the consequence that large magnetic energies
(by comparison with the plasma energy) must be switched in and out
of the magnet at high efficiency. The small filling factor problem
can be ameliorated somewhat by means of the bounce-free expansion
shock-heating scenario: a piston magnetic field which first rises,
falls, and then rises again.42 This sequence permits a much larger
filling factor to be produced following the nonadiabatic part of the
heating, i.e., as high as 0.7 to 0.8. This technique has been demon-
strated in the Implosion Heating Experiment and the Staged Theta-
Pinch at Los Alamos.47

The consequences of ths electric field limitation are illus-
trated by the filling factor equation based on a 3 =dl» bounce-free
expansion plasma with a negligible thickness sheath, °

Efl kV/cm)
a/b =0.75

B(T)[T(keV)]1/z

If the electric field is Ee = 2 kV/cm, the vacuum field is 10 T,
?.nd the ignition temperature is 5 keV, then a/b = 0.27, i.e., the
plasma fills only seven percent of the tube volume.

Engineering constraints play an important role in implosion-
heated systems, the most important of which is the limitation on the
azimuthal electric field at the first wall.- In order to prevent
electrical breakdown of the first wall and blanket insulation, the
azimuthal electric field must be less than approximately 2 kV/cm if
alumina is used as the insulator.43 Other technological problems
enter as well. One is the design of a low inductance implosion
heating coil and feed circuit which, at the same time, have suffi-
cient electrical insulation to prevent dielectric breakdown at any
point. In this regard, ingenious designs have already been de-
vised to handle some of the problems, incTuding"fractional turn
windings and slitting the conductor. Other important techi.^logy fac-
tors that have emerged are the transformer-like coupling of implo-
sion heating and adiabatic compression coils, and the tendency for
a "restrike plasma" to form at the wall on the second field rise in
a bounce-free expansion sequence.

In summary, implosion heating is a proven technique for
achieving kilovolt ion plasmas. Its primary limitation for fusion
application is the allowable electric field experienced at the first
WJII insulator: this limitation leads to the need for large adia-
batic compression ratios to achieve ignition, and consequently
large stored energies to power the coil. Many experiments have gen-
erated a wealth of data on theta-pinches, but the implosion process
is not yet well characterized in terms of its physics. The main
technology issues pertain to high-voltage engineering.

\
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Laser Heating. Laser heating is one of two volume heating
techniques that have been proposed within the last decade as alter-
natives to shock heating. Laser heating has the advantage of largely
decoupling the plasma heater from the confinement system. The remote-
ly located heater imposes no difficult constraints on the plasma and
plasma tube size and thereby allows the use of small diameter plas-
ma tubes and high field hybrid magnets. Indeed, the original moti-
vation for laser heating grew out of the fortuitous match between
the absorption lengths of long wavelength lasers and the lengths
needed in linear devices for adequate confinement at high densities
and magnetic field (20 to 50 T). The laser heating concept was
also motivated by the rapid development of large, long pulse CO,
lasers at 10.6-y wavelength in the late 1960s, which has continued
to the present day.

Classical laser absorption deposits energy directly with the
electrons. The classical inverse-bremsstrahlung absorption length
in an underdense hydrogen plasma [ne(cm"

3) < 1.1 x 102VAz(u)] is
approximately

3.6 x 1038 Te
3/2(keV)

'•V m' " "n g
2 (cm-3) x2(y)

where ne is the electron density and X is the laser wavelength.
The absorption process appears to take place as a bleaching wave
in an apparently motionless plasma (except for some radial expansion
against the magnetic field) with steep temperature gradients near
the front of the wave and more gentle gradients elsewhere. An elec-
tron density minimum is required on the plasma axis in order to re-
fractively trap the beam:4* the heating and plasma expansion it-
self tend to achieve the trapped configuration. If it is possible
to trap the beam and to achieve nearly full absorption of the laser
energy, then the efficiency of laser heating is nearly the effici-
ency of the laser itself, e.g., as much as 25 percent for long-pulse
COg lasers. Based on classical absorption, laser heating is best
suited for higher density (greater than 1017cm"3) plasmas.

