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Instrumentation is being developed to measure both particle and

energy fluxes so that transverse losses can be compared with end
losses and their spatial distributioa mapped. Such informetion

will help further to identify the loss process.

As the neutral density should be lower with the 6 inch plasma

colum (as compared with the larger diameter), and since improved
wall conditions should have led to longer lifetimes it appears that
loss mechanisms other than charge exchange or interchange instabilities
are present. The rf signals which are generated in the containment
chamber may be indicative of cooperative effects associated with
plasma losses. Thus far, the following correlations have been found:
In an ungettered vacuum chamber an rf activity in coincidence with

a strong neutral atum (2 to I keV D atoms) signal occurs 20 to 350
microseconds after a plasma wall contact in the containment chamber.
This activity follows a wall contact due to interchange instabilities
or plasma diversion by the quadrupole field. The data are consistent
with the postulate that at base vacuums of the order of 10-°© torr a
plasma wall contact produces a secondary low energy lon group which
when combined with the high energy trapped plasma forms a double
peaked ionic energy distribution. Such a distribution can result in
a loss of perpendicular energy from the energetic ions to the low
energy ions via an electrostatic instebility.

Intermittent rf bursts, which are seen even in the absence of
detected plasma wall contacts, are (within the present limits of
measurement) composed of the fundamental and harmonics of the ion
cyclotron freguency correspording to the central magnetic field.
Phase correlation of several loop detectors indicates the frequent
occurrence of flutelike modes. Again, such modes could be associated
with radial density gradient driven instabilities.

Tt is planned to continue the investigation of the wave-particle
instabilities now being observed in 2X. The results could shed

much light on the actual effects of such instabilities (for comparison
with the predictions of non-linear theory) in a fully developel
thermonuclear plasma.

Other experiments now under way in 2X include examination of the
effects of "line tying" under a situation where the results should
be relevant to the important gquestion of instabilities in "average
minimum-B" systems.

Table Top IV

Table Top IV is the latest member of a sequence of small, slow-
compression, plasma-injection mirror machines at LRL. In this
experiment advanced vacuum techniques are used, creating an
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envircnment ideal for small-scale confinement studies. The present
mode of operation produces a "hot electron" plasma, with temperatures
of order 10 keV and densities of about 1011 cm-3. Residual neutral
gas and cold plasma is of much lower density than the Lot plasma,
facilitating significant stability experiments. Hot electron plasmas
are good models for gross instability modes (as encountered in simple
mirrors) and the earliest example of flute~stabilized plasms con=-
Pinement was demonstrated in Table Top. More recently, studies

have beer made of the anatomy of flute instabilities, and the
stabilizing effect of hexapole and quadrupole minimum-B ficlds has
been demonstrated. Hot electron plasmas also provide a good analog
for studying high frequency electrostatic instabilities in this

case at electron cyclotron frequencies. One of the exciting recent
results is the discovery of unstable modes which seem to be of the
newly-predicted "loss-cone" variety. Here, the critical scale
length, being measured in electron orbit diameters (of order 1 mm)

is such that even & few centimeters length of plasma suffices. For
this reason it should be possible to determire, even with small
volumes of plasma, some of the critical features of these types of
instebilities and to compare these with theory. Thus these results
should be useful as & guide in the execution of the "hot ion"
experiments, such as Alice and 2X. In the future Table Top will
continue to be used for specific instability studies, using
uininmum-B or related configurations. '

Conclusions

At the present time, an assessment of three factors: 1) experimental
results, 2) present theoretical insight, and 3) recent technological
developments, as applicable to magnetic mirror experiments, indicates
what appears to be a favorable situation. It appears possible to
plan, and to carry out within a relatively few years, a series of
experiments that could provide a critical evaluation of open-

ended (mirror) systems as applied to the confinement of thermonuclear
plasmas.

It is therzfore proposed to initiaie, as required, the design and
construction of a series of new Alice-type experiments. There is,
based on the experimental results to date and on theoretical
predictions, good reason to belleve that the experimental series
should be successful.



II. THE ASTRON

A. Introduction

The Astron concept represents a unique approach to the CTR problem. High
energy electrons are employed to provide both the magnetic bottle to confine
the plesma and to produce and heat the plasma to fusion temperature. Energetic
electrons are injected and trapped in an evacuated vessel where a magnetic fleld
is established by external coils. The vacuum megnetie field is substantially
parallel to the axis of symmetry of the evacuated vessel end is constant in time.
Therefore, in order to trap the electrons irreversibly, a friction force is re-
quired to absorb some of thelr energy as the injected eleectron bunch (Fig. 1)
slides down in the mirror field. A part of the required friction force is pro-
vided by resistors located in the walls of the evacuated vessel. By inJecting
the electrons in short bursts (.3 psec) but at e very high current (. 100A) it
is possible to absorb part of the electron energy through the eddy currents gener-
ated in the resistors by the moving electrons.

The injected electrons initially form a thin layer of rotating electrons pre-~
sceribing hellical orbits (Fig. 1). The electron layer known as the E-layer, acts
itself as a solenoid generating a magnetic fleld which opposes the field of the
external solenoids. By injecting and trapping more electrons, thus building up
the BE-layer, it is expected that the self-field generated by the rotating electrons
(within the cylindrical volume enclosed by the E-layer) will become slightly stronger
than in the fleld established by the external coils. In this event, the combination
of the externsl field witk tuat of the E-layer will create a magnetic field pattern
with the lines of forece c_osed within the chamber, as rhown in Fig. 1. Since in
this field configuration no lines of force escape from Jhe confining region, plas=-
me particles cannot be lost by direet scattering, but only by diffusion across the
1ines of force. This feature permits en isotroplc Maxwelllan velocity distribu-
tvion to persist within the plasma. Plasms trapped within this pattern of magnetic
fieid lines tends to enhance the confining magnetic field thrcugh the Hall currents
generated by the pressure gimdlent in the plasma.

The pattern of magnetic fileld lines created by the E-layer provides a mag-
netic field increasing outwards, which is generally known as minimmw-B configura-
tion and which can confine tiie plasma in a aydromegnetically stable fashion. In
addition, the counfinement of the plasma in a pattern of closed magnetic lines
eliminates & priori most of the so called "velocity space" instabilities. This
propcrty of the E-layer to provide a true minimm-B field with closed magnetiec
lines is unique, for in order to meet this condition 1t would be necessary to
plece coils in the plasma. The only coils which can be tolerated in a hot plas-
ma are coils made by charged particles rotatinc in a magnetic field. Relativis-
tic electrons are by far better than ions for this purpose because of their high
velocity and their inherent relatiivisitic properties allowing foeusing and accel-
eration of very high current beswms. Consequently, the E-layer ir the only presently
envisioned solution to tue problem of building & magnetic plasma bottle with true
minimum-B and closed magnetie lines.






