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FOREWORD

A Technical Committee Meeting on Advances in Compact Torus
Research was held under the auspices of the International Atomic
Energy Agency and the Australian Atomic Energy Commission at the
Hyde Park Plaza Hotel, Sydney, Australia on 4 - 7 March 1985. The
meeting was relatively small in size with 21 participants from
Australia, Federal Republic of Germany, Japan, United Kingdom,
United States of America and the IAEA.

The purpose of the meeting was to review and discuss the
progress of research into the compact torus approach to nuclear
fusion.

The programme of the meeting was arranged by reference to
the main types of compact torus configurations. Sessions were
held on: Field Reversed Configurations; Particle Rings; Steady
State Compact Toroids; and Spheromaks. Each approach was covered
by papers which were either in the nature of a review or were a
detailed description of a particular experiment or concept. Dis-
cussion periods were held at regular intervals during the meeting.
These, together with the informal discussions entered into by the
participants, were especially valuable. The programme included
a technical visit to view the Rotamak research being undertaken at
the plasma physics laboratory of the Australian Atomic Energy
Commission at Lucas Heights.

These proceedings contain the manuscripts which have come to
hand. They are reproduced directly from the authors' copy.

I am very grateful to Dr. Geoff Durance (Australian Atomic
Energy Commission) for undertaking the task of reviewing the
meeting as a whole. His summary report (which is to be published
in NUCLEAR FUSION) is included as a prologue to these proceedings.

I should like to thank Dr. Manfred Leiser (IAEA) for his help in
organizing the meeting, Geoff Durance for his enthusiastic assis-
tance in the organization of the scientific programme, Jan Henderson
(AAEC Technical Secretariat) for her valuable help with local
arrangements and the AAEC (through the kind offices of the Chairman,
Professor M.H. Brennan, and the Director, Dr. D.G. Walker) for
hosting the social functions which helped to make this informal
meeting such a pleasurable one.

I.R. Jones
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SUMMARY

A Compact Torus (CT) is a low aspect ratio, axisymmetric, closed

magnetic field line configuration with no vessel wall or magnetic field
coils linking the hole in the plasma toroid. The potential reactor
advantages of such devices are:

simple vacuum vessel, coil and blanket geometry

high engineering beta values
compact, high power density reactor cores

possible translation of plasma toroid (allowing the formation
chamber to be physically separated from the burn chamber with its
high neutron wall loading).

Historically, a number of diverse and largely unrelated approaches
have been used to generate CT configurations and they include plasma guns,
high-energy particle rings and field-reversed theta pinches. Although
these experimental approaches differ significantly, the resulting
plasma/field configurations have many common features and are nowadays
classified into three major types: Particle Rings, Spheromaks and Field
Reversed Configurations (FRCs). Particle rings are characterized by
large ratios of the particle gyroradii to the plasma dimensions. The
gyroradii in spheromaks and FRCs are envisaged to be small compared with
the plasma dimensions. The FRC has closed poloidal magnetic fields only;
the spheromak has comparable poloidal and toroidal fields. For equilibrium
all CT configurations require either a conducting wall or an additional
externally imposed magnetic field.

Over the past few years experimental and theoretical CT research
has advanced rapidly. In order to review the progress and to identify
areas for future research, the first IAEA Technical Committee Meeting on



Compact Torus Research was held in Sydney from 4 to 7 March 1985. The
Meeting was relatively small in size with 20 participants from Australia,
Japan, United Kingdom, United States of America and West Germany. In

addition to review papers, invited papers and workshop sessions, there

was a technical visit to the plasma physics laboratory at the Australian
Atomic Energy Commission. The general atmosphere at the Meeting was
highly informal.

A few of the more recent advances in the CT field are particularly
noteworthy. In particular, for all of the various CT approaches, some
form of "slow start-up" has been demonstrated; gross disruptive
instabilities have been suppressed; and reactor-relevant operating
modes have been investigated. The latter include FRC translation
experiments and spheromak sustainment by helicity injection. The FRX-C/T
(Los Alamos) translation experiments are particularly impressive with the
CT plasma retaining its structural integrity as it bounces back-and-forth
along a 5 metre long translational zone. Of equal significance have
been the advances in the understanding and application of magnetic
helicity injection - a powerful concept which leads naturally to many
innovative reactor proposals. CT configurations have also been sustained
for long times (~ 40 ms) in the rotamak, a novel approach involving a
rotating magnetic field current drive technique. New particle ring
configurations, such as the "soft-core" spherator (or ASTRON-spherator),

have also been investigated.
The following brief summary of the Meeting is arranged by reference

to the main types of compact torus configurations.

FIELD REVERSED CONFIGURATIONS

FRCs are high beta CT configurations in which the plasma is confined
by closed poloidal magnetic fields generated by internal diamagnetic
currents. They have negligible toroidal magnetic fields.



Formation
An FRC can be generated in a theta pinch device by initially

embedding in a preionized plasma an axial bias field oppositely directed

to the field which is subsequently generated by the main theta pinch
discharge. These oppositely-directed magnetic fields tear and reconnect

to form a system of closed field loops encircling the plasma. Magnetic
field line tension then causes axial contraction which proceeds until
equilibrium is attained. The final CT configuration has a very elongated

cross-section.
One of the main problems in this approach has been the poor trapping

of the initial bias flux. To help overcome this problem a number of

innovations were originally introduced at the Kurchatov Institute.
Additional magnetic fields were introduced to control the field
reconnection process and to initiate axial shock compression. These
improved formation techniques are now being further refined at Spectra
Technology (formerly Mathematical Sciences North West) in the TRX

experiments. A plug coil is being used to generate a magnetic field,
oppositely directed to the bias field, which acts in such a manner as to

pré-position a separatrix near the ends of the primary coil and thus
avoid the usual tearing reconnection process. TRX-2 is unique in that
it employs a multiturn theta pinch coil (~ 10 us rise time) to study slow
formation techniques. FRCs with large amounts of poloidal flux are
formed; but the high trapped bias fluxes together with the slow formation
timescale means that the usual radial implosion mechanism is insufficient
to heat the plasma to high temperatures. Nevertheless, high temperatures
are achieved through the alternative processes of flux dissipation and
axial contraction. Indeed this ability to form high flux, hot FRCs at
low voltages is extremely encouraging for extrapolation to larger size
devices.



Equilibrium
Typically, high beta (0.5-1.0) plasmas are formed with average

densities of (1-8) x 1015 cm"3, electron temperatures of ~ 50-250 eV,

ion temperatures of ~ 50-1000 eV, separatrix radii of - 3-14 cm and
total lengths of 40-160 cm.

Theoretical studies were originally impeded by the difficulty in
computing highly elongated equilibria of the type observed in FRC

experiments. Hewett and Spencer have developed an approach which avoids
these earlier difficulties and the computation of equilibria is now
regarded as satisfactory.

An important feature of elongated equilibria is that pressure balance
imposes an average beta condition which is independent of the pressure
profile, namely <ß> = 1 - x2/2 where <ß> is the volume averaged plasma

pressure inside the separatrix divided by the external magnetic field
pressure, and x is the ratio of separatrix radius to wall radius.

Stability
Experimental FRCs exhibit remarkable gross stability; stable

configurations generally exist for many Alfvén transit times. The only
disruptive MHD instability usually observed is a n=2 rotational mode.

In present experiments this instability is suppressed by the application
of multipole magnetic fields. The magnetic pressure exerted by the
multipole field on the plasma surface is believed to suppress the
deformation of the plasma column. An MHD analysis by T. Ishimura based
on this premise has predicted the minimum field strength required for
stability. The predicted values are significantly larger than the
experimentally determined values but they show the correct general trend
as the plasma parameters are varied. Experiments on NUCTE-1 (Nihon

University) indicate that helical multipole fields are even more efficient
at suppressing the rotational instability; the required coil current
decreases with increasing pitch angle of the helical winding.
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The absence of the predicted internal tilt instability has continued
to be a puzzle. However a recent theoretical study taking detailed ion

motion into account now suggests that the growth rate is significantly

less than that predicted by the earlier MHD models for small values of

s. (s is the effective number of ion gyroradii between the field null

and the separatrix). The value of s in present experiments is between

1 to 2; the corresponding growth-times of the internal tilt are now pre-

dicted to be comparable to the duration of the experiments (i.e. ~ 100 ys) .
Hence any future increase in s, which is desirable to improve particle
confinement, may result in the appearance of an internal tilt mode.

Transport
In present experiments, the particle confinement time is £ 200 ys;

the closed poloidal flux lifetime is comparable to the particle confinement

time; and energy confinement time is typically about half the corresponding
particle confinement time.

The transport mechanisms and the confinement scaling are still

poorly understood. The lower-hybrid-draft (LHD) instability is thought
to play an important role in determining anomalous transport. LHD

transport models show some agreement with experimental results but pre-

dicted flux loss rates are consistently underestimated. A semi-empirical
particle confinement time scaling, TN œ R2/p. has been postulated where

R is the radius and p. is the gyroradius in the external field. Anomalous
electron thermal conduction appears to be a major energy loss mechanism.