A number of laser heated, magnetically confined plasma exper-
iments have been performed at a number of laboratories in the
past five years. These experiments have demonstrated beam trapping
and strong laser heating corresponding roughly to classical inverse-
breinsstrahlung absorption. Electron temperatures up to about 200 eV
have been achieved at densities of 1017 to 1018 cm"'3 in plasma
columns as long as 50 cm with length-to-diameter ratios as high as
200.50 A number of physics questions remain, however. The sta-
bility of the laser-plasma interaction with efficient beam trapping
is not yet assured at kilovolt temperatures and large length-to-
diameter ratios. Several difficulties may arise, including beam
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filamentation or a density profile which is too flat for efficient
beam trapping. Other questions relate to whether the required den-
sity minimum on-axis will be formed naturally fron the beginning,
or'if it will have to be engineered into the plasma column before
laser heating begins. Another issue arises when fusion applications
are considered: while it appears possible to design a reactor based
on classical absorption of a COg laser (Eq. (2)), significantly more
attractive designs can be conceived if the absorptivity is enhanced
by a factor of 10 or more. The absorption problem is aggravated by
the desire to supply a large fraction of the plasma energy by adia-
batic compression after the laser pulse ends: this requires thai
laser heating take place in a plasma for which the classical ab-
sorption is weaker. Several techniques have been proposed to achieve
higher absorption, including multiple passing of the beam, exciting
anomalous absorption, and developing a longer wavelength laser. Many
of the physics questions are being treated in a large laser sole-
noid proof-of-concept experiment5' currently in progress: goals for
this experiment include kilovolt ion temperatures in a 1018cm"3 den-
sity plasma 3-m long and a length-to-diameter ratio of 1000.

The technology of large, repetitively pulsed C02 lasers has
received extensive development in recent years. The most important
limiting factor appears to be the allowable energy fluence (per
pulse) in the aperture windows. This restriction does not appear
to limit the maximum allowable laser size, since the laser system
can be constructed in modules with a large total window area. Col-
lecting the beams from a multimodule system and accurately focussing
on the end of the plasma column does not seem to pose a serious
problem.

In summary, laser heating has important advantages for heating
a linear magnetic fusion plasma, including the potential for construc-
tion in large, multimodule systems, isolation of the heater from the
plasma chamber, and the partial decoupling of the heater from the con-
finement system. Several experiments have demonstrated the basic
physics on a small scale, but questions remain about the heating physics
for reactor scale and temperature plasmas, in particular, the efficient
coupling of laser energy into plasmas somewhat shorter than 1 km.

Reiativistic E-Beam (REB) Heating. REB heating received its
impetus from the development of large (megajoule class) REB genera-
tors, and from the potential of achieving high electrical efficiency
(input energy to REB energy). REB heating deposits the beam energy
primarily with the electrons by means of anomalous (noncollisional)
processes. A substantial guide magnetic field is required in the
beam region to stabilize the internal self-pinching tendency.

A number of REB-heated magnetized plasma experiments have been
performed in the last several years. These have almost uniformly demon-
strated anomalous beam absorption,52 and a streaming instability
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model has achieved satisfactory correlation with most experiments.
However, little experimental data exists for the so-called kinetic
regime characterized by weaker coupling, which is hoped to apply in
fusion reactor applications. Theoretical beam-plasma coupling length
expressions have been derived (e.g., Ref. 53) which depend on the
nonlinear damping mechanism assumed. These expressions generally
predict a coupling distance which shortens with decreasing density,
and moreover, that adequate coupling could be achieved for relatively
short plasmas (100 to 300 m). A second effect, which past experi-
ments were not suited to address, is the tendency of the REB to scat-
ter out of the plasma column due to particle and wave-particle inter-
actions. Theoretical estimates predict that beam diffusion caused
by particle scattering on randomly distributed wave packets is with-
ing acceptable limits for reactor scale conditions.5^

There are two other physics areas where important questions
remain about REB heating for fusion applications. One is the abil-
ity to compress the beam from a large area diode into a small cross-
section plasma column without degrading the beam or reflecting a
large fraction of the beam electrons. Bean compression ratios of
two to five have been achieved in experiments, but factors of ten
or more may be required for a reactor. The second area pertains to
the stability of the beam against internal filamentation. If the
beam current density is top high for a given guide field level, the
beam tends to filament and gross beam destruction may follow. Assum-
ing the plasma receives all of its energy by absorbing the REB, then
to achieve stability,55 the plasma length is bounded above by

L(m) < 800 tb(iJSec)(l/3 - 1)

where tj, is the beam duration. This imposes an upper bound on g,
or a lower bound on beam duration (typically on the order of micro-
seconds). If an adabatic heating phase is added, then the restriction
is more stringent since the stabilizing guide field is lower during
the REB heating phase. Clearly, the precise condition for onset of
instability and the consequences of instability, whether good or bad,
need to be determined.

The technology of Marx generators, switches, and diodes re-
quired for intense REBs has already developed to a fairly sophisti-
cated state. It is probable the REBs can be extrapolated to the
100 MJ or so sizes needed for fusion applications. There are other
technological issues besides size that remain to be addressed, which
relate to the problem of adapting the diode to the plasma heating
application. One is the engineering of the guide field linking the
annular diode to the end of the confinement magnet: the guide field
must also be switchable so that the end-loss plasma will not damage
the diode surfaces. The feasibility of long-pulse diodes (multi-
microseconds) needs to be established for large, high-beam current
generators in view of the instability questions mentioned earlier,
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and also to avoid the situation where the electron temperature is
much"greater than the ion temperature, which could, cause some con-
finement techniques to be ineffective (e.g., multiple mirrors).