The Astron concept meets the three known necessary, but maybe not suffi-
cient, conditions to solve the controlled fusion problem, provided however, that
the E-layer itrelf is stable and 1% behaves like a rigid coil in the presence of
dense Maxwellian plasma. The stability uf the E-layer ltself, which 1is a pre-
requisite to the feasibllity of the Astron concept, has been questioned because
of the anisotropic velocity distribution of the E-layer electrons. The mathemati-
cal formulation of the problem based on realistic assumptions is so difficult that
no rigorous proof can be provided either to prove or disprove E-layer stabllity.
Therefore, a convinecing proof can b provided only by a carefully planned experi-
mental program.

In order to test the Astron concept an experimental faclility has been bullt.
The most important component of the facility is the electron accelerator. The
paerameters are:

Electron energy L Mev

Beam current 150 amperes
Pulse duration .5 usec
Repetition rate ' 60 pps
Repetition rate for bursts of 100 pulses 1,440 pps*

*
This mode of operation is expe~ted to be available scon.

The accelerated electrons are injected into a tank 90-feet long and 2.5
feet inside diameter. A long solenoid h-feet in dlameter placed outside the tank
genexates the vacuum field required to guide the injected electrons to form a
cylindrical E-layer 2-feet in diameter and 10 to 50 feet long. The walls of the
tank are lined with resistors, which slow down the injected electrons.

The cost of the Astron facility is $7 million. The total expenditure by
the Commision for the Astron program since the program started in 1957 and in-
cluding FY 1965 is §9 million.

B. Initial Experimental Operation

Following eight years of design and construction,operations with the Astron
facility begaen at the end of July 1964. Experiments to date indicate taat approxi-
mately one-fourth of the injected electrons are trapped irreversibly within the
vecuum mirror field. During the trapping process, which lasts approximately .5
psec, very strong electromagnetic flelds have been observed. These fields dls-
appear altogether in approximately 1 psec after the injection of the electrons.

The trapped electrons form an E-layer which remains confined for several
milliseconds. No velocity space instabilities have been observed to date during
the confinement period.

The only measured oscillatory motion, is a low frequency precession of the
E-layer. The associated oscillatory magnetic field deceys with a time constant



of several hundred microseconds and oceasionally of the order of one milli-
second. The decey of the osclllatory magnetic field at a rate faster than
the decay of the E-layer indicates that the E-layer is positively stable
against low frequency perturbations.

Although the strength of the E-layer to date 1s only one percent of the
required strength to reverse the magnetic fieid and create the pattern of closed
magnetic lines, the number of trapped electrons is high enought to demonsirates

1. The minimm-B configuration required for stable plasma confinement.

2. That a cylindricel layer of relativistic electrons can be created,
vwhich behaves like a rigid coil.

5. Overlapping of electron pulses, whereby electrons remain trapped
vhile more electrons are being injected, demonstrating the
feasibility of maintaining the E-layer in a steady state.

C. Future Eggerimental ngrm

All the propertlies expected of the E-layer have been demonstrated to date
except that its strength is limited by the rate of injection of electrons. The
next step therefore, is to increase the injection rate substantially by construc{_
ting a new 4 MeV electron accelerator capable of injecting electrons into the
Astron tank at such a rapid rate as to build the E-layer up to full strength in
less than one millisecond. By employing a high inject’on rate the present limita-
tions to E-layer bulld-up will be eliminated except for those which may be imposed
by an unexpected violent instability. In addition the proposed new acceleratcr
will be able to provide enough electrons tg maintain an E~l:yer at full strength
ir. the presence of a plasma density of 10t 1ons/cm o« In the meantime, until the
new accelerator is completed experiments will continue with the present accelera~
tor at pulse rates up to 1440 pps for the purpose of improving the efficlency of
electron trapping, elucidating further the behavior of the E-layer and studying
its interactions witk surrounding plasma urder a variety of conditions.

The proposed new accelerator is the first step of the Astron five year
program submitted to the AEC in October 1965. The second step 1s to explore the
potential of the Astron concept in the CTR problem. In order to test the E-layer
capabllity of heatigihto fusign temperature and stably confining a thermonuclear
plasma of density 1 ions/c it will be necessary to extend the proposed 4 MeV
Astron accelerator to 20 MeV. It should be noted that successful completion of
the second step of the five year program will have demonstrated the feasibllity
of the Astron concept as a2 solution to the CTR problem.



IIY. LIVERMORE TOROIDAL CONFINEMENT RESEARCH

A. Introduction

Toroidal magnetic confinement eliminates direct end-~losses. There remains
the serious problem of plasma loss by anomalous diffusion across field. If the
long-wave instability modes can be suppressed, however, one can show that the
possibility of cross-field diffusion by residual short-wave modes is not a serlous
threat to the realization of a thermonuclear reactor. Present theory indicates
furthermore that the long-wave modes can be suppressed 1ln proper confinement ge-
ometry. Accordingly, toroidal confinement appears to be a highly credible epproach
to thermonuclear power.

Thus far most experimental toruses have relied golely on shear stabilizatlon,
and have not succeeded in suppressing a rapid cross-field diffusion associated with
long-wavelength instability modes ("pump-out" ). By way of contrast, the open-ended
minimum-P configurations have eliminated cross-field transport, (but are subject to
anomalous end-losses).

The LRL Toroidal Confinement Group is approaching the "pump-out"” problem by a
comparative study of shear-stabllized and minimum-B-stabilized configurations.
Since the dangerous long-wavelength instabllity modes are based on unfavorable
geometric properties of the confinement, it is natural to gain understanding -and
control over them by studying the effect of variations in the confinement geometry.

During the past several years we have made the following contributions to
toroidal confinement research:

1. We have discovered the importance of finite-resistivity hydromag-
netic instabilities, and have worked out a comprehensive theory.

2. We have shown experimentally both the partial effectiveness of strong
shear in reducing instability, and also its inadequacy to eliminate pump-out (in
present-day plasmas).