Recently s has been proposed as an important scaling parameter and
it has become clear that experiments at larger s values (say s ~ 10) are
needed to explore transport phenomena in situations where the outer flux

layer is more than one or two gyroradii thick.
Translation
The process of translating the FRC plasma after formation is being

studied on a number of devices, for example on OCT (Osaka University) and
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FRX-C/T (Los Alamos). In FRX-C/T the FRC plasma is launched from a
slightly tapered theta pinch source into a flux-conserving cylinder

containing a magnetic guide field. The plasma propagates 5 metres, reflects

from the downstream magnetic mirror and returns at reduced speed to the

mirror formed by the crow-barred theta pinch where it again reflects. The

plasma is thus trapped in the translational region. Throughout the whole

process, the FRC retains its structural integrity; no MHD instabilities
are induced; and the particle, energy and flux confinement properties
are not altered appreciably. Moreover abrupt changes in the diameter between
the theta pinch and the translational region are observed to have no
apparent detrimental effects on the translational process. Internal
magnetic field probing during translation has confirmed the expected

field reversed structure and has shown the presence of a weak fluctuating
toroidal field with both positive and negative components.

By altering the strengths of the guide field and/or by varying the

diameter of the flux conserver, it has become possible to vary the size
of the plasma (in particular the x value). Thus translation experiments
are expanding the parameter space over which the scaling of FRC confinement
can be studied.

Future Research
It is generally agreed that the most important priority is the

investigation of stability and confinement in experiments with significantly
larger s values.

Further development of the slow formation schemes are also planned
as well as adiabatic compression after formation.

SPHEROMAKS

A Spheromak is a CT possessing poloidal and toroidal magnetic fields
of comparable magnitude. The toroidal field is generated entirely by
internal poloidal plasma currents. Interest in this concept has been

12



stimulated by theoretical analyses predicting that a stable configuration
should be achievable with a large engineering beta value (ß ~ 0.4). The
spheromak is also of general interest since it is nearly a force-free,
minimum-energy configuration and, as such, is closely related to the

Reversed Field Pinch.

Formation
Several distinct methods of spheromak formation have been

experimentally demonstrated.
A magnetized, coaxial plasma gun is being used to inject spheromak

plasmas into oblate flux conservers in the CTX (Los Alamos) and CTCC
(Osaka University) experiments. The injected configuration relaxes
towards a Taylor-like minimum-energy state consistent with the amount
of helicity injected and the shape of the flux conserver. The relaxation
process proceeds by flux conversion with the plasma seeking a state
such that the ratio of poloidal flux to toroidal flux is a constant
independent of initial conditions. After the equilibrium is attained
the configuration continues to regenerate itself against diffusive losses
by either abrupt or gradual flux conversion. This conversion process
has now been observed experimentally in all spheromak devices.

In the S-l experiment (Princeton) spheromak configurations are
created by the inductive transfer of toroidal and poloidal magnetic
fluxes from a flux core. This is a slow formation technique and it
avoids the use of electrodes.

A combination of theta- and z-pinches are used to form spheromaks
in the PS experiments (University of Maryland). A high current density
device, the Maryland Spheromak, is presently under construction.

Conical theta pinches are also being used to create spheromaks.
Only the CTX, CTCC and S-l experiments were discussed in detail at

the Meeting.
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Equilibrium
The coaxial gun experiments and the S-l device have two distinct

modes of operation depending on the duration of helicity injection: a

"detached" mode in which the plasma tears completely free of the gun or
flux core, and a "linked" mode in which the outer flux lines remain attached

to the gun or flux core. The linked mode enables the spheromak to be
sustained against resistive decay by the continued injection of helicity.

In the CTX experiment detached spheromak plasmas have been created
in 80 cm and 138 cm diameter flux conservers. They are stable against
major destructive MHD instabilities and decay resistively with lifetimes
of up to ~ 1 ms. The introduction of an open mesh ("fan-guard" shaped)

flux conserver and the use of a hydrogen gas blanket have overcome the

earlier temperature limitations imposed by impurity radiation and electron
temperatures of over 100 eV are now achieved. The averaged electron
density rapidly decays from an initial value of ~ 3 x 101"* cm~3 to a
steady plateau value in the range (2-9) x 1013 cm"3. Volume averaged

beta values of - 10% are estimated. In the linked mode in CTX, spheromaks-
have been sustained for over 5 ms; but electron temperatures are lower

(~ 20-30 eV) than in the detached mode.
The plasma parameters obtained in S-l are broadly similar to the

CTX values.

Stability
The most dangerous global modes predicted by MHD theory are the n=l

tilt and shift modes. These modes have been suppressed by the use of
conducting walls, passive coils and separatrix shaping. In the CTCC
experiment, the relationship between plasma stability and shear has been

investigated by inserting axial conductors into the flux conserver.

Studies of magnetic field fluctuations show the existence of
toroidal modes of low n-number. There is strong evidence that these
modes are important for relaxation to the minimum-energy state.

14



Transport
Recent data from CTX and S-l indicate that the electron temperatures

in these devices are no longer limited by impurity radiation, although

the radiation loss still plays a significant role. As the plasma parameters

continue to improve, attention will focus on the transport properties and

confinement characteristics of the spheromak configuration. The present

value of the energy confinement time for a detached spheromak is ~ 70 us.
Theoretically the scaling of the plasma parameters is expected to be

analogous to the Reversed Field Pinch (RFP) . This suggests that the
3/spheromak energy confinement time could scale as T 2. Initial studiesc

of T scaling in S-l indicate that T increases with the toroidal plasmaG G

current, consistent with RFP scaling.
Sustainment
Extended duration of helicity injection has already sustained

spheromak plasmas in CTX for over 5 ms with the sustainment time being
limited by magnetic flux leakage through the flux conserver. Present
sustained spheromaks are radiation dominated and cleaner sustainment
techniques are needed. Improved electrode geometries are being developed

to provide more efficient helicity injection.
Accelerated Spheromaks
The experimentally observed resiliency of CT configurations and

the retention of their structural integrity under translation has led
to the concept of accelerating CT plasma rings to high velocities
(*- 109 cm/s) in extended coaxial guns. At Livermore National Laboratory
theoretical studies of compression, acceleration and focusing have been
performed and a proof-of-principle experiment is planned. Possible

applications include a driver for inertial fusion, a fast opening switch,
a high power RF source and a X-ray laser driver.

15



Future Research
The major goal is to improve the plasma parameters towards a more

reactor-relevant regime and to understand the stability, transport and
sustainment mechanisms in such plasmas. A compressional heating experiment

is under consideration for S-l and this would represent an important
step towards a translation/compression reactor scheme.

ROTAMAKS

The Rotamak is a CT device in which a rotating magnetic field is
used to maintain the toroidal plasma current. Experimentally, the rotating

field is generated by feeding pulses of RF currents of the same frequency
and amplitude, but dephased by 90°, through a pair of orthogonally
oriented Helmholtz coils located on the outside of a spherical Pyrex
discharge vessel. The current drive technique is analogous to a simple
induction motor with the rotating electron fluid (which constitutes

the current) being analogous to the rotor and with the electron-ion
collisions providing a retarding torque analogous to the mechanical load.

All the Rotamak experiments have been of a very modest scale. The
initial experiments [at Flinders University) used RF current sources
of high power (~ 10 MW) but short duration (~ 80 us). To complement these
studies, experiments have been performed (at Flinders University and the
Australian Atomic Energy Commission) using long duration (~ 15 ms), low
power (~ 10 kW) RF sources. More recently RF sources of medium power
($ 200 kW) and long duration (20-40 ms) have been used. In all experiments

CT configurations have been generated and sustained for the duration of
the rotating field. The discharges have all been remarkably
reproducible, and there has been no evidence of any gross instabilities.
The configuration has retained its integrity even when subjected to forced
perturbations of the equilibrium field. The position and shape (from
oblate to prolate) of the separatrix has been controlled by appropriate
shaping of the applied equilibrium field.
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CT plasmas up to - 28 cm in diameter have been produced with densities
ranging up to ~ 101"4 cm"3. Temperatures are believed to be low (T ^ 10 eV) ,
and the first estimates of energy confinement time are in the vicinity
of a few microseconds. Under some conditions a self-generated,
bi-directional toroidal magnetic field structure has been observed.

The observed stability of the rotamak configuration may be
attributable to continual regeneration of the magnetic structure by the
rotating field. CT formation has yet to be demonstrated at high
temperatures and with strong magnetic fields.

The future emphasis will be on increasing the temperature and
investigating the global energy balance. A step in this direction has
been made at the University of Essen where effort has been directed
towards preparing a hot plasma prior to the application of the rotating
field, though at present no measurements of plasma parameters have been
made during the rotating field pulse.

PARTICLE RINGS
This approach has evolved from the ASTRON concept in which pulses

of relativistic electrons were injected into a solenoidal magnetic field
to form a sheath of high energy electrons gyrating around the central
axis. The expectation was that the magnetic field associated with this
current sheath would combine with the oppositely-directed solenoidal field
to produce a closed magnetic field configuration. Improvements in
technology have renewed interest in this CT approach. The more difficult
technology of light ion rings is also being pursued.

The large orbits of the high energy particles are believed to provide
stability against gross MHD perturbations. This has led to the suggestion
of hybrid systems where a particle ring is incorporated into a spheromak
or FRC to provide stability and additional heating.