In summary, it is probable that highly efficient REB genera-
tors can be developed to the scale required Tor a fusion reactor.
Moreover, relativistic electron beams are expected to couple very
well into plasmas as short as 100 m or less. Important physics and
technology issues remain to be resolved, including the detailed beam-
plasma coupling, beam stability, beam compression, guide-field engi-
neering, and long pulse generation.

Auxiliary Heating. The primary heater can be augmented by
one or more secondary heating sources: these can be classified as
either adiabatic (slow magnetic compression) or nonadiabatic (RF
heating). The motivation for auxiliary heating is that it can sig-
nificantly relax the requirements on the primary heater. For exam-
ple, certainly the size of the primary heater can be reduced. More-
over, for RF heating, the azimuthal electric field limitation with
shock heating becomes more tolerable, and the absorptivity problem
with laser heating is considerably reduced. The primary objectives
that are sought in auxiliary heating are the following: high coup-
ling efficiency, rapid heating rate (1 to 10 msec is the maximum
time allowable), effective heating with relatively small oscillations
in the confining magnetic field* and low frequency of oscillation
(less than 100 MHz). The former two, which are largely plasma physi-

cal in nature, often stand in competition with the latter two, which
are technological.

Adiabatic compression heating can most easily satisfy these
objectives and has commonly been incorporated in LMF conceptual re-
actor designs. It is currently being examined experimentally in the
Staged Theta-Pinch*' and Laser Solenoid Proof-of-Concept^ experi-
ments.

The physics and technology of RF heating are much less straight-
forward and its conceptual development is in its infancy. Several
wave-plasma coupling mechanisms have been identified. The objective
of low frequency excludes ion cyclotron resonance heating and lower
hybrid heating, but allows magnetoacoustic and Alfven wave heating.
Magnetoacoustic heating at 0.1 to 5 MHz involves magnetic field os-
cillations in resonance with the natural transverse acoustic frequen-
. cy of the plasma. It requires that the driving signal remain in
resonance with the natural oscillation frequency. Magnetoacoustic
heating was demonstrated recently on the Staged Theta-Pinch experi-
ment. ° Alfven wave heating at 1 to 30 MHz appears to couple energy
into the plasma much more strongly than magnetoacoustic heating.57
Experimental verification of Alfven wave heating has recently been
obtained;^ strong coupling with the external source was predicted^?
and observed in the experiment.
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Several important technological issues have emerged relatad
to low frequency RF heating.59 Some pertain to the coupling
structure design, including cooling (which is much less serious at
low frequency), isolation from the plasma from the walls of the con-
tainment vessel, and whether the structure should be spread along the
length of the linear system as RF coils or located as launching an-
tennas at the ends. Another issue is the design compatibility of the
auxiliary heating structure with the primary heater, e.g., do RF coils
interfere with implosion heating coil design.

In summary, auxiliary heating holds promise of significantly
reducing the requirements on the primary heater. Adiabatic compres-
sion is an effective auxiliary heating method based on straightfor-
ward physics and technology. RF heating also holds great promise
but is in an early stage of understanding and development.

CONFINEMENT TECHNOLOGY

Plasma Chamber. The three most important factors related to
the plasma chamber wall are neutron damage, bremsstrahlung absorp-
tion and heating, and plasma dump at the end of the burn phase. The
first-wall loading (primary neutron current) is the commonly accepted
index for the damage rate. This places an upper bound on the time-
averaged fusion power that can be produced in a given plasma chamber.
In principle, this level of average power can be achieved in a pulsed
reactor by adjusting the repetition rate. Because of the small
first-wall radius in linear magnetic fusion concepts (4 to 20 cm),
it is difficult to draw a large amount of fusion power without ex-
ceeding reasonable first-wall loading levels. A solution60 that has
been proposed is the utilization of multiple tubes, fired in sequence,
within the same blanket to increase the total first wall area. The
allowed fusion power then becomes

Pf(MWt) = 0.079 N *n(MW/m
2) L(m) b(cm)

where N is the number of tubes, ^n is the time-averaged wall loading,
L is the plasma chamber length, and b is its radius. For example,
if <|>n = 3 MW/m

2, L = 500 m, and b = 7 cm, then 5 tubes are needed to
achieve a fusion power of 3500 MIL..