3. We have shown theoretically the adequacy of minimum-average-B configu-
rations to suppress pump-out, and have discovered the exlstence of minimm-average-
B configurations suitable for reactor purposes (i.e., without internal "floating

rings").
The purpose of our present experiments 1s the following:

1. We hope to demonstrate in open-ended geometry that point-by-point
minimum-B properties are unnecessary, provided that the theoretical minlmum-
average~B condition is satlsfied.

2., We hope to show that "floating~-ring toxruses" having strong minimum-
average-B properties will suppress rapid diffusion by pump-out, leaving only
short-wave instability modes, .if any.



If our experimental results follow theoretical prediction, our
future plan is to construct a minimum-average-B torus without
“floating rings”, and realize thermonuclear plasma conditions by means
of neutral-beam injection.

B. Present Experimental Facilities

We are operating three relatively small facilities, which are
designed to be geometrically extremely versatile.

1. The levitron is a torus with one floating ring. Ohmic heating
produces plasma of typically 100-EV electron temperature (Te) and
10*? = 3e10%%cm”3 density (ne). Microwave heating produces either of two

regimes: Te ~ 50 eV and ne ~ 1012cm—3; or Tg in the keV range and ne in

the 109<:m_3 range. In all these regimes, shear-stabilization is found
to be helpful, but not sufficient to suppress the plasma pump-out,
which takes place in times of approximately 300 psec. The levitron has
been uniquely suited to apply extremely strong shear in these
experiments. A modification is now being made to provide a local
(open-ended) minimum-B region in the levitron, which forms part of a
larger (closed) minimum-average-B configuration. The object is to
produce in the minimum-B region a plasma that is stable against cross-
field transport, and then to verify that this property is not lost as
the plasma fills out the entire closed minimum-average-B configuration.

2. The stuffed cusp, is an open-ended experiment with plasma
similar to that in the levitron. In minimum-B operation, there is no

cross~field transport under any conditions. Without minimum-B, there
are roughly the same two regimes as in the levitron: ng ~ 1012cm—3Te ~

20 eV, which is made stable by “line-tying” of the plasma to conducting
chamber walls. The latter result is encouraging, since the phenomenon
of stabilization by line-tying to rigid conductors is theoretically the
same as the tying of favorable to unfavorable regions in minimum-
average-B stabilization. Modifications in the field configuration are
under way to permit the direct testing of open-ended minimum-average-B
geometries, without line-tying.

3. The alkali-metal plasma facility (Q-Machine) has been used to
study the effectiveness of strong shear and line-tying against the
“universal instability”. Strong shear is found to suppress only the
short-wave instability modes. Line-tying suppresses all instability.
A minimum-average-B configuration is being constructed to confirm that
the same degree of stability can be achieved as with line-tying.

C. Summary

The LRL toroidal confinement work is closely related to the LRL
open-ended minimum-B work. We are seeking to eliminate the end-loss
problem of the minimum-B configurations by relaxing the point-by-point
minimum-B condition, so as to allow toroidal geometry. The
achievement of closed minimum-average-B configurations stable against
cross~field pump-out will provide us with a solid basis for trapping



IV. BASIC PLASMA AND ATOMIC PHYSICS

A. Theorctical Research

The theoretical efforts at LRL have encompassed a variety of problems which
bear on various phases of controlled thermonuclear research. These efforts are
in part directed toward problems of general theoretical interest and in part
toward problems motivated by and bearing directly on specific aspects of parti-
cular experiments. There 1s also an active association of some of the theorists
with parts of the experimental program. In instances this takes the form of al-
most daily contact with experimentalists and in other instances collaboration
with experimentalists on theoretical and calculational problems.

A comprehensive discussion of the details of these efforts would be unavoid-
ably lengthy so accordingly only the subject matter is outlined. The subject matter
falls under the following broad classifications:

1. Plasma Stabilitx_§tudies

The extension of the finite Larmor radius stability theory to the non-
linear regime has led to the jdentification of stability as a consequence of an
appropriate symmetry principle. The symmetry principle also gives the necessary
and sufficient conditions for linear stabllity in the case of a static equlli-
brium. There is a continuing computational study of the hydromagnetic stabllity
of finite pressure plasmas in various ninimum-B geometries, both axially and non-
axielly symmetric. Universal and interchange instabilities arising from density
and electric field gradients including finite Larmoxr radius effects are being
studied. An extensive study of longitudinal electric oscillatious in a magnetized
plasma at or near the ion-cyclotron-frequency and the relevance to current experi-
ments has been made. These studies all have bearing on the Mirror Machine program.
In addition, a particle trajectory code for various magnetic field geometries has
been developed for assisting in the analysls of specific experiments.

2, Relativistic Electron Beams

The collective behavior of non-relativistie and relativistic particle
beams has been studied which includes finite cross section beams interacting with
resistive walls, negative mass instabilities, and streaming instabilities. An
extensive numerical analysis of the build-up in time of an E-layer continues and
extends previous analytical work on the steady-state properties of & more idealized
E-layer. A detailed analysis of the dynamical behavior of the Astron injection and
trapping system has been made. Some of these efforts relate to the Astron experi-
ment and are assisting in the analysis of experimental results.

3. Miscellany

There is a continuing effort in atomic physics of interest to controlled
thermonuclear research: The application of collision theory to light atom re-
actions, and the continuing analysis of the phenomena of electric dissociation of



neutral atoms and wolecular ions, which has direct bearing on the high energy
injection devices such as the Alice experiment.

As has been true in the pust a considerable fraction of this work involves
extensive machine coleulations. The presence at Livermore of a large varlety
of modern computing machines has been an advantage 1n solving complex problems,
in the reduction of data from experiments and in optimizing the Gesign of ex=
veriments.

B. Berkeley Progrem
1. General Philosophy

During the past five years the Berkeley program has developed a charac-
ter that may be identified as a support project for the major programs at Livermore.
No experiment dealing directly with the containment of hot plasma is being carried
out. Instead, the effort cen be divided into three categories (although any one
activity may belong to several of these simultanecusly):

a. Controlled Fusion Auxiliary, such as ilon cyclotron heating (termin-
ated December 1963), energetic injection development (Homopolar Gun experiment)
and measurement of various atomic cross sections of interest to CTR work.

b. Basic Plasma Research, usually noﬁ involving very high temperature,
but leading to improved understanding of plasma behavior in general, and resulting
in publications of lasting interest.

e¢. Student Training Program, providing an opportunity for graduate
students at the University of California to develop an interest and galn experi-
ence in plasma research, with the expectation that the nationsl effort will
eventually benefit by the availabllity of physilcists specifically trained in plas-
ma physies.