17



In the SPAC experiments (Nagoya University), the technique has been
generalized to create a variety of compact toroidal plasma/field configurations
including tokamak-like, stabilized-pinch-like, spheromak-like and
spherator-like configurations. Of particular interest is the spherator-
like configuration in which the internal toroidal current carrying
hard-core has been replaced by a relativistic electron beam ring (or
"REB soft-core"). Surrounding the current channel is a relatively large
plasma confinement region (magnetic well) in which there is no toroidal
current.

Although not directly related to particle rings, an interesting
paper was presented on neutralized ion beams. The basic processes by
which such beams are transported across magnetic fields are now understood.
Preliminary experimental results have been obtained on a small tokamak
at University of California, Irvine. A further experiment is planned for
the TEXT tokamak. Possible applications of neutralized beams in CTs
and other plasma devices include plasma heating, current maintenance
and non-equilibrium beam/plasma reactors (possibly with advanced fuels).

SUMMARY
The major impression gained from the Meeting is that steady progress

is continuing to be made in all branches of CT research. CTs are
undeniably at a very early stage of development with only modest parameters
being achieved, confinement scaling being only poorly understood and
supplementary heating yet to be attempted. At this stage, no particular
CT configuration has emerged as being distinctly superior to the others;
all show promise. Substantial research and development is still required
before any of the CT concepts can be realistically assessed as potential
reactor candidates.
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OVERVIEW OF US COMPACT TOROID PROGRAM

A. SHERWOOD
Los Alamos National Laboratory,
Los Alamos, New Mexico
United States of America

Abstract

An overview of the US Compact Toroid program was presented. The present
experiments doing Field Reversed Configuration (FRC) research were described.
These include FRX-C at LANL, TRX-2 at Spectra Technologies, and smaller uni-
versity experiments. Spheromak experiments at PPPL (S-l), LANL (CTX), and
the University of Maryland (PS-3 1/2, MS) were also described and particle
beam experiments related to Compact Toroid research were briefly discussed.
Parameters were presented for the new MS spheromak experiments being built at
the University of Maryland.

The outstanding physics issues currently facing FRC and spheromak
research were briefly reviewed, and concluding remarks covered OFE strategy
for pursuing Compact Toroid research in the US with presently-anticipated
funding.
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REVIEW OF THE LOS ALAMOS FRX-C EXPERIMENT*

R.E. SIEMON, W.T. ARMSTRONG, R.R. BARTSCH, R.E. CHRIEN,
J.C. COCHRANE, W.N. HUGRASS, R.W. KEWISH, Jr.,
P.L. KLINGNER, H.R. LEWIS, R.K. LINFORD, K.F. McKENNA,
D.J. REJ, J.L. SCHWARZMEIER, E.G. SHERWOOD,
M. TUSZEWSKI
Los Alamos National Laboratory
Los Alamos, New Mexico

D.C. BARNES
Science Applications International Corporation,
Austin, Texas

R.D. MILROY
Spectra Technologies, Inc.,
Belle vue, Washington

C.E. SEYLER
Cornell University,
Ithaca, New York

R.L. SPENCER
Brigham Young University,
Provo, Utah

United States of America

Abstract

The FRX-C device is a large field-reversed theta pinch experiment, with
linear dimensions twice those of its FRX-A and FRX-B predecessors. It is used
to form field-reversed configurations (FRCs), which are high-beta, highly

2prolate compact toroids. FRX-C has demonstrated an R scaling for particle
confinement in FRCs, indicating particles are lost by diffusive processes
Particle losses were also observed to dominate the energy balance FRC
lifetimes exceeding 300 /us were observed when weak quadrupole fields were
applied to stabilize the n = 2 rotational mode. Detailed studies of the FRC
equi1ibrium were performed using multi-chord and holographic interferometry
Measurements of electron temperature by Thomson scattering showed a flat profile
and substantial losses through the electron channel. The loss rate of the
internal poloidal flux of the FRC was observed to be anomalous and to scale less
strongly with temperature than predicted from classical resistivity.

* Presented by A.R. Sherwood.
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Following a modification to the device, FRCs were translated from the
theta-pinch coil into a dc solenoid and metallic vacuum chamber The
translation process was observed to be in reasonable agreement with adiabatic
theory FRCs were translated and trapped in a dc solenoid without active
auxiliary coils Trapping was aided by the inelastic reflection of FRCs off a
magnetic mirror Measurements of the radiated power from translating FRCs
indicated that radiation is a small component in the power balance and thus it
appears that electron thermal conduction is more important

The particle confinement of an FRC is expected to improve as ?, which
measures the number of local ion gyroradii between the f i e l d null and the
separatrix, increases However, a regime of increased susceptibility to MHD
modes, notably the internal t i l t , has recently been predicted to have a
threshold in i of three to four To address these issues, as well as the issues
of electron energy loss and poloidal flux loss, a three—stage experiment has
been proposed which is predicted to reach I of about 7 The FRX-D device w i l l
consist of separate formation, heating, and confinement regions Plasma
translation permits separation of these functions in a manner thought to be
desirable for a fusion reactor

1 Background
The Field-Reversed Configuration (FRC) The FRC is a type of compact

toroid that is formed with purely poloidal magnetic fields As shown in Fig 1
it is a toroidal magnetic configuration in which closed poloidal f i e l d lines
surround a f i e l d null A magnetic separatrix located at radius r separates a
region of closed lines that displays relatively good plasma confinement from a
region of open lines that display^, relatively poor plasma confinement In the
FRC experiments described in this paper, the configuration was formed using a
f i eld—reversed theta pinch In these experiments the plasma was confined in a
separatrix volume that was prolate and elongated as shown in Fig 1

Particular features of the FRC that offer advantages in application to a
fusion reactor are the following

• The plasma beta is the highest known for any fusion oriented magnetic
configuration This implies efficient use of magnetic field energy in a
reactor and high power density using magnets with modest field strength

• The geometry of the external coils (and blanket) is cylindrical, which lends
itself to modular systems and ease of engineering

• The fi e l d line structure results in a natural divertor that deposits exhaust
plasma conveniently at the ends of a cylindrical system

• The FRC plasma is readily translated as a self-contained structure from one
coil to another by means of a weak gradient in a solenoidal guide field
This permits separating the functions of formation, heating, and nuclear
burn

22



The engineering simplifications achieved by this separation of functions
and linear arrangement offers the potential for an economical reactor with small
unit power and high power density, conceivably using special features such as a
liquid metal first wall Small unit power is possible because the total reactor
volume, even in a multistage linear system, is projected to be much less than

2
in tokamak reac tor des igns such as the STARFIRE Such p r o j e c t i o n s a r e , however

dependent upon FRC conf inemen t physics , and the i r eva lua t ion w i l l r equ i re

conf inemen t s ca l i ng s tudies in a regime of parameters closer to reac tor - l ike

condi11ons

E q u i 1 i b r l u m For an e longated e q u i l i b r i u m in a cy l indr i ca l c o i l , the

volume averaged pressure w i t h i n the separa t r ix r e l a t i v e to the external magnet ic

f i e l d pressure, <ß>, is given by the simple fo rmula f i r s t de r ived by

D C Barnes 3'4

< £ > = ! - x / 2 , ( 1 )

where xg is the ratio of the separatrix radius to the coil radius (see Fig 1)
This result, independent of the pressure profile, is required by axial force
balance In the radial direction magnetic f i e l d pressure balances plasma
pressure, and in the axial direction field line tension balances the pressure
The average beta formula requires corrections when one takes into account finite
orbit effects, finite elongation (field-line curvature in the midplane), or
magnetic mirrors (nonuniform coil in the axial direction) Nevertheless, the
formula is a reasonable approximation in many instances, and it has provided a
great deal of insight into FRC phenomena Many useful analytic estimates are
facilitated by Eq (l) A corollary of this result is that the poloidal flux
contained in the FRC is bounded by two pressure profiles that represent extremecwith respect to possible pressure profiles This is seen, for example, in the

•7response of the plasma to adiabatic compression
Results from FRX—A and FRX-B Following the report of interesting results

8 9in the Soviet Union and Germany in the early 70s, a series of experiments was
started at Los Alamos by R K Linford in 1976 Typical parameters achieved in

othese early Los Alamos experiments are summarized in Table I and typical
magnetic f i e l d waveforms are shown in Fig 2 Although the plasma lifetimes
observed were limited to a maximum value of less than 100 /zs. the lifetimes were
considerably greater than the characteristic Al f ven transit times (1 -> 10 fj,s)

This result is in disagreement with MHD model predictions of an internal t i l t
instability, which is predicted to have a characteristic growth time of an
Alfven transit time around the longest closed f i e l d line Recent calculations
based on a kinetic plasma model (see Section XI ) appear to resolve this paradox
as discussed in the last section of this paper
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Rotation vs Particle Loss The issue that emerged as a result of the
experiments on FRX-A and FRX-B was the following Given that the FRC can be
formed in a high-beta equilibrium that appears experimentally to be MHD stable,
what fundamental limitations would prevent increasing the confinement time to
the Lawson condition"7 The most obvious problem observed in experiments was that
the plasma lifetime was limited by a rotationally driven n = 2 fluting mode
The mode represents an e l l i p t i c a l distortion that grows so large that the FRC
contacts the vacuum chamber and then rapidly decays Following a quiescent
period, the mode is observed to grow as the bulk rotational frequency approaches
the ion diamagnetic frequency During the quiescent period, one also observes
that particles diffuse across the closed f i e l d lines until they reach the
separatrix where they rapidly leave at the thermal speed along the open fi e l d
lines Plasma rotation can be caused by ions with angular momentum antiparallel
to the external field being lost more rapidly than ions with the opposite sign