First-wall heating by bremsstrahlung can be very severe be-
cause of the high densities and radiation rates for linear magnetic
fusion plasmas. For the typical case where the thermal diffusion
time through the first-wall layer (approximately 62C/K, where 6 is
the layer thickness, C is the volume heat capacity, and K is the
thermal conductivity), the temperature rise at the inner surface is6'

AT = <J..T1/2 (77CK/4)"1/2
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where <J>k is the bremsstrahlung energy flux at the first wall and T
is the burn time. The most serious consequence of thermal pulsing
is the potentially large thermal stresses that result. The thermal
stress problems have been analyzed in some detail for Reference
Theta-Pinch Reactor (RTPR) designs,61 and it was found that the ther-
mal stresses (compressive) could be kept below the compressive strength
of the material. However, for linear magnetic fusion systems, the
source factor ^x^z is much higher because the typical magnetic fields
are somewhat higher than the 7-11 T of the RTPR designs, and <J>b « B1*
for a hfgh-e plasma. The thermal stress problem may be relieved
somewhat by two approaches. First, for beam-heated systems, it may
be possible to use a thin metal liner at the firsL wall for which
the material factor (TTCK/4)"V2 is several times smaller than for the
electrical insulator assumed in the RTPR study. Second, a protective
bumper^' at the first wall, which is configured to relax the thermal
stresses and to gradually transmit the heating pulse to the vacuum
wall (perhaps by radiation cooling), can reduce thermal stresses by
a factor of 10.6^

The deposition of the plasma energy in the end chambers (plas-
ma dump) of a linear magnetic fusion reactor is another important
problem that has received almost no attention. By analogy to the
RTPR,61 it appears that energy fluences of at least 5 to 10 MJ/m2
can be accommodated in times on the order of seconds. Since the
plasma confinement time is several tens of milliseconds, a technique
must be devised to spread the plasma dump over a longer period of
time and over a sufficient area in the end chambers.

Magnetics. Historically, linear theta-pinch reactor designs
have employed a normal magnet for confinement,63 and beam-heated
designs°>60,64 have employed a hybrid magnet which combines a super-
conducting and a normal coil. The beam-heated designs have employed
hybrid magnets because high magnetic fields and plasma densities can
be achieved. The presence of the background superconductor field re-
duces both the stresses and resistive losses in the normal coil.
Shock-heated designs have employed normal magnets because of the
need for a large bore to accommodate the shock heating process. The
large bore makes it more difficult to conceive of a hybrid combina-
tion, since the magnetic field pulsations which are experienced by
the superconductor are proportional to the ratio of the cross-sectional
areas of normal coil to superconducting coil. However, hybrids should
not be ruled out even for shock-heated designs, because the supercon-
ductor can be shielded from the field pulsations by either a passive
conducting liner at its inner bore or one which is pulsed with a
small current opposite to the current in the normal coil.

The hybrid combination seems to present difficulties to
achieving a high-8 plasma because of the large bias field in the
plasma chamber, particularly when a significant amount of adiabatic
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compression heating is desired. This problem can be averted by
means of a field-nulling phase^ if the normal coil is first pulsed
counter to the superconductor current to null the bias field. Pri-
mary heating can then take place in a nearly field-free plasma. As
the normal coil current rings, the field in the plasma chamber rises,
producing a vacuum boundary plasma and providing some adiabatic compres-
sion. The normal coil may either be shut off when its current falls
to 0, leaving the plasma confined by the superconductor field, or
allowed to reverse, augmenting the superconductor field.

While the hybrid magnet has the advantage of creating higher
magnetic fields, it does not get away from the difficulties of re-
sistive losses in a normal magnet, significant energy storage and
switching requirements, and heating of the normal magnet by resistive
losses, neutrons, and gamma radiation. The joule power loss per
meter in a uniform current density coil producing a normal field Bn

0. 034 nB* (T) -
Pj(MW/m) = ~? (1 + |)

where n is the resistivity of the conductor as a multiple of IACS
copper (1.72-yft-cm), Ac is the volume fraction of conductor, and y
is the ratio of magnet thickness to inner radius. The electrical
nergy storage requirement is

Em(MJ/m) = 1.25 x 10"* b* (cm) B* (T)(l + §*• + j£)

where bm is the inner radius, and B* is the larger of Bn and the
superconductor field. Energy storage requirements can be particu-
larly severe for t^rge-bore normal coils, requiring efficient re-
covery of the magnetic energy. Resistance and.radiation heating in
the normal coil is significant, especially for high normal fields,
and may ultimately determine the upper bound on burn time rather
than potential confinement time.