2. Specific Projects

a. Energetic Plasma Source

The major effort in the Berkeley plasma physics program at present
consists of a special plasma gun development for injection into mirror machines.
The principal purposs here is to explore the possibllity of generating an un-
cortsninated energetic plasma in which a large fraction of the energy is random
and transverse to an existing magnetic fleld, and to transfer thls plasma along
the field lines into & containment region. The method invelves a brief but power-
ful radial discharge between coexial electrodes in the presence of a strong axial
magnetic field. The gas is supplied in the form of a eghort burst so that the
neutral background external to the main discharge 1s minimized.

b. Atomic Cross Sections

Both the faciiities and the available talent make the Berkeley site
particularly suitable for the study of atomic phenomena of interest 1in plasma



physics in general and fusion research in particular. 0f the multitude of
important exsmples we name only two that are nresently under study:

1) Production rate and lifetimes of excited states of
atonic hydrogen and of various species of hydride
ions. Some of these species may very well prove
useful for high energy injection purposes.

2) Transition probabilities for line radiation of atoms
in high stages of lonization. Knowledge of these
quantities is essential to fusion research dboth for
estimates of power losses by iwpurity radiation and
for spectroscopic diagnostic techniques such as the
determination of electron temperatures. In addition
these quantities are of furdamental interest in atomic
physice and of value in astrophysics.

This entire line of research is excellently suited for participation by
graduate students. There seems to be no limit of worthwhile and relatively
straightforward work that needs and can be done. It is, therefore, proposed
that this activity be continued at the present level, or perhaps even be in-
tensified.

¢. Fundamental Studies cof Plasma Behavior

A number of fundamental problems of plasme physics have been under
study at Berkeley. As an example, the resistive instability of hydromagnetie
equilibria has been investigated with the help of linear sheet pinch dlscharges.
Most of this work utilizes the configuration called "Triax", or tubular pinch,
because of its simplicity and its relative stabllity at infinite conductivity.
Under suitable conditions this pinch indeed showed the tearing instability as
predicted by theory if the finite resistivity of the plasma is taken into account.
A thorough understanding of such behavior is important for all those approaches
such as the Stellarator that involve an initially cold plasma a.ready located in
the confinement regions.

d. Fundamental Atomic Physilcs within Plasma

Finally, it is intended to continue the study of atomlc processes
in nonequilibrium (recombining) plasmas that has proven so fruitful in the past.
The experimentel investigation of collisional reactions in plasmas (excitation,
ionization, recombination, spectral line shapes, etc.) are of course of basic
interest in themselves. However, a good understanding of many of these processes
is also essential for the fusion program inasmuch as they are responsible for
important phenomena, such as radiative energy transfer, and because they provide
the basis for many very useful diagnostic techniques.



1. Experimental Hot Plasma Studies

AEBendix 4

Washington-Designated AEC Contracts, December, 1965*

Johns Hopkins University
Applied Physics Laboratory

Massachusetts Institute of
Technology

Stevens Institute of Tech-
nology

United Aircraft Corporation

Westinghouse Electric Cor-
poration

Wisconsin, University of

Theta-Pinch Plasma Gun

Study of Radio Frequency Emission
from Hot Electron Plasmas

Experimental Investigation
Cusped Containment Geometries

Investigation of the Production of
Plasmas for Thermonuclear Research
by Laser Irradiation of Solid Particles

Research to Produce a Plasma by the
Use of a High-Power Laser on Con-
densed Material

Studies of the Trapping, Stability and
Characteristics of Plasma in Toroidal
Multipole Magnetic Fields

Experimental Cold Plasma and Diagnostic Studies

California, University of

Johns Hopkins University

Maryland, University of

Maryland, University of

Plasma Instability Experiments

Plasma Instabilities and Waves Excited
by Electron Temperature Anisotropy
Produced by Electron Cyclotron Reso-
nance

Applications of Light Scattering to
Plasma Diagnostics

Investigation of Universal Plasma Insta-
bilities and Nonlinear Mechanics of Un-
stable Plasmas

Details of this work are provided as an attachment to the present
document and have also been published separately by the Atomic
Energy Commission as TID-4005 (Pt. 5), 1965.



Massachusetts Institute of
Tethnology

Mabksachusetts Institute of
Technology

Miami, Univetsity of

National Bureau of Standards

Stanford University

Stanford University

Texas, University of

Theoretical Plasma Studies

California, Uaniversity of

Michigan, University of

New York University

Stevens Institute of Tech-

nology

Tennessee, University of

Texas, University of

Yale University

Plasma Physics, Plasma Production,
and Plasma Diagnostics Studies

Nonadiabatic Trapping of Particles in
Magnetic Fields and the Interaction of
Optical Radiation with Plasmas

Instabilities and Turbulence in Alkali
Vapor Plasmas

Plasma Density Correlation and
Diffusicn

Research on Plasma Oscillations and
Instabilities

The Study of Anomalous Cross-Field
Diffusion

Investigations of the Hybrid Electron-
Ion Resonance

Theoretical Research Program in
Plasma Physics

Theoretical Study of Microinstabili-
ties in Inhomogeneous Plasma

Plasma Physics and Magnetofluid
Dynamics

Investigation in Plasma Dynamics
Instabilities due to Anisotropic
Velocity Distributions

Anomalous Diffusion and Thermaliza-
tion of Turbulent Plasmas

A Review of the Kinetic Theory of
Waves in a Plasma in an External
Magnetic Field
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CROSS SECTIONS

Georgia Ir.titute of Technology
Georgia Institute of Technology
National Bureau of Standards

VACUUM AND WALL STUDIES

National Bureau of Standards

National Bureau of Standards

Stanford Research Imnstitute

Washington State University
Westinghouse Electric Corp.