12of angular momentum and this rotation can be enhanced by end-shorting of the
1 O 1 jâopen f i e l d line plasma ' Therefore, the fundamental limitation for FRCs is

particle diffusion and not the rotational mode, and attention should be focused
on the cause of particle diffusion

This view influenced the proposal of FRX-C in 1979 and the early portion
of the experimental program The purpose of FRX-C was to test the particle
confinement in a regime of increased size relative to an ion gyroradius while
approaching a more MHD-like regime where the possibility of t i l t instability
would be greater Qualitatively the issues facing the FRC program today are
similar, but the quantitative understanding of these issues has improved
markedly Also equally important issues have emerged concerning the decay rate
of poloidal flux and electron thermal conduction The rotational mode has
somewhat subsided as an issue, because numerous experiments have since
demonstrated that the rotational mode can be suppressed by the addition of weak
multipole fi e l d s 1D~19 As an «
device is reported here in Sec V
multipole fi e l d s As an example, quadrupole stabilization on the FRX-C

II Experimental Method
Description of Device The FRX-C theta pinch has a dual-fed,

50-cm-diameter, 200-cm-long coil The system is shown schematically in Fig 3
20 21and has been described elsewhere ' A number of the electrical and mechanical

parameters are listed in Table II It is presently the largest fleid—reversed
theta pinch in operation and has accordingly displayed the longest FRC
11 fetimes

High and Low Fil l Pressure Operation The gas pressure of deuterium when
the discharge is initiated is a convenient parameter used to adjust several
important characteristics of the FRC At low initial f i l l pressure, the radial
implosion is more rapid and the resulting ion temperature is higher At high
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i n i t i a l f i l l pressure, the temperature is lower, the final density is higher,
and because the magnetic field is only weakly dependent on initial pressure
(mainly because of adjustments in the initial bias field), the high pressure
operation results in the maximum ratio of plasma size to ion gyroradius, which
is found to correspond to the longest plasma confinement time In most of the
data presented in this paper, a comparison is made between results obtained at
in i t i a l pressures of 5 and 20 mtorr These f i l l pressures along with associated
adjustments in preionization conditions and bias f i e l d represent standard
operating conditions under which^most diagnostic data runs such as holographic
interferometry and Thomson scattering were conducted Representative plasma
parameters at the beginning of the quiescent phase are listed in Table III
together with the characteristic confinement times

The two pressures 5 and 20 mtorr also represent approximate boundaries of
operation possible for the FRX—C experiment At lower pressure the two
available methods of preionization (PI) both become marginal (i?-pinch discharge
as seen in Fig 2, and Z discharge) At higher pressure the main problem is
that the FRC equilibrium is too long to fit within the length of the theta-pinch
coil The formation process results in an FRC with increasing length as a

22function of f i l l pressure Above 20 mtorr the ends of the FRC expand into the
vacuum beyond the coil allowing the plasma to escape Also, at higher pressure
the temperature drops below 100 eV and there is concern that the phenomena might
be unduly influenced by col l i siona1ity or impurity radiation

FRX—C/T Mod i f i c a t i o n Apart from minor modifications such as the addition
of quadrupole current conductors for stabilization of the rotational n = 2 mode,
the FRX—C experiment was operated as shown in Fig 3 from August 1981 until the

23summer of 19P3 At that time a major modification was installed a dc
solenoid and 6-m-long vacuum chamber were placed at the end of the FRX—C coil to
permit studies of the translation process A photograph of the modified
f a c i l i t y , which was renamed FRX—C/T, is shown in Fig 4 The experimental
results are discussed below in Sec IX

11 I FRC E q u i 1 i b r l a
Experimental Studies The high-beta nature of FRC equilibria has been the

subject of detailed studies in FRX-B and FRX-C In FRX-B, radial pressure
balance between plasma pressure at the field null and the external magnetic
pressure has been verified through independent measurements of electron and ion

otemperatures, density, and magnetic field In FRX-C, the existence of an FRC
equilibrium was also evident from holographic interferograms (see Section IV )
which showed a sharp density gradient at the separatrix persisting throughout
the FRC lifetime 19

Radial and axial profiles of the line-integral density Jndl have been
obtained in FRX-C The radial /ndl profile (Fig 5) was inconsistent with flat
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or parabolic density profiles within the separatiix radius, but was in good
agreement with the type of profil* expected for an FRC equilibrium The radial
profile was peaked for finite radius of tangency d (d/r = 03) because of the
density depression near the geometric axis of an FRC The height of the peak
provided an estimate of the separatrix density n which was found to be 50-»60%
of the maximum density n^ at the field null The average density inferred from
the radial profile was (0.90+0 05)nM which, together with the observation of

o 05flat temperature within the separatrix ' and radial pressure balance, was
consistent with the value of <ß> predicted by Eqn 1

Radial Jndl data during the growth of the n=2 rotational mode also
provided an estimate of the characteristic density gradient scale length l (r )
at the separatrix The quantity w, defined as X_(r )/p , was found to be 4-»5,U S 1 O

Q r>in agreement with the data found from end-on holographic interferograms and
ID _ -t 1 /O _ Tsimilar to that of another rotational analysis (here, p = (̂ gT m ) "

is the ion gyroradius evaluated using the external ion gyrofrequency f) and the
average ion temperature, kg is Boltzmann's constant, and m is the ion mass)

The axial p r o f i l e of Jndl was found to be approximately e l l i p t i c a l in
shape (Fig 6) The Jndl and excluded flux radius r& profiles were
s i m i l a r , implying that the line-averaged density was fairl y constant along the
FRC length Measurements of the dynamic features of the FRC were seen to
correlate in detail between the two diagnostics

Computation of E q u i l i b r i a The computation of FRC e q u i l i b r i a within the
*? RMHD model has proven to be surprisingly d i f f i c u l t In order to match the axial

variation of Jndl observed in FRX-C (Fig. 6), it is necessary to compute
equilibria with internal flux surfaces that are e l l i p t i c a l in shape and which
are distributed gradually in the axial direction This type of equilibrium

29appears to be the preferred output of a code using an entropy—like variable in
a l—D formulation of the equilibrium problem In this case specifying a smooth

f^i

entropy—like variable (as a function of flux) gives rise to a pressure gradient
rj r\

which is sharply peaked at the separatrix However, in a code in which the
pressure profile (as a function of flux) is specified smoothly, the preferred
output is more racetrack in shape The latter code can also find e l l i p t i c a l
equilibria if the pressure gradient is sufficiently peaked at the separatrix
It is not understood why the codes tend to generate different equilibria, and it
is not known why or even if such steep pressure gradients at the separatrix are
required to produce equilibria that match the experimental data.

IV Particle Confinement
Measured Inventory Decays RapidJv The rate at which particles diffuse out

of the closed-field line region of the FRC appears to be the dominant loss
process in the FRX—C experiment The loss rate is approximately ten times
faster than classical even when the pronounced density gradients associated with
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30the high-beta equilibrium of the FRC are taken into account The loss rate is
determined by measuring the total inventory of particles as a function of time
during the quiescent phase It is assumed that no significant source of
particles exists within the separatrix This assumption is supported by plasma
particle inventory measurements which account for ̂  80 % of the f i l l gas within

o c:the coil length during formation Further support is obtained from
3 1calculations that show that the deuterium influx level is small In addition,

any lonization of this influx occurs almost entirely on the open fi e l d lines
The plasma on these f i e l d lines is diverted toward the end of the vacuum vessel

Methods of Measurement Two complementary methods of interferometry have
been used to determine the particle inventory as a function of time In the
side-on method a 3 39-micron laser measures the line-integrated density along a
path perpendicular to the cylindrical axis Diamagnetism of the FRC is measured

27 32by means of a magnetic probe array along the coil ' The separatrix volume
determined by the probe array, and the density determined as a function of time
by the interferometer provide enough information to estimate the particle
inventory as a function of time given the high-beta equilibrium model for the
FRC

In the end-on method a holographic interferogram is formed during a 30 ns
interval at one time during each discharge A typical interferogram is shown in
Fig. 7 The fringe shift relative to the straight background fringe pattern is
a measure of the line-integrated electron density at each position in the
interferogram The area integral of the fringe shift thus yields the total
electron inventory in the field of view The density profile deduced from the
interferogram is found to be azimuthally symmetric. Except for corrections that