Superconducting Magnet Technology. The development of high-
field superconducting magnets has proceeded at a rapid pace in the
past 15 years. The highest field achieved to date in a magnet is
17.5 T in a 3.1-cm bore duplex magnet combining a \f3Ga insert within
a 16-cm bore, 13.5 T Nb3Sn magnet. 65 The highest field achieved in
Nb3Sn magnets is 15.8 T in a 6-cm bore.65 These fields are comparable
to those suitable for fusion, but the sizes are much smaller. Super-
conducting solenoids for linear magnetic fusion systems need to pro-
duce a high field (e.g., 15 to 20 T) in a large bore (e.g., 3 m).
Fusion applications add factors not present in other uses of super-
conductors, in particular, radiation effects and radiation energy
deposition in and damage to the magnet. This requires that a radi-
ation shield of proper thickness and composition be located between
the blanket and the magnet.
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•The superconducting compound in widest commercial use, NbT"
is not suitable for fields above about 8 T, but may be used for
low field regions in a duplex or triplex arrangement with M^Sn J.'
V3<3a. The latter two are part of the class of brittle A15 compounds
which are metallurgically difficult to handle and require careful
fabrication techniques. The brittleness of these compounds limits
the strain to 0.1 percent; thus, in practice, a strain-limiting, high-
strength support layer (typically stainless steel) must be used to
limit the strain. In spite of these difficulties, I^Sn has been
successfully developed into a practical magnet material, and it is
expected that other A15 compounds could similarly be developed given
a comparable amount of effort.

Development of the superconductors requisite for fusion will
require continued progress in both magnet design and material de-
velopment. Magnet design includes the important areas of support,
coolant flow, insulation, and failure procedures. The latter prob-
lem is especially important in view of the high stresses experienced
and the large energies that must be dumped (70 to 100 GJ per 100 m
of length) in the event of an emergency shutdown. Engineering inno-
vations may bring^significant design improvements, such as the pres-
sure bag support scheme for reducing the strain and windings thick-
ness. 66 Materials development will also be needed, including the
practical development of other A15 compounds, such as V3Ga, and ad-
vanced fabrication techniques which would allow higher current den-
sity. Past successes in developing high-field superconductors, in
spite of certain inherent difficulties, give confidence that a large-
bore 20-T superconductor could be built in a decade as a result of a
dedicated development program.67

Normal Magnet Technology. High-field normal magnets have been
widely used in laboratories.°° Greater than 50-T fields have been
generated in small-bore (less than 1 cm) coils- that survive many
shots. Up to 30 T has been achieved in moderate-bore (3 to 4 cm)
coils, and up to 18 T has been achieved in large-bore (10 cm) coils.
While these fields clearly equal or exceed those of interest in
linear magnetic fusion (10 to 20 T), magnets have not yet been built
which would satisfy some of the other design requirements for fusion
applications,60 viz long lifetime, minimum resistive losses, and
survival in a radiation environment. The implications of some of
these factors are discussed briefly.

Perhaps the most serious problem relates to supporting the
high stresses which are aggravated by radiation-induced embrittle-
ment. Although the maximum stresses commonly assumed in reactor de-
signs are within the yield strengths of materials used, they almost
always exceed the fatigue strength limit. While stresses can be re-
duced for thicker magnets, the requirement of a hard neutron spectrum
for tritium breeding in the surrounding blanket limits the thickness
to 8 to 10 cm or less.
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The -second important problem area pertains to resistive losses
and heating of the magnet. To minimize resistive losses (which may
require recirculation of up to 20 percent of the gross plant electri-
cal power), the magnet should be operated near room temperature. Ra-
diation induced increases in electrical resistivity appear to saturate
at tolerable levels. The time-averaged cooling power density in the
magnet is not excessive (less than 50 MW/m3), but rapid heating during
the burn pulse may be substantial due to both resistive and radiation
heating. Restriction to moderate pulsed temperature excursions strong-
ly favors lower fields in the normal magnet.

Development of normal magnets appropriate for fusion will re-
quire further progress in both magnet design and materials radiation
effects. Important design problems include the development of wind-
ings design, such as the novel strip-wound concept,66 coolant design,
use of laminated conductor and support materials, electrical lead
designs which are both compact and efficient, and techniques for
achieving adequate field uniformity in the plasma region. Important
materials problems include mechanical and thermal compatibility of
conductor and support, quantification of the mechanical effects of
radiation damage, and the study of in situ damage healing procedures.

Hybrid Magnet Technology. A high magnetic field (25 to 40 T)
can be achieved by means of a hybrid arrangement combining a large-
bore steady superconductor surrounding blanket and shield, and one or
more small-bore pulsed normal coils located within the blanket. The
hybrid combination allows significantly higher magnetic fields to be
achieved for a given level of stress in the normal coil and, moreover,
resistive losses and coil heating are reduced substantially from what
they would be for a purely normal coil producing the same total field.
Losses and heating are proportional merely to the square of the nor-
mal component of the field.

Hybrid magnets have been built and successfully operated,
achieving fields in the 20- to 25-T range using 14- to 18-T normal
and 6- to 8-T superconducting magnets (NbTi conductor). These mag-
nets have a superconductor with a 30-cm bore and a 3- to 5-cm bore
normal coil, with a quarter-cycle rise time of a few seconds and con-
suming 5 to 10 MW of power.