MAGNETIC FIELD DESIGN

Swarthmore College

Ionization, Excitation, and
Charge Transfer Cross Sections

The Excitation of Alkali
Ions by Electron Impact

Crossed Beam Studies of
Positive Ions of Molecular
Hydrogen

Photo-electric Properties
of Sol: :s in the Far

Ultra-violet

Surface Studies of the
Deposition of Hydrogen
Beams on Metals

Interaction of Hydrogen
and Other Gases with Clean
Metal Surfaces

Chemical Sputtering of
Solids

Surface Physics and Ultra-
High Vacuum Techniques

Axially Symmetric Iron-Free
Systems to Produce or
Measure Magnetic Fields and
Field Gradients



Apgendix 5

Glossary of Fusion Terms

Term

adiabatic compression

afterglow

Alfvén waves

ambipolar diffusion

arc

atomic number
(z-value)

Definition

1. A compression (of a gas, plasma, etc.)
which 18 not accompanied by the gain or loss
of heat from the outside.

2. For a plasma in a magnetic field, a com-
pression which is slow enough that the mag-
netic moment (and other adiabatic invariants)
of the plasma particles may be taken as con-
stant.

The radiation emitted from a plasma after the
source of ionization (discharge current, etc.)
has been removed. When the nlazma tempera-
ture has become sufficiently cool, the free
electrons recombine with the ions, resulting in
the emission of recombination radiation.

Waves occurring in a plasma immersed in a
magnetic field, characterized by a transverse
motion of the lines of force together with the
plasma particles. These transverse hydromag-
netic waves propagate at a velocity which de-
pends on the strength of the magnetic field and
the particle density.

A diffusion process in which, due to the pres-
ence of space-charge fields, the electrons and
jons escape to the walls at exactly the same
rate. These space-charge fields are seli-
generated within any plasma and act to pre-
serve a close approximation to charge neu-
trality.

An electric discharge between two electrodes.

A number corresponding to the number of pro-
tons in the nucleus (or, in a neutral atom, to
the number of external electrons). It is thus
an integer expressing the nuclear charge in
units of the electronic charge e .




Term

astron

B -value

bremsstrahlung

burnout

charge exchange

ceaperative
phenomena

coulomb collision

coulomb force

Definition

The name given to a specific concept in the
field of controlled fusion. The confining field,
which is closed on itself in cylindrical geome-
try, results from the superposition of an ex-
ternally generated axial field and an opposing
field arising from a confined annular layer of
relativistic electrons (the so-called E-layer).
Cold neutral gas adrnitted into the vessel will
be heated by energy transfer from the E-layer
electrons.

The ratio of the outward pressure exerted by
the plasma to the inward pressure which the
magretic confining fielc is capable of exerting.

The radiation emitted as a result of the deflec-
tion (e.g., through collisions) of rapidly miov-
ing charged particles.

A term applied to ithe rapid reduction in the
density of neutral particles in a discharge, as
a result of their being ionized more rapidly
than they are formed.

A process in which there is a transfer of
charge between two bodies during a collision
between them (e.g., the collisional transfer
of an electron from a neutral atom to a singly
charged posgitive ion, the latter becoming
neutral and the former charged).

The motion ef interacting particles acting col-
lectively, rather than individually (e.g., plas-
ma oscillations, turbulence, instabilities of
one type or another).

A collision between two charged particles.
The interaction cf their electric fields results
in a deflection of each oi the par*icles from
its initial path.

The force of repulsion (or attracti~n) exerted
by one electrically charged body upon another,
Also called electrostatic force.



Term

critical temperature

cross section
(for a given event)

cusped geomstry

cvyclotron frequency

cyclotron radiation

Debye length

degenerate configura-
tion

Definition

The temperature at which the energy generated
in a plasma through the fusion process just
equals the energy losses (e.g., through radia-
tion processes). (Also called the ignition tem-

perature.)

A quantity proportional to the probability that
such an event will occur per unit time.

A magnetic configuration in the form of cusps,
such that the lines of magnetic force are every-
where convex toward the center of the configura-
tion. Such a configuration is of particular
interest for the confinement of plasma, since it
is theoretically stable against the development
of hydromagnetic instabilities.

The natural frequency of gyration of a charged
particle in a magnetic field. Often, and in-
correctly, called the Larmor frequency. (The
gyration frequency is twice the Larmor fre-
quency of precession of an orbiting electron in
a magnetic field.)

The radiation emitted by charged particles in
a magnetic field as a result of their natural
gyration in that field., The particle gyrates at
the cyclotron frequency. Sometimes called
synchrotron radiation, especially for very fast
particles.

A characteristic length in a plasma, corres-
ponding to the distance over which an electron
will be influenced by the electric field of a given
positive ion. In effect, it is a measure of the
distance over which the electron charge density
can differ significantly from the ion charge
density.

A configuration in which the magnetic lines of
force close exactly on themselves after passing
around the configuration a finite number of
times.



Term
ek ——

deuterium atom

deuteron

diagnostics

diamagretic effect

diffusion

divertor

Doppler broadening

drift surface

Definition

An isotope of the hydrogen atom with one pro-
ton and one neutron in its nucleus, and a
single orbital electron.

The nucleus of a deuterium atom.

The procedure of determining (diagnosing) by
one means or another exactly what is happen-
ing inside an experimental devicz during an
experiment. Also the instruments used fo?
diagnosing.

The tendency of a magnetic field interacting
with a system to be reduced in intensity as a
result of generaiion of circulating currents
within the system.

The interpenetration of one substance into
~nother as a result of thermal motion of the
individual particles (e.g., the diffusion of a
plasma across a magnetic field as a result
of collisions).

A component of a stellarator which serves
to divert charged particles in the outer shell
of the discharge into a separate chamber
where they strike a barrier, become neu-
tralized, and are pumped away. In this way,
the energetic particles in the outer shell are
prevented from striking the walls of the
main discharge chamber and releasing sec-
ondary particles which would cool the dis-
charge.

The broadening of a spectral line as a result
of the motion of the emitting atoms toward
or away from the detecting equipment. The
magnitude of the broadening can be used to
calculate the temperature of the emitting
atoms.

A surface on which the guiding center of a par-
ticle is constrained to move, under the laws of
adiabatic invariance.



Term
e’z

electron volt (eV)

energy balance

enexrgy replacement
time (or energy loss
time)

entropy trapping

excitation radiation

Fokker-Planck equa-
tion

fusion

fusion, controlled
thermonuclear

Definition

A unit of energy, equal to the energy acquired
by a singly charged particle in passing through
a potential difference of one volt.

1 eV = 1.60% 10712 erg.

A comparison of the energy input into a system
(a hot plasma, say) and the energy dissipated
by one mechanism or another (e.g., by an in-
crease in the plasma temperature, by radiation,
or by various mechanisms of particle loss from
the plasma).

The time required for a plasma to lose (via
radiation or other loss rmechanisms) an amount
of energy equal to its average kinetic energy.