33are needed to account for the exhaust plasma, the holographic method provides
the most accurate measurement of electron inventory because it is insensitive to
axial dynamics, multiple field nulls, changing density profiles, sideways
shifts, and other effects which can cause errors in the side—on method

pConfinement Scales as R The measurements of T-^ obtained on FRX-C are
summarized in Fig 8 The confinement times are plotted vs R^/p where R is
the radius of the magnetic field->null (rs/V2) This scaling as discussed below
is suggested by theoretical models for particle confinement that use a
l ower-hybrid-drift (LHD) form of resistivity The holographic interferometer
determinations were done at 5 and 20 mtorr using the data shown in Fig 9

33After correction for the exhaust plasma, the confinement time at 20 mtorr was
>~t154 ± 25 ,u.s These data correspond to the points at R /p equal to about 90 cm

and 240 cm, respectively The FRX-B point was obtained with the side-on method
ousing data combined from several experimental runs The FRX-B experiments at

17 mtorr provided similar plasma parameters (density, temperature, magnetic
f i e l d , p10, and xs) as in the FRX-C 20 mtorr data The comparison of FRX-B at
17 mtorr and FRX-C at 20 mtorr provides strong evidence that confinement scales
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approximately as the square of radius in the present experimental regime An
increase in r^ from 39 to 154 /zs resulting from an increase in R by a factor of
two is characteristic of diffusive losses out of a toroidal configuration and
implies that gross magnetohydrodynairuc instabilities are not dominating the loss
process

Comparison with LHD models The variation of confinement for fixed size
onand xg is predicted by LHD models to be approximately a 1/p dependence The

data in Fig 8 support this prediction in that FRX-C data points obtained with
various operating parameters have similar plasma radii but different ion

ngyroradii, and the points tend to follow the R /p.Q scaling The intermediate
FRX—C points were obtained using 5 mtorr with reduced magnetic f i e l d , and the
side-on method of interferoraetry The 5-mtorr f u l l - f i e l d point (T\J = 67
± 25 jus), which corresponds to the largest ion gyroradius, was obtained with the
end-on holographic interferoroetry method (Fig 9) Insufficient data on the
exhaust plasma at 5 mtorr conditions was available to permit correction of this
point The side-on method gave a somewhat larger value (T^ » 100 /us) For both
methods the uncertainty in the analysis was increased for this condition because
the period of observation was limited by the relatively early onset of the n = 2
rotation

Additional confinement scaling data have been obtained in the modified
FRX-C/T35 and in the TRX experiment at Spectra Technology36 using the side-on
method In these experiments, the predictions of LHD seem to depart somewhat
from experimental trends, although the magnitude of the LHD prediction is
usually within a factor of 2 The temperature dependence in particular appears
to be more favorable as determined^ empirically than is given by the 1/p
dependence of LHD Thus additional experiments are needed to determine the
scaling of particle confinement with temperature

In summary, the LHD model provides a better estimate of particle
confinement in FRCs than any other theoretical model so far developed Attempts
to measure LHD turbulence by means such as collective light scattering are
presently in progress at Osaka University and the University of Washington
Some experimental data indicate scaling laws which differ from the predictions
of LHD Thus the understanding of particle confinement in FRCs is far from
complete and much more work is needed in this important area

V Quadrupole Stabilization
Experimental Demonstration It was reported by the FRC group at Osaka

1 fi 17University ' that the application of relatively weak quadrupole f i e l d s ,
applied during the quiescent phase after the FRC is formed, results in a grossly
stable FRC with no rotational n = 2 mode The group at Spectra Technology

1 Rreported a similar effect using octupole fields Data are reported here that
1 9show the stabilizing effect of quadrupoles on the FRX-C experiment
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FRX-C Data The quadrupole f i e l d waveform was similar to that of the main
f i e l d with a nsetime of 5 /u.s and a crowbarred decay time of 350 /us Its
magnitude was adjusted by varying the voltage on the quadrupole capacitors and
the lime at which the quadrupole current was crowbarred

In initial experiments, irreproducible FRC formation and stabilization was
associated with current induced in the quadrupole coils by the theta-pinch
current The quadrupole circuit was modified to reduce the induced current, and
thereafter reproducible FRCs could be formed and stabilized The stabilization
is illustrated (Fig 10) by end-viewing holographic interferograms The severe
n = 2 distortion was completely suppressed and the FRC shape assumed four-fold
symmetry when the quadrupole fields were applied However. the FRC showed a
tendency to shift when the quadrupole fields were applied Data from the
holographic interferograms indicated that the FRC tended to shift vertically
toward the collector plate feedslots by 21 ±19 cm, possibly because of
asymmetries in the quadrupole fields

The stabilization was insensitive to the time of quadrupole field
initiation over the range -2 ps to 40 /j.s relative to the main bank time The
threshold field required for stabilization was observed to be 15 -» 25% of the

37threshold predicted by the MHD model of Ishimura The time histories of the
main field, plasma separatrix radius, separatrix length, average density, and
pressure-balance temperature are shown in Fig 11 for 20 mtorr f i l l pressure
Without quadrupoles, the FRC stable period was about 100 /us With quadrupole
fields the plasma lifetime was extended to over 300 /j,s (comparable to the decay
time of the magnetic field) Similar stabilization results were obtained at 5
mtorr f i l l pressure, as shown in Fig 12 The decay times of the particle
inventory, energy, and internal flux were similar in both the stabilized and
unstabilized FRCs for each f i l l pressure case

The effect of quadrupole fields on plasma fluid rotation was studied by
observing the doppler shift of CV emission (227 1 run) The CV doppler shift was
observed using a six channel polychromator with channel spacing and resolution
of 0 01 nm which viewed the FRC through a chord tangent to the radius (7 cm) of
the field null In order to obtain adequate CV intensity, it was necessary to
reduce the magnetic field to 6 kG and to increase the carbon-to-deuterlum
concentration to 0 03 by adding methane to the f i l l gas The parameter a

* +4 *= —O/n , where f) i s C rotational frequency and f) is the deuterium diamagnetic
3frequency calculated using a rigid rotor model, are shown in Fig 13 for the

same discharges illustrated in Fig 12 In the absence of quadrupole fields, a
increased during the stable period but began to decrease when the n = 2 mode
neared its maximum deformation When the quadrupole fields were applied, a
fluctuated about zero throughout the FRC lifetime This result differs from
reports of a persistent rotating deformation in partially stabilized FRCs 16.J8

and the absence of variation in the measured CV doppler shift in another
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Helical Quadrupoles Following the demonstrations of multipole
stabilization of the n = 2 mode, an interesting experiment was reported from

38 39Nihon University ' The multipoles were twisted to form a helical structure
and the magnitude of current needed for stabilization was found to be reduced
It has also been noted that whereas straight quadrupoles tend to destroy flux
surfaces as the external fields penetrate the FRC structure, helical quadrupoles
have the potential of providing nested flux surfaces even on a long time scale
where the f i e l d s penetrate into the (possibly) spinning FRC field structure
An experiment planned for FRX-C/T w i l l investigate the use of stabilizing
h e l i c a l quadrupole f i e l d s in the translation chamber where the plasma is trapped
in dc fie1ds

Theory The rotational instability in the presence of multipole fields has
been studied with a 2-D hybrid code41 and by means of the MHD model 37>42 Both>
models predict a threshold for stab i l i t y of the n = 2 mode as the quadrupole
fi e l d strength is increased It is d i f f i c u l t to compare the two calculations
because the models upon which they are based are quite different, but when their
results are applied to specific experiments, the hybrid code threshold is
smaller than the MHD threshold by about a factor of two The MHD threshold is
computed assuming that the plasma is circular and that the n = 4 modulation of

37the quadrupole magnetic pressure can be neglected Both of these assumptions
are unrealistic Relaxing the second one, while retaining the first one, gives

37the result that there is no stabilization threshold for the quadrupole case
3V(The threshold is unchanged for hexapoles, octupoles, etc ) When the first

assumption is relaxed, it can be shown that the ideal MHD equilibrium is
cusp-shaped, in rough agreement with experiments and with the hybrid
simulation S t a b i l i t y is much harder to analyze for the cusp-shaped
equilibrium, but simple estimates indicate that s t a b i l i t y is obtained and that
the threshold might even be lower than the one predicted in Ref 37 using a
circular plasma and no n = 4 variation in the quadrupole magnetic pressure
This might bring the MHD calculation and the hybrid simulation into agreement
It should be noted, however, that the experiments consistently show thresholds
that are factors of two or more below the hybrid simulation threshold

VI Energy Confinement
Zero-Dimensional Models As the fi r s t step in investigating the

characteristics of energy confinement in FRCs, the plasma can be treated as an
elongated equilibrium with separate electrons and ion temperatures but with no

o o c.radial variations (as observed experimentally ) Compressional work in such
models is estimated using formulas like those of Sec V I I I , and other processes
such as thermal conduction, radiation, and ohmic heating are treated as
perturbations on the adiabatic assumption 4^~4^ More realistic models are under
development, but at the present time, our understanding of energy
confinement in FRCs is based on the zero-dimensional approach
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FRX-C Re su 1 t s The time histories of a number of experimentally measured
quantities for the standard 20-mtorr conditions are shown in Fig 14 Similar
quantities for the 5-mtorr conditions are shown in Fig 15 Table IV li s t s
definitions of the various quantities, and how they are measured experimentally
Also shown on these figures are dashed lines representing the results of
zero—dimensional modeling in which the values of various confinement times are
determined by specific transport models described in Ref 43 An example of