Existing hybrid magnets differ from those required for a fusion
reactor in two important respects. The first is size—the reactor hy-
brid would have a 10- to 15-cm bore in the normal coil and 200 to 300
cm in the superconductor. Second, the rise time of the normal coil
would be much faster, in the 100 ysec to several msec range, and
would cause serious magnetic field fluctuations. Since field fluctu-
ations (dB/dt) above a certain rate would cause the superconductor to
go normal, it may need to be shielded from them. This problem is
ameliorated somewhat by the fact that dB/dt in the region outside the
normal coil is smaller than that inside by the ratio of the normal to
superconducting coil radii. Nonetheless, a conducting layer with a
thickness of several skin depths is probably needed just inside the
superconductor bore to shield out the field fluctuations.
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There are other important design problems which need to be addressed
in a fusion reactor hybrid magnet development program. These include the
nature of supporting structures required to withstand the superconductor-
normal coil interaction forces, especially in the event of a failure,
the design of a multi-tube arrangement accounting for current leads be-
tween gaps in the superconductor, and achievement of adequate field
uniformity in the plasma chambers, especially for a multi-tube arrange-
ment having coils located away from the superconductor ax<s.

Power Supply. The normal magnet is energized by an external
energy storage. The required energies for a 300-m long magnet, 1 to
10 GJ, depending on coil bore, are comparable to the stored energies
required for energizing the poloidal field coils of a Tokamak reactor,
1 to 3 GJ, and are somewhat less than needed for the adiabatic compres-
sion coil of a toroidal theta-pinch reactor, 30 to 60 GJ. Neverthe-
less, for linear magnetic fusion applications, the technology may be
more stringent because the desired energy switching time, 0.5 to 2
msec, is somewhat shorter than for the theta-pinch, 20 to 30 msec,
and Tokamak, 1 to 10 sec. In addition, for a hybrid magnet, the
power supply must first drive the current one direction and then re-
verse. Otherwise, the power supply requirements are common to other
fusion systems, i.e., current pulse flat-topping capability, effici-
ent recovery of magnetic energy at the end of the burn pulse, low
cost, and long life.

The leading devices for energy storage are capacitors and
homopolar motors. Inductive storage can probably be ruled out be-
cause it requires a large transfer capacitor capable of holding near-
ly the full energy stored, and because of the inability to produce
current swings in both directions. Capacitors have been the main-
stay for high-voltage fusion experiments over the years. They are
easily capable of producing high voltages, 50 to 150 kV, and the
component lifetime could doubtless be increased to that required for
fusion by,proper design.71 However, capacitive storage is charac-
terized by a relatively low energy density, 0.1 to 0.3 MJ/m3, and,
consequently, is bulky and expensive. 72 Homopolar motors, which
store energy in spinning rotors, are not readily capable of high vol-
tages but have much higher energy density, 100 MJ/m , are compact,
and are less expensive than capacitive cborage by perhaps a factor
of 10.63 Slow discharging homopolar motors have been built as large
as 500 MJ, and the detailed design study of a large (1.3 GJ) fast
discharging homopolar motor generating 11 kV is in progress. 73

In summary, certain key areas have emerged for which signifi-
cant technology development is required. Special first-wall and
end-chamber wall configurations should be developed to accommodate
the large pulsed radiation fluxes and the plasma dump., respectively.
Nb3Sn and other high-field, high-current density.compourtds need to
be further developed for practical use and then applied in large-bore
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superconductors. This program in particular should follow a stepped
approach with intermediate-size facilities along the way in order to
avoid the dangers of attempting large jumps in technology. The de-
sign (windings, electrical leads, cooling, etc.) and materials (fa-
tigue, radiation damage) problems of the normal magnet should be care-
fully researched and a prototype built. At some point, normal and
superconducting magnets should be combined into a hybrid so that the
practical problems of this arrangement can be flushed out. Finally,
a fast-discharging homopolar generator module of significant size
should be built.



III. A LARGE LMF PHYSICS FACILITY

The two most important priorities for the near-term LMF pro-
gram are to demonstrate end-stoppering of particle and energy end-
losses, and to establish the effectiveness of radial confinement.
These objectives could not be effectively pursued by means of exper-
iments on a single device, particularly in view of the several pro-
mising end-stoppering techniques that merit investigation. Since
no single end-stoppering technique has yet established primacy, it
is appropriate to examine those with promise either in existing fa-
cilities or in modest-size new experiments. On the other hand,
radial transport should be studied in a new large experiment.