The trapping of an ordered beam of particles
in a magnetic field configuration (e.g., a
cusped geometry) through the process of ran-
domizing the ordered motion of the particles,
with a resultant increase in the entropy of the
system.

The radiation of line spectra as a re sult of the
excitation of excited states (e.g. through in-
elastic collisions of electrons with ions) and
the subsequent de-excitation of these states by
radiative transitions.

An equation which describes the motion of a
free particle in velocity space, and which is
applicable to plasmas when the cumulative ef-
fect of weak deflections resulting from rela-
tively distant encounters is more important
than the effect of occasional large deflections.

The process in which nuclei undergo nuclear
fusion reactions.

The process in which very light nuclei, heated
to high temperature in a confined region, un-
dergo fusion reactions under controlled condi-
tions, with the associated release of energy
which may be harnessed for useful purposes.



Term
hard-core pinch
device
hydromagnetic
instability
hydromagnetics
ignition temperature

instability, hydrbmag-
netic

instability, interchange

instability, kink

instability, two-
stream

Definition
A pinch-discharge device which incorporates
a solid central conductor. The discharge oc-

curs in an annular region about this conductor.

(See instability, hydromagnetic.)

(See magnetohydrodynamics.)

(See critical temperature.)

An instability arising from the macroscopic
motions of a conducting fluid (liquid or gas)

as a result of its interaction with a magnetic
field. Examples are the interchange insta-

bility and the kink instability.

The name given to the type of hydromagnetic
instability in which the plasma interchanges
position with the magnetic field. Also called

a "flute-type'' instability, since it would be
expected that the interface between the plas-
ma and the magnetic field would become fluted.

A hydromagnetic instability which sometimes
develops in a thin plasma column which is
carrying a strong axial current. If a kink be-
gins to develop in such a column, the mag-
netic forces on the inside of the kink become
larger than those on the outside, so that in
general it tends to grow in magnitude. The
column then becomes unstable and undergoes
a gross lateral displacement toward the walls
of the discharge vessel,

An instability which can Jdevelop when a stream
of particles of one type has a velocity distribu-
tion with its peak well separated from that of
another type of particles through which it is
flowing. A stream of energetic electrons pass-
ing through a cold plasma can, for example,
excite ion waves which will grow rapidly in
magnitude at the expense of the kinetic energy
of the electrons.



Term

instability, universal

intercha.n‘kge instability

ion

ionization

ion cyclotron reso-
nance heating

isotope
joule heating
kink instability

Kruskal limit

Landau damping

Definition

A low-frequency instability resulting from
the presence of density gradients perpendicu-
lar to the magnetic field lines. An instability
of this type is generally localized and usually
has a small rate of growth.

(See instability, interchange.)

An atom (or molecularly bound grovp of
atoms) which has become charged as a result
of gaining or losing one or more orbital elec-
trons. A completely ionized atom is one
strippe ! of all its electrons.

The process of removing an electron from a
peutral atom, thereby creating an ion. The
term is also often used in connection with the
removal of an electron from a partially ion-
ized atom.

The heating of a plasma by the resonant ab-
sorption of energy from waves induced in the
plasma at or near the ion cyclotron frequency.

One of several species of the same element,
possessing different numbers of neutrons (but

the same number of protons) in their nuclei.

(See ohmic heating.)

(See instability, kink.)

A value of current which, if exceeded, should
theoretically result in hydromagnetic insta-
bilities in the stellarator.

The damping of a space charge oscillation by
a stream of particles moving at a velocity
which is slightly less than the phase velocity
of the associated wave. In this process, the
axial velocity of the particles is increased
slightly at the expense of the amplitude of the
oscillation.



Term

Langmuir probe

Lorentz dissociation

Lorentz gas

Lorentg ionization

magnetic confinement

magnetic mirror

Definition

A gmall metallic conductor which is often in-
serted into a plasma in order to measure
some of its properties (e.g., density, tem-
perature).

The dissociation of molecular ions by the
mechanism described under '"Lorentz ioniza-
tion,"

A hypothetical gas in which the electrons are

assumed not to interact with each other, and

all the positive ions are considered to remain
at rest. (Also called an electron gas.)

The ionization of neutral atoms (usually to
highly excited states) by injecting them at high
velocity (V) into a strong magnetic field (B).
The atom experiences forces exerted in oppo-
site directions on the positive and negative
charges which tends to ionize the injected
atom.

The confinement of plasma within a limited
region by a magnetic field so arranged that the
charged particles of the plasma which tend to
leave the region are turned back into the re-
gion.

A .nagnetic field which is generally axial with
a local region of increased intensity causing
convergence of the field lines. A particle
moving into the region of converging magnetic
field lines will be reflected if the ratio of its
energy parallel and perpendicular to the mag-
netic field satisfies the relationship:

E
L (Zm ),
E, B,
where B, and B, are the magnetic field

strengths at the mirror and at the original
point, respectively,




Term

- - <
magnetic mirror
machine concept

magnetic pressure

magnetic pumping

magnetohydrodynamics

magnetohydrodynamic
waves

Maxwell - Boltzmann
distribution

mean free path (for a
given event)

minimum-B configura-
tion

mirror ratic

Definition

A specific concept under investigation in the
field of controlled fusion. The plasma is con-
fined in a straight tube by means of an exter-
nally imposed axial magnetic field, with mag-
netic mirrors at each end. Particles are
injected when the field is low, and are trapped
and heated adiabatically as the field strength
is rapidly increased.

The pressure which a magnetic field is capable
of exerting upon a plasma.

A term given to a type of plasma heating in
which the plasma is successively compressed
and expanded by means of a rapidly fluctuating
external magnetic field.

The science dealing with the motion of elec-
trically-conducting fluids {liquids and gases)
interacting with a magnetic field. (Also
called hydromagnetics.)

Material waves in an electrica’ly conducting
fluid in the presence of a magnetic field.

The distribution of particle velocities (or
energies) which occurs in any gas or plasma
when it is in thermal equilibrium at a given
temperature.

The distance a particle will travel, on the
average, before undergoing such an event.

The name given to a magnetic configuration
which increases everywhere in strength with
increasing distance from the plasma which it
is confining. In such a configuration, the
plasma finds itself in a region of minimum
magnetic potential.

In a magnetic mirror configuration, the ratio
of the strength of the magnetic field at the
strongest point on its axis to that at some
other axial point (usually taken to be the point
of weakest field strength between two magnetic
mirrors).