25electron temperature measured as a function of radius with Thomson scattering
is shown in Fig 16 Each point was obtained on a separate discharge Also
shown in Fig 16 is the result of a one—dimensional energy transport calculation
including LHD and microtearing transport In addition to these data,

35 50 51calorimeter measurements of radiated power ' ' were made on full f i e l d 5
mtorr translated FRCs but without measurements of the electron temperature The
calorimeter measurements indicated that the radiated power fraction was about
10% of the total power loss from the plasma, which was about 200 MW

Discussl on Based on these results and the arguments presented in the
references cited, the following points have been deduced with regard to energy
confinement

• The nT„ product for 20 mtorr is 4xlOU cm~3s at T = 100 eV and the m>E in —? ' kproduct for 5 mTorr is 7x10 cm s at T = 600 eV

• The major loss of energy is by means of particle transport

• The second most important channel appears to be anomalous electron thermal
conduction

• Impurities do not appear to radiate enough energy to influence the overall
power balance

The global energy confinement time T„, the fraction of losses that are due
to particle transport, and the relative magnitude of electron thermal conduction
are inferences that depend to some extent upon the assumptions of the
zero—dimensional model The interpretation of radiated power is only weakly
dependent on model assumptions, but the measurements are available for
relatively few operating conditions and were not done simultaneously with
Thomson scattering In general, our understanding with regard to energy
confinement of FRCs is less developed than our understanding of particle
confinement, and again it must be emphasized that a great deal more work is
needed on the subject

VII Flux Loss
Unknown Mechanism For FRCs in equilibrium, loss of internal poloidal flux

is thought to occur by resist-ive annihilation at a single field null The
characteristic flux loss time scale rr is d i f f i c u l t to measure experimentally
because the flux depends on the magnetic field profile within the separatrix
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f\ COTherefore, r is commonly inferred ' from FRC equilibrium models that link <f

to external measurements of r and B The values of r obtained in mosts <f
experiments correspond to values of resistivity at the f i e l d null, T)(R), that
exceed Spitzer transverse resistivity by factors of 3 •* 10, assuming a rigid
rotor profile It is unlikely that these anomalies can be explained by
impurities ' ' ' Futhermore, present models for LHD resistivity predict a
neg l i g i b l e contribution to Tj(R) Thus the physics of flux loss is unknown at
the present time

Empir ica1 Seal me Recently, empirical scaling laws for r have been
obtained from FRX-C/T53 and also from TRX-1 36 These scaling laws and the
classical scaling based on Spitzer resistivity are given in Table V Note that
the classical flux loss depends on T , whereas the empirical seal ings use the
pressure balance temperature T + Tg which weakens the comparison of the
classical and empirical scalings The most significant departures from
classical scaling were the weak scaling with temperature and the inverse scaling
with length

Further evidence of non-classical r scaling was obtained from comparison
of 5 and 20 mtorr f i l l pressure cases in FRX-C where Thomson scattering
determination of Tg was available This data comparison again indicated a flux
loss scaling with temperature (r œ Tg ~ ) which was weaker than the
classical scaling It was also noted in FRX—C that departures from the optimum
formation conditions (PI timing and PI and bias f i e l d amplitudes) resulted in
decreases in r by factors of 1/2 to 1/3

VI]I Adiabatic Compression
Theory The response of a high-beta FRC equilibrium to changes in the

external magnetic fi e l d can be determined approximately by analytic formulas
7based on the MHD model for elongated equilibria The change in field can occur

as a result of either changing the flux in a coil of fixed dimension (flux
compression), or as a result of changing the radius of the coil (rw) with a
fixed amount of flux (wall compression) In the case of flux compression the
value of xg can be taken as the independent variable For wall compression, the
plasma response is independent of the pressure p r o f i l e , but for flux compression
the response of the plasma is dependent to some extent on the pressure profile
The results of the theory for adiatyatic compression are summarized in Table VI,
where a parameter e (defined in Ref 7) is introduced to represent the
variations possible resulting from various diffuse profiles The value of c
varies from —1 , for the extreme p r o f i l e representing the minimum possible flux,
to zero for the other extreme representing the maximum possible flux Typically
in present experiments, the value of e that corresponds to the observed profiles
is about -1/4 As discussed in Sec IX, these formulas have been found to
predict reasonably well the FRC expansion during translation, which results from
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a change in both wall radius and external flux The formulas have also been
used to predict plasma heating in the proposed FRX-D device described in Sec X

Experiment The magnetic f i e l d in FRX-C is limited by the size of the
available capacitor bank Therefore, it was not possible to test the
predictions of adiabatic compression over a significant range of magnetic f i e l d
values However, in the case of full-field 5 mtorr operation, the FRC length
tended to be significantly shorter than the coil length, and so it was possible
to investigate the adiabatic {flux compression) response of the plasma over a
limited range of field values by reducing the final magnetic field The minimum
possible f i e l d was determined by the value that resulted in an FRC which
expanded beyond the ends of the 2 m coil In Fig 17 the results of adiabatic
decompression are plotted as a function of final f i e l d strength The formation
conditions of pre i oni zat i on, bank voltage, and bias f i e l d were held constant,
while the final f i e l d was adjusted by disconnecting part of the capacitor bank
The adiabatic formulas for the two extreme profiles are also plotted with the
experimental data points, and the theory is seen to be in reasonable agreement
with the experiment

IX Translation
Description of Experiment In the summer of 1983, the FRX—C experiment was

modified to permit study of the translation process ' ' Other translation
experiments have also been reported ^i-39'50'5 As shown in Fig 18, the
theta—pinch coil was modified to provide a small gradient in the magnetic f i e l d
The coil was effectively a conical theta pinch with a cone angle of 1 4 degrees
After the FRC was formed it moved under the influence of a net axial force,
which translated the FRC into an adjacent flux conserver and dc solenoid

Dynamics of Translation Plotted in Fig 19 is the time evolution of the
excluded flux radius profile r. (z) The FRC was formed within 10 /j,s after
initiation of the main theta-pinch capacitor bank Because of inertia, it took

t
approximately another 20 ,us for the plasma to be ejected out of the source The
plasma entered the translation region with negligible flux and particle losses
and propagated 6 m at maximum speed v = 17 cm//us before it reflected from the
downstream mirror The speed of the FRC was observed to be less (v = 12 cm//u.s}
following reflection The lost transi ational kinetic energy was observed to be
rethermalized into the plasma when the mirror ratio was strongest (R,, = 5 3 ) but
could not be accounted for when the mirror ratio was weaker Particle, thermal
energy, and flux losses appeared to be unaffected by the reflection The FRC
translated back towards the source and underwent another reflection from the
mirror formed by the crowbarred theta-pinch coil The plasma eventually settled
down near the center of the translation region and it ultimately decayed away
after 200 /its The onset of the n = 2 rotational mode occurred later and the
mode grew more slowly during these translation experiments

33



An important independent variable of the experiment was the strength of the
vacuum dc guide f i e l d B in the translation region By reducing the guide field
the plasma was observed to expand, cool, and accelerate. Plotted in Fig 20 are
the maximum plasma density n^ and pressure balance temperature, T = T + T ,
observed during the first transit through the translation region These data
are normalized to their respective values in the source and they are plotted
against the ratio of the magnitude of the external confining f i e l d ,
BW = BQ/O-XS) These data are compared with the predictions of the adiabatic

*y

theory (dashed lines) The experimental seal ings of n and T wi th B werew
similar to that of theory, however, the plasma cooled somewhat less in the

*57experiment For an elongated equilibrium one can show that the total magnetic
and plasma energy in a flux conserving region is

Etotal = t N"Vl + f ̂ BT + EBV - (2)

where N is the particle inventory inside the FRC separatrix volume and Eßv is
the total magnetic energy in the region in the absence of plasma Assuming that
Egy is constant in each region and ignoring losses, it follows that the
translation speed for an FRC i n i t i a l l y at rest can be expressed by the
re 1 ationship

5kBAT 1/2
v, = [-JL-1 (3)

where AT is the change in the plasma temperature resulting from adiabatic
expansion

As seen from the v data in Fig 21, FRCs moved faster when translated into
Z

weaker guide fields The expected values of vz given from Eq (3) and adiabatic
theory are shown by the dashed curve Reasonably good agreement between theory
and experiment was obtained for larger BQ, however, at smaller B , v appeared
limited to approximately the ion thermal speed and it was about 25% smaller than
that predicted.