Several facilities are in existence today which either are
exploring various end-stoppering methods or could easily be used to
do so. The SCYLLA IV-P theta-pinch at Los A'.amos is currently en-
gaged in material endplug experiments, as i? a laser-plasma facility
at Princeton. A three-meter multiple mirror experiment is in oper-
ation at Berkeley, and a ten-mater facility is under construction.
Experiments on field-reversed theta-pinches have been in progress at
several laboratories. In addition, the Laser Solenoid Proof-of-Concept
experiment is in progress at Mathematical Sciences Northwest, Inc.
Although this facility is currently engaged in laser heating studies,
it is planned to use it in end-stoppering experiments. A comprehen-
sive end-stoppering program should include further experiments on these
as well as other promising techniques, including cusped ends, and new ideas.

A major new facility is needed for radial confinement studies
because no previous or existing device has had the capability to iso-
late and effectively treat radial effects in the desired plasma re-
gime. Moreover, the large experiment could have a usefulness far
exceed].'-;} the radial confinement studies. As the radial studies come
to a conclusion and as the end-stoppering experiments on other facil-
ities produce favorable results, the large experiment could be con-
verted to further study of a promising end-stoppering technique.
Suitable characteristics of the large experiment are described as
follows.

The design of a large experiment facility hinges upon the
following requirements:

1. It should be a physics test bed designed for careful
plasma studies, rather than for the achievement of the
highest possible ion temperature and neutron produc-
tion.
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2. It should employ a well-understood plasma heating
mechanism (shock heating) rather than one of the
alternative heaters, even though one of these may
have potentially superior capabilities for certain
experiments.

3. The facility should be designed with the utmost
mechanical flexibility so that a wide range of
plasma conditions could be achieved within one
arrangement or by means of straightforward mod-
ifications.

The large experiment should be capable of producing plasmas
with the following characteristics (see Table 4 for nomenclature):

1. Axially collinonal, L/A » 1.

2. Radially coViisionlflss, X/a » 1.

3. Magnetized electrons, wx/16 = Ae/16pce » 1.

4. Broad range of a/pcl-> e.g., 3 to 20.

5. Long observation time at the midplane, i.e., T X < x .

6. Capability of achieving temperature equilibrium,

7. Small axial heat losses, re » Tp.

8. Capability of achieving high-8, flat-top density
profile plasmas.

Important effects and measurements that need to De performed
on the large experiment include:

1. Studies of radial transport rates, including measure-
ments of the radial and time-dependent structure of
electron density, electron temperature, and ion tem-
perature at the midplane, with particular attention
paid to the structure in the low density sheoth re-
gions.

2. Studies of radial dynamics caused by end effects,
including measurements of rotation rates, electric
fields, shorting currents, and torsional Alfven wave
propagation.

3. Studies of nonideal effects, such as confinement
field inhomogeneities, temperature disequilibrium,
the consequences of various impurity levels, and
others.
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I Suggested parameters for a large experiment which would meet
| these requirements are shown in Table 3. This experiment is long
"| enough to achieve an extended quiescent phase (80 to 130 psec) at

the midplane. Table 4 describes a series of experimental points
that could be achieved in this facility. Examples A, B, and C pro-
duce a large on = A e/p c e plasma for which anomalous transport rates,
if not stabilized, should be much larger than classical. -"Moreover,
for example C, the axial confinement time is at least 30 to 50 Bohm
times. Examples ~, D, and E suggest a range of experiments for
which Tj_ is 1/2 to 1 times the axial confinement time, and for which
a/pCf is in a range where anomalous transport processes become im-
portant. Example A also has small a/pci- in a plasma for which the
classical radial time, ~j_, is much longer. Example F refers to a study
of bigh-3 effects and would require a staged bank arrangement. This
example has a large a/pri- based on the vacuum field, but it is only
about 2 in the interior^ allowing studies of microstability at high
beta.

In conclusion, it is believed that the highly flexible large
experiment described here, together with the several smaller experi-
ments for end-stoppering studies, would give the best opportunity
for firming up the radial transport understanding, as well as veri-
fying, in a preliminary way» the potential of various end-stoppering
methods. Such an experimental base would clearly establish LMF
as an authentic and viable alternative fusion concept.



37

Table 3

Suggested Parameters for a Large LMF Physics Experiment

Size:

Power
Supply:

Other:

Length
Magnetic field
Initial coil bore
Plasma tube bore

Voltage
Stored enorgy

- 25 m
- up to 5 T
- 10 cm
- 4 to 8 cm

- up to 50 kV
- up to 20 MJ

Flexible connector and switching arrangement in order to vary
the total capacitance, to have a split bank for staging
capabilities, and to generate a bias field.

Crowbar

Preioni.za.tion bank with proper consideration of a ranqe ofdensities. a

Capability of performing modest magnetic field modifications,
such as bulges, I = 1 windings, etc.