Term

mobility

molecular ion injec-
tion concept

neutral injection
concept

neutralized plasma

ohmic heating

pinch effect

plasma

Definition

The equilibrium drift velocity attained by a
charged particle when subjected to accelera-
tion by a unit electric field and to the oppos-
ing frictional force of collisions with other
particles.

A concept under investigation in the field of
controlled fusion, in which energetic molecu-
lar ions are injected into a suitable magnetic
container and are dissociated therein by any
of several processes (e.g., collision with
neutral atoms, Lorentz dissociation, etc ).
The density of trapped energetit atomic ions
is then built up to values of thermonuclear in-
terest, with the simultaneous conversion of
their directed velocities into the random mo-
tion of a hot plasma.

A concept similar to that described under
""molecular ion injection concept,"' but with
the molecular ions replaced by fast neutral
atoms which are subsequently ionized inside
the magnetic container.

A plasma with no net charge.

The heating resulting from the resistance
which a medium offers to the flow of electric
current. Often called joule heating. In a
plasma subjected to ohmic heating, the ions
are heated almost entirely by transfer of
energy from the hotter electrons.

The constriction of a.plasma column carry-
ing a large current, due to the interaction of
that current with its own (encircling) mag-
netic field.

An ionized gaseous system, composed of an
electrically equivalent number of positive

ions and free electrons, irrespective of
whether neutral particles are present or not.
In view of its abundance in the universe, it

is sometimes called the fourth state of matter.



Term

plasma frequency

Project Sherwood

pumpout

rotational transform

“punaway'' electrons

scattering

shear fields

Definition

The natural frequency of oscillation of a
plasma, due to the collective motion of the
electrons acting under the restoring force of
their space-charge attraction to the relatively
stationary ions. This frequency is proportion-
al to the square root of the electron density.

The name often used to designate the U. S.
program in cohtrolled fusion.

A name given to the anomalously high loss of
particles to the walls in stellarator dis-
charges — a loss rate which is substantially

in excess of that exp=~“ed from normal classi-
cal diffusion processes.

A magnetic field configuration is said to pos-
sess rotational transform if the lines of force,
after one circuit around the configuration (e.g.,
a torus), do not close exactly on themselves,
but are rotated through some angle about the
so-called magnetic axis.

Those electrons in a plasma which gain energy
from an applied electric field at a faster rate
than they lose it through collisions. Since the
collision cross section decreases as the veloci-
ty increases, these electrons tend to ""run
away'" in energy from the remainder of the
plasma.

The dcflection of one particle as a result of
collision with another. Elastic scattering is
a scattering process in which the total kinetic
energy is unchanged.

In the sense used in plasma physics, magnetic
fields having a rotational transform which
changes with radius; e.g:, in the stellarator
tube, magnetic fields that increase in pitch
with distance from the axis.



Term

sheath

shock heating

shock wave

stellarator concept

synchrotron radiation

temperature. kinetic

the:rmonuclear condi-
tione

Definition

The regicu of transition between a neutral
plasma and a solid surface in contact with it.
While the plasma itself is nearly an equi-
potential region, there exists a strong poten-
tial gradient within the sheath itself, and
electrical neutrality in that region is not pre-
served.

The heting produced by the impact of a shock
wave.

The wave produced (e.g., in a gas) as a result
of a sudden violent disturbance. To produce

a shock wave in a given region, the disturb-
ance must take place in a time short compared
with the time required for sound waves to tra-
verse that region.

The name given to a specific concept in the
field of controlled fusion, involving confine-
ment of the plasma in an endless tabe by means
of externally imposed magnetic fields which
are essentially axial but which provide, by one
means or another, the rotational transform
which is essential for plasma equilibrium in
this configuration.

(See cyclotron 1_~a.diation.)

A measure of the energy of random motion of
an assembly of particles in thermodynamic
equilibrium. Specifically, it is the tempera-
ture {T) appropriate to the Maxwellian dis-
tribution assumed Dy a system of particles
upon equipartition of energy among the three
translational degrees of freedom. The mean
particle energy is then 3/2 kT, where k is
Boltzmanu's constant.

The achievement of an adequately confined
plasma having lemperature and density suffi-
ciently high to yield significant release of
energy from fusion reactions.



Term

tritium atom

turbulence

two-stream instability

unipolar arc

universal instability

z-value

Definition

An isotope of the hydrogen atom with one
proton and two neutrons in its nucleus, and a
single orbital electicn.

Violent macroscopic fluctuations which can
develop under certain conditions ja fluids and
plasmas and which usually resuit in the rapid
transfer of energy through the medium.

(See instability, two-stream.)

An arc between a metal surface and a plasma
jn contact with it. Such an arc requires only
one electrode and is maintained by the thermal
energy of the electrons.

(See instability, universal.)

(See atomic number.)




APPENPIX 6

COMMENTS OF THE GAC AND PSAC ON THIS POLICY AND ACTION PAPER

Comments of GAC:

Dr. Bishop gave the Committee an excellent sumfbary of the status of
controlled thermonuclear research, the recommendations of the Herb
Panel and the AEC staff's proposals for policy and action in this
field.

The Committee is pleased to note that both the Herb Panel and the
AEC staff paper stress the need for better coordination of CIR at
the project laboratories. The advisory committee which Dr. Bishop
plans to appoint, with membership made up of CTIR Project Directors
from the four laboratories supplemented by four well-qualified and
highly respected experts from universities and industry, will be an
effective vehicle for providing the required coordination. We are
confident that, under Dr. Bishop's direction, coordination and
cooperation among the laboratories will be improved, and that he
will exercise dynamic leadership in obtaining the support of the
members of this advisory committee in the difficult decisions he will
have to make.

We consider that the Commission has been very fortunate to cbtain
Dr. Bishop's services as Director of the Controlled Thermonuclear
Research Program, and we urge the Commission to give Dr, Bishop
the fullest possible support in carrying out this program.

We endorse the recommendations of both the Herb Panel and the AEC
staff paper that the AEC "expand the support cf these (plasma
research activicies at universities) at a more rapid rate than that
of the National Laboratories." We believe that the AEC has not
made use of Universities to a sufficient extent in conducting the
more fundamental research needed in this program or iu training the
next generation of investigetors who will be needed to contribute
new ideas to it.