Numerical Modeling FRC translation in FRX-C/T has been numerically
modeled using a 2-D MHD code The simulation shown in Fig 22 has been
computed for 5 mtorr puff, BQ = 2 5 kG, and mirror ratio R^ = 2 5 conditions
Axial asymmetries in magnetic reconnection during formation result in a brief
acceleration towards the upstream The FRC is eventually accelerated downstream
to peak speeds, v = 19 CTH//J.S , over a time scale comparable to that observed
experimentally At the time of the reflection the plasma density is strongly
peaked et the downstream end to values 2 to 3 times larger than the average
density Following the reflection the code predicts a speed v = 14 cm/Vs,
which is similar to the experimental observation that upon reflection the
translation speed is reduced by about 30%

34



Toroidal Field Internal magnetic probing measurements of translating FRCs
qc CQ gnrevealed the presence of a toroidal field component ' J •uw The B^ component

showed a non-reproducible fluctuating structure with peak amplitude of 1/3 -» 1/2
of the external f i e l d and a volume-averaged rms value of (0 16 ± 0 08)BW This
range represented toroidal field energy which was 1 •» 7 % of the plasma energy
and 3 -* 30 % of the internal poloidal field energy The net toroidal flux was
typically four times the poloidal flux of the FRC (this magnitude in part
represents a geometrical effect of the elongated FRC) The sense of the
toroidal flux was almost always left-handed with respect to the direction of
translation out of the theta pinch c o i l , suggesting a connection with the
translation process

FRC equilibria have been computed with comparable magnitude of B^ as that
observed experimentally These equilibria show a minor reduction in <ß> but
almost no change in the equilibrium structure (axial distribution of flux
surfaces) However, it seems unlikely that the observed B« was an equilibrium
quantity in view of its fluctuating character

Conclusions During the process of translation, FRCs appeared to maintain
a relatively robust structure which efficiently moved particles, flux, and
energy from one coil to another These are encouraging results for the proposed
FRX—D experiment as well as for eventual reactor applications
X Formation

Field-Reversed Theta Pinch The sequence of stages that occur during
3formation of an FRC have been described elsewhere Useful analytic models and

numerical methods have been developed to describe the process
O O C Q C 1quantitatively ' Despite the research carried out in the area of

formation and relatively good success in the laboratory at forming FRC
configurations, the experimental approach s t i l l tends to be an empirical process
of t r i a l and error with strong dependences on the details of preionization in
ways that have yet to be clarified

The pulsed high-voltage power needed to extrapolate the theta pinch to a
fusion reactor has generally been regarded as a drawback for the FRC concept

f\ ̂Alternatively, the rotating magnetic f i e l d method of FRC formation and the
CO f* Aslow coaxial theta pinch ' have potential for development as methods that

require lower voltages These are issues that w i l l be resolved by further
research Regardless of the reactor relevance of the field—reversed theta
pinch, this formation method is a proven and effective means for producing FRCs
in the laboratory for the purpose of experimental investigations

Experimental limitations to trapped flux An important aspect of the
field-reversed theta pinch formation process is the trapping of poloidal flux
Increased flux increases the value of x„ in a given experiment, and theS
reduction of average beta associated with larger x is expected to improveS

OQparticle confinement as a result of reduced density gradients Futhermore, the
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limitation that results from flux loss i t s e l f is also of concern as discussed in
Sec Vll Experimental methods to maintain the poloidal flux after the FRC is
formed in a theta pinch (neutral beams and rotating magnetic fields or other
forms of rf current drive) have been considered but have not yet been
implemented experimentally Thus, the lifetime determined by flux loss in
pulsed theta-pinch experiments at this time is primarily determined by the
amount of flux that can be trapped in the formation process

In FRX-C the formation process has received relatively l i t t l e attention
until recently when a series of experiments was initiated to investigate
z-discharge preionizati on This work is not yet complete, but indications so
far are that the limitation of trapping flux in FRX-C is not directly related to
preiomzat ion details The problem is rather related to the strength of axial
contraction, which increases in intensity as the amount of trapped flux
increases Above a certain level in trapped flux the axial contraction becomes
so strong that the FRC fails to remain intact during the peak of the axial
contract ion

Green-Newton Flux It is readily seen in the analysis of the dynamic formation
process that a characteristic flux, often termed the Green—Newton flux, is
defined by the initial experimental parameters

*'(kG-cm2) = 7 l[E^(kV/cm)]1/2[po(mtorr)]1/4[rt]2 (4)

where E^ is the electric f i e l d i n i t i a l l y applied to the theta-pinch c o i l , p is
the initial f i l l pressure, and r^ is the discharge tube radius In Fig 23 the
poloidal flux trapped in various experiments is compared to this characteristic
flux It is readily seen that the trapped flux tends to increase with increases
in the characteristic flux and indeed this tendency can be seen in all models of
formation The solid line depicts a linear dependence The points labeled LSM
(a proposed upgrade to FRX-C) and FRX-D are predicted using the Steinhauer

R imodel assuming that the strength of axial contraction, as monitored by the
minimum elongation, is held fixed These data also show that the balloon or

fi *? f\ flprogrammed-formation method ' results in increased trapped flux in devices of
relatively small size and thus small characteristic flux A critical issue to
be resolved by future experiments and theoretical studies is how the trapped
flux scales with increased size, and whether or not the scaling is dependent on
the use of programmed formation, particular methods of preionization, or other
details of the formation method

X! Future Plans - FRX-D
Critical Issues Based on the results obtained on FRX-C as well as other

FRC experiments around the world, a number of well defined issues have emerged
for future investigations The most critical of these are the following
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• Particle Confinement

. Stability

• Flux losses

• Electron thermal conduction

The goal of experimental work should be to address these issues in a regime of
plasma parameters that resembles the reactor regime to as great an extent as

& ftpossible An important parameter that has recently been identified is s, the
effective number of ion gyroradii between the fi e l d null and the separatrix

The i Parameter In the FRC, as in any magnetic confinement configuration,
a useful characteristic is the number of ion gyroradii- that exist between the
peak of the plasma pressure profile and the outer boundary of the confined
plasma In most toroidal configurations the minor radius is an obvious
dimension and the characteristic gyroradius is easily defined In the FRC the
characteristic dimensions and gyroradius are influenced by the high-beta nature
of the equilibrium Near the field null the gyroradius approaches infinity, and
the eff e c t i v e number of gyroradii depends in detail upon the internal
distribution of magnetic field between the field null and the separatrix When

R Qthese high-beta effects are taken into account, one finds that an appropriate
estimate of the effective number of gyroradii is given by the formula

sr~ r dr (5)

where PI is evaluated at the local magnetic field within the FRC In1 those
cases where the ion temperature can be approximated as uniform in radius, the
value of s can equally well be expressed

,
Bw

(6)

where <f is the poloidal flux In other words, the integral that allows
estimation of the number of gyroradii is just the flux integral As mentioned
earlier, the flux can be shown to be bounded by limits for the elongated type of
equilibria that characterize present experiments These limits give the
following range of s values in terms of easily measured quantities

2

(£ = °) (8)

To obtain a better estimate within these limits, one must determine the internal
distribution of B(r) by measurements or by theoretical models such as
one-dimensional transport calculations Notice that the high-beta magnetic
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structure in an FRC has the consequence of reducing the effective number of ion
orbits by one order of magnitude compared with the ratio of characteristic size
to gyroradius (R/P10)

Although the parameter s is rather d i f f i c u l t to determine experimentally,
it is emerging as an extremely important characteristic which can be used to
distinguish between qualitatively different regimes of FRC phenomena Present

„ cexperiments have values of s which are less than two, whereas transport models
predict that adequate confinement to meet the Lawson condition will require s of

o n c n _ ^ Qabout 30. ' The improvement in particle confinement as s increases is seen
69explicitly in an analytical transport model based on LHD resistivity In

Fig 24 the prediction of particle confinement time r-^ based on Ref 69 is
plotted vs s for parameters that would be representative of the next generation
of experiments It is apparent that with ¥ in the range of 6 to 7, the particle
confinement time would approach one millisecond

internal T i 1 1 ing The prediction of a fast—growing internal t i l t mode
(n = 1 ballooning mode) seems to be unavoidable within the context of the MHD
model The conjecture for many years that the stabilization might be due to
strong kinetic effects associated with the ion motion in the high—beta FRC has

72been substantiated by recent theoretical results In calculations that use the
Vlasov model for ions and cold, massless electrons, it is found that the
dominant s t a b i l i z i n g effect comes from the superthermal portion of the
Maxwellian distribution At small s these high energy particles have orbits
large enough to sample the open magnetic f i e l d lines whose average curvature is
good for stability As s increases the e f f e c t diminishes Thus the growth rate
from the kinetic calculation normalized to the MHD growth rate (Fig 25)
increases with s The growth rate in the present regime of s (s < 2) is
suppressed by more than an order of magnitude from the MHD value It would
appear from this theory that the mode has not been seen experimentally because
the mode is only weakly unstable for small ? In any case the assumptions that
go into the s t a b i l i t y analysis are no longer valid when the growth time of the
instability becomes comparable to transport time scales Collisions and plasma
rotation are neglected, the electron temperature is zero, and the eigenfune 11 on
for the unstable mode needs to be determined more accurately Only one
equilbrium has been examined, and it differs is some respects with the
equilibrium determined experimentally Finally, the s t a b i l i t y theory is only
linear, and the nonlinear consequences of the instability w i l l have to be
determined either from experiment or 3-D particle simulation (no suitable code
exists at this time)