Capability of end chamber modifications, such as the use of a
large end "bubble".
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Example Experimental Conditions for a 25-m Facility
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firji:iericliiture: L - length, A = ion mean-free-path, a = plasma rad ius , <•> . = ion cyclotron frequency, T . = ion c o l l i s i o n t ime,

and i' . = ion gyroradius (based on vacuum f i e l d ) .
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LINEAR MAGNETIC FUSION WORKSHOP
March 9-11,1977

Sherwood Inn, Seattle

WORKSHOP PROGRAM
(times are approximate)

WEDNESDAY, MARCH 9

8:30 a.m. - Noon SURVEY SESSION (Washington Room}
Chairman: H.A.B. Bodin, Culham Laboratory

8:30 Introduction: W. Grossmann> New York University

8:45 Linear Magnetic Fusion Reactor Design: L. Steinhauer,
Mathematical Sciences Northwest

9:15 Plasma End Loss: Theory and Experiment: R. L. Morse,
University of Arizona

9:45 End Loss Seduction in Linear Plasmas: R. E. Siemon,
Los Alamos Scientific Laboratory

10:25 Coffee

10:40 Electrostatic Trapping: W. C. Condit, Lawrence Livermore
Laboratory

10:55 Superconducting Magnet Technology: P. Swartz, Intermagnetics
General Corporation

11:15 Pulsed Magnet Technology: R. D. Willig, Magnetic Engineering
Associates

11:45 Pulsed Energy Transfer and Storage Technology: R. A. Krakowski,
Los Alamos Scientific Laboratory

12:30 LUNCHEON

2:00 - 2:30 p.m. SPECIAL PRESENTATIONS (Washington Room)

2:00 Results from the Los Alamos End Plugs Experiment: K. F. McKenna,
Los Alamos Scientific Laboratory

2:30 - 5:30 p.m. WORKSHOP SESSIONS (parallel)

Confinement Technology, and Reactor Design Philosophy (Board Room)
Chairman: G. W. Stuart, Science Applications, Inc.

Axial Confinement I (Alumni Room)
Chairman: T. K. Chu, Princeton Plasma Physics Laboratory

Coffee served in each room, approximately 3:30 p.m.

BANQUET: IVAR'S INDIAN SALMON HOUSE (401 N.E. Northlake Way)
6:30 No host cocktails
"7 • fin #t-in*tj»ivt



44

THURSDAY, MARCH 10

8:30 a.m. -Noon SURVEY SESSION (Washington Room)
Chairman: F. L. Ribe, Los Alamos Scientific Laboratory

8:30 Radial Confinement: P. C. Liewer, University of Maryland

9:10 Implosion Heating Physics and Technology: K. S. Thomas,
Los Alamos Scientific Laboratory

9:40 Laser Heating Physics and Technology: A. L. Hoffman,
Mathematical Sciences Northwest

10;10 Coffee

10:25 Electron-Beam Heating Physics and Technology: J. Benford,
Physics International

10:55 Gun Injection Physics and Technology: J. Marshall,
Los Alamos Scientific Laboratory

11:25 Auxiliary Heating Physics and Technology: W. Grossmann,
New York University

12:30 LUNCHEON

2:00 - 2:40 p.m. SPECIAL PRESENTATIONS (Washington Room)

2:00 Results from the Metal Wall Theta-Pinch and the Reverse-
Bias Pinch Experiments: A. Eberhagen, Institute for
Plasma Physics, Garching

2:20 Survey of Theory and Experiment for RF Plugging: T. Sato
and H. Ohbayashi, Nagoya University

2:40 - 5:30 p.m. WORKSHOP SESSIONS (parallel)

Radial Confinement and Axial Confinement II (Board Room)
Chairman: D. L. Book, Naval Research Laboratory.

Plasma Heating Physics and Technology (Alumni Room)
Chairman: N. Rostoker, University of California, Irvine

Coffee served in each room, approximately 3:30 p.m.

OPEN HOUSE: MATHEMATICAL SCIENCES NORTHWEST (2755 Northup Way, Beilevue:
see transportation information)

6:00 - 7:30 p.m.
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FRIDAY, MARCH 11

9:00 a.m. - Noon PLENARY WORKSHOP SESSION (Washington Room)
Chairman: A. Eberhagen

9:00 Reflections on Linear Systems: H.A.B. Bodin

9:30 Emerging Issues in Linear Magnetic Fusion:' to be presented
by one of the workshop chairmen

10:00 Coffee

10:15 Workshop discussion of unsettled issues

12:30 LUNCHEON

2:00 - 4:30 p.m. SUMMARY SESSION

2:00 Radial Confinement,Physics: D. L. Book

2:30 Axial Confinement Physics: T. K. Chu

3:00 Plasma Heating Physics and Technology: N. Rostoker

3:30 Confinement Techndlogy and Reactor Design: 6. W. Stuart

4:00 ERDA Perspectives of Linear Magnetic Fusion:
W. R. Ellis, ERDA-DMFE
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