We concur in the assessment of the Herb Panel and the AEC that this
1s an important field and one in which the United States should

play a leading role. We are not prepared to recommend, however, that
the U.S. should strive necessarily to outstrip all other nations in
this field.

We are glad to note that both the Herb Panel and the AEC staff
paper recognize the need for "gstudies of a basic nature in the
broader aspects of the science and technology of plasmas."

However, the policy statement of the AEC staff paper to the effect
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that the U.S. program in this field will continue to be directed
primarily toward the eventual achievement of controlled
thermonuclear power seems too narrow. We recommend that the policy
statement be rephrased to read that the U.S. program in this field
will continue to be motivated by interest in eventually achieving
controlled thermonuclear power and that the program will emphasize
studies of a basic nature in the broader aspects of the science and
technology of plasma. Progress in this field in the past has been
delayed by attempting to push too rapidly toward the goal of
thermonuclear power without taking the time to develop the requisite
knowledge of plasmas. Moreover, other valuahle applications besides
thermonuclear power can be anticipated from a substantial plasma
research program. The increasingly favorable prospects for fast
breeders also make thermonuclear power a less urgent objective.

The Committee concurs with the recommendations of the AEC staff paper
that -the number of scientists and engineers in the program be
augmented and that the work underway both in existing laboratories and
in off-site installations be intensified. We agree also that mdjor
new experiments need to be undertaken. This might be done at the
rate of one every year or so. To do all this will require a
substantial increase in the AEC's budget. At the same time, we do
not believe that the urgency of this work is so great as to Justify

a total increase in the budget greater than the 15% per year for
five years recommended by the AEC staff paper. With such a control
on funds, it will not be possible to do everything which every
interested group would favor. To obtain the maximum benefit under
these conditions, Dr. Bishop and the AEC must be highly selective

in the choice of projects to be supported and should be prepared to
eliminate activities which are of declining value so as to release
funds for the new facilities, projects and personnel which are
needed to provide vitality for the program.

Before deciding to establish a new National Center for Plasma Studies
and Controlled Fusion, Dr. Bishop should be given ample opportunity
to reorient, coordinate and streamline the present plasma efforts of
the project laboratories and other participants in the AEC's program.
These groups, working together, should be able to achieve satisfactory
progress without the radical and expensive measure of establishing

a new National Center.
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COMMENTS OF PSAC:

27 May 1966

Honorable Glenn T. Seaborg
Chairman

U.S. Atomic Energy Commission
Washington, D.C.

Dear Glenn:

Thank you very much for your letter of May 11, 1966, in which
you enclosed excerpts of the conclusions of the General Advisory
Committee on the Controlled Thermonuclear Research Program of the
Atomic Energy Commission.

As you know, the President's Science Advisory Committee has
also discussed the program. In general, its conclusions are quite
similar to those cof the General Advisory Committee.

Sincerely,

Donald F. Hornig
Special Assistant to the President
for Science and Technology
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I.

II.

APPENDIX 7

Functions of the CTR Standing Committee

Background.

A.

The AEC's Controlled Thermoruclear Research Program consists
of the activities of a number of scientific and technical
groups whose work is (to varying degrees) mutually inter-
dependent. 1In view of the limited amount of total funding
available, it is essential that this interdependence be
recognized and that coordination and cooperation between
personnel in the program be sufficient to insure that what
is eventually pursued has been duly considered by others in
the program with related interests,

To assist in getting the desired cooperation, it is planned
to set up coordinating activities on two levels within the
overall program:

1) A CTR Standing Committee, consisting of the Assistant
Director (for Controlled Thermonuclear Research) of
the AEC's Division of Research, the Laboratory Project
Directors and several prominent scientists, to ensure
a close cooperative effort within the overall program
and to provide guidance on major policy decisions.

*2) Ad Hoc Working Panels, consisting of scientists

assembled for a limited period of time to study
specific programs for extensive research efforts in
specialized areas within the CTR program. These Panels
will assist the Standing Committee.

Charter of the CTR Standing Committee.

Al

The CTR Standing Committee would be composed of the Assistant
Director (for Controlled Thermonuclear Research), the CTR
Project Directors from each of the major laboratories, and
promivent U.S. scientists selected from the scientific
community as a whole,

The function of this committee would be to advise and guide
the Controlled Thermonuclear Research Program of the AEC's
Division of Research on a continuing basis by:

1) reviewing the areas in which plasma physics and
controlled thermonuclear research are conducted
under the authority of Section 31 of the Atomic
Energy Act of 1954, as amended.



2)

3)

4)

5)

assessing the overall balance among the various elements
in the AEC's controlled thermonuclear research program,
as viewed in the context of national and world plasma
physics research.

evaluating the scientific significance and productivity
of elements of the program and defining the high
priority and low priority elements.

identifying major questions requiring immediate
attention and research areas critical to the success
of the current and future program.

recommending how available and projected funds can
most effectively be used to carry out the Commission's
CTR program.

III.Charter of the Ad Hoc Working Panels.

A'

The AEC CTR Office will from time to time, request certain
groups to prepare formal documents describing their program
plans, rationale and projected costs in sufficient detail

to be suitable for program-wide review. To conduct this
program-wide review an Ad Hoc Working Panel would be
assembled, consisting of one représentative from each of the
four major CTR laboratories {appointed by the Project
Director) and several other representatives from outside those
four laboratories (appointed by the AEC Program Director).

The goal of the Working Parei would be to review a specific
planned program in a cooperative and constructive spirit,

to ensure that the scientific and technical basis is as sound
as possible. The functions of the Working Panel would include:

1))

2)

3)

Scientific and technical analysis during which the
members vwould request whatever assistance they required
from qualified stz2ff at their home laboratories.

Consideration of similar research already performed else-
where, to the extent that such research affects the
scientific objectives under review.

Attempts, via discussions, to pursuade those concerned
with the specific program to give due consideration to
objective and constructive criticisms. Hopefully this
would often result in program modifications even during
the course of the review.



4)

The
1)

2)

Preparation of a report covering such items as the salient
features of the critical analysis, changes which have
resulted in the original plans, recommendations concerning
the adequacy of the proposed program and concerning the
scientific desirability of proceeding in the manner ard

at the rate proposed.

functions of the Working Panel would not include:
Making criticisms of a purely subjective nature.

Making recommendations concerning the relative merits

of performing research in different areas (e.g., mirror
research vs. theta pinch research), except insofar as it
was determined that the specific scientific goals could
be achieved more logically by methods other than those

proposed.
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