FRX-D Faci 1 1 tv A new experiment has been proposed recently by Los
73Alamos to address the critical issues of confinement and s t a b i l i t y in the new

regime of increased s To investigate flux loss and thermal conduction at
increased temperatures, the FRX—D f a c i l i t y also includes significant plasma
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heating by adiabatic compression The proposed experiment, shown in Fig 26,
accomplishes the formation, heating, and final trapping of the FRC in three
independent coils Formation is done in a large diameter (1 3 m) high-voltage
coil with four feed plates arranged similarly to FRX-C The purpose of the high
voltage is to ensure trapping adequate flux The energy of the high-voltage
capacitor bank (about 1 MJ) and the magnetic field in the formation region
(about 4 kG) are kept small, because after formation the plasma is translated
into the compression coil where the FRC is then heated by adiabatic compression
using a lower—voltage capacitor bank (ignitron-swi tched 10-kV capacitors) The
process of translation improves thß efficiency of adiabatic compression, because
the bias f i e l d and dimensions of the compression coil are chosen so that the FRC
nearly f i l l s the entire coil before compression After compression the FRC is
translated a second time into the third c o i l , which consists of a dc solenoid
with a metal vacuum chamber The dc fields in the third chamber, which is
actually the existing FRX-C/T translation vessel, eliminate the need for an
expensive and complicated power crowbar system in the compression coil Such a
system would be required for the plasma lifetimes expected in the compressor
The second translation into the third coil also permits adjustment of the final
value of the xg, which allows some increase of the value of i Parameters
projected for the FRX-D device are listed in Table VII

Cone lusion The results of research on FRX—C along with the substantial
progress on FRCs from elsewhere around the world have clearly defined the issues
that need to be addressed in a new generation of experiments The research to
date has been carried out in relatively small devices that are far from the
regime of relevance to a fusion reactor Although the uncertainties are
numerous, as one would expect given the limited resources that have so far been
devoted to FRC research, the prospects for a qualitatively different and
improved type of fusion reactor give strong motivation for constructing new
fa c i l i t i e s capable of addressing the various critical issues
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TABLE I Representative FRX-B Parameters
17 mtorr

Machine
Coj1 radius
Magnetic fi e l d
Electric f i e l d
Coil length
F i 1 1 pressure
Bias f i e l d POB,

12 5 cm
6.5 kG
0 41 kV/cm
1.0m
17 mtorr
2 2 KG

P)asma
Separatrix radius
xsIon temperature
Electron temperature
Density
Stable period
Particle loss time

Tobs

5 cm
0.4 - 0.
200 eV
110 eV

1 C3
30
39

_o

TABLE 1 I FRX-C Device Parameters

Coi1 geometry
Central coil Radius ( 1 6 m long)
Mirror Region Radius (02m each end)
Magnetic mirror ratio
Coil length
Discharge tube ID

Magne t i c F i e l d f
Main F i e l d (vacuum, no b i a s )
R i s e t ime ( f /4)
Decay time (L/R in vacuum)
Electric fi e l d , E^
Bias fi e l d (adjustable)

0.25 m
0.22 m
l 17
2 0 m
0.40 m

10.5 kG
4.5 us
300 ßs
0 41 kV/cm
0 - 4 kG

Energy storage
Main bank (140 2 . 8-̂ f
Bias bank (10.2 mF)

caps) 397 kJ 45 kV
326 kJ 8 kV
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TABLE III Represen ta t ive FRX-C Plasma Parameters

20 mtor r

M a g n e t i c f i e l d ( k G )
Bias f i e l d ( k G )
S e p a r a t r i x r a d i u s ( c m )
*sSeparatrix length(cm)
Ion temperature(eV)
Electron temperature(eV)
Density(l015 cm"3)
Stable penod(/xs)
Particle loss timers)
Energy loss time(^s)
Flux loss time(/is)

BWBl
rs
xs
i
T
T
n
Tobs
TN
TE
T

8
0 7
9
0 36
130
625
175
1 9xl015
30 •» 70
67 + 25
35
250

7
1 6
10
0 40
150
150
100
5xl015
55 •» 110
154+25
80
180

TABLE IV Quantities used in O-D Model

T

T,

De fi n 111 on

External f i e l d
Tg + TI

Electron temperatures

Ion temperature

Volume

/ndJl/2rs

Separatrix radius

Electrons contained in

separatrix

Method of Measurement

Magnetic probes

Pressure balance

Thomson scattering

Pressure balance

Magnetic probes

Side on interferometer.

rg from magnetic probes

Magnetic probes

Two methods - see text

TABLE V Flux Confinement Scaling r ~

Class)cal 0

FRX-C/T -1±0 6

TRX-l'

Z 0±0 6

8 0

0 2 + 0 4

0 3

1.5 (Te)

0 2+0 3 (T1 + Te)

-0 1

each exponent is the average of those of good and bad PI data
+ T
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TABLE VI Adiabatic compression laws

Plasma quarititx Adiabatic scaling

„2(3-E-7)/7 /i_xs U 2/5

-2(3-0(7-5 ) -8/5

-2(3-e)/7

!n thèse 1aws 7 = 5/3

TABLE Vil FRX-D Parameters

r(cm)

nM(1015 cm~3)

Te = T, (eV)

B <kG)

s (LHD)

Ep (kJ)

Coil Voltage (kV)

F i l l (mtorr)

Bias Field (kG)

Formalion

64

4) 55

2 6

1 0

188

4 0

4 2

80

200

5 5

1

Compressi on

37

0 8->0 52

5 7^1 9

0 8-4 7

150-»521

3 2-14 1

5 6-»4 6

64-221

10

Conf inement

17 5

0 8

4 2

5 0

500

14 1

6 5

212

de
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SEPARATRIX THETA-PINCH COIL

40 cm ID QUARTZ
DISCHARGE TUBE

.CLOSED POLOIDAL
MAGNETIC FIELD LINE

OPEN MAGNETIC
FIELD LINE

Fig 1 Field reversed configuration geometry in a theta pinch c o i l ,
showing the closed f i e l d lines of the FRC within the separatnx radius r .
the open f i e l d line region outside the .separatrix. the quartz vacuum
vessel, and the coil with its passive mirrors

O

Lu
ü_

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

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

T I M E ( y s )

Fig 2 Comparison of the external B f i e l d measured in FRX-A and FRX-B
between the quartz tube and the coil at the axial midplane Traces are
shown for both vacuum and a static 5 mtorr D~ f i l l pressure
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CABLES FROM
CAPACITOR 8ANKS FHX-C

FEEWLATE
FKX-CFIASUA

CO«.FORUATOM I

Fig 3 Schematic of the FRX-C f i e l d reversed theta pinch

Fig 4 Photograph of the FRX-C/T confinement region showing dc coils and a
portion of the theta pinch coll

d/r.

Fig 5 Radial Jndl profile at z=0 for 20 ratorr The solid circles are
experimental data The curves correspond to (a) parabolic, (b) uniform,
and (c) modeled FRC density profiles.
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Fig 6 Axial profiles of Jndl and r. at 20 mtorr, in the middle of the
equilibrium phase The open and solid circles are experimental date for
r. /r. (0) and /ndl//ndl(0) , respectively The dashed curves are
e l l i p t i c a l and racetrack contours

40 cm DIA.
QUARTZ TUt'E

Fig 7 End-on interferogram of an FRC formed with 20 mtorr f i l l pressure
shown within the quartz vacuum vessel and theta pinch coil

300

200
in
st,

100
FRX-B

80 120 240 320

R2//D|o(cm)

Fig 8 Scaling of particle confinement time T with R2/p '10' °Penfrom end-on holography, triangles from side—on' jnterferometry and r
p r o f i l e , and solid circles from Tuszewsk:-Linford
model

lower
The solid line is an empirical fit to the data

circles
axial

hybrid transport
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50 60

Fig 9 T i m e e v o l u t i o n of the to ta l e lec t ron inventory measured w i t h the
ho lograph ic in te r fe romete r for (a) 20 mtorr and (b) 5 mtorr The l ines
i n d i c a t e the besl f i t to the exponential decay

WITHOUT QUADRUPOLE
FIELDS

WITH QUADRUPOLE
FIELDS

t = 110 MS

Fig 10 End-on holographic interferograms of the FRC at two times showing
the stabilizing effect of the quadrupole fields.

50



WITHOUT QUADRUPOLES WITH QUADRUPOLES
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Fig 11 T ime e v o l u t i o n o! the magne t i c f i e l d , s e p a r a t r i x rad ius and l e n g t h ,
average d e n s i t y , and pressure-balance tempera ture , w i t h and w i t h o u t
quadrupole 11e1ds , fo r the 20 mtor r f i l l pressure case.

o
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Fig 12 Time e v o l u t i o n of the magnet ic f i e l d , s epa ra t r ix r ad ius and l e n g t h ,
average d e n s i t y , and pressure-balance t empera tu re , w i t h and w i t h o u t
quadrupole f i e l d s , fo r the 5 jntorr f i l l pressure case.
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Fig 13 Time e v o l u t i o n of the 1 j n e — i n t e g r a t e d dens i ty and r o t a t i o n a l
parameter a w i t h and wi thou t quadrupole f i e l d s The arrows i n d i c a t e the
t i m e a t which the quadrupole f i e l d s were a p p l i e d
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Fig 14 Time evolution of the magnetic field, separatrix radius and volume,
average density, pressure-balance temperature, electron temperature from
Thomson scattering, neutron emission, and electron inventory from side-on
and end-on interferometry for the 5 mtorr ( i l l pressure case, together with
the zero dimensional modeling (dashed lines) of the data
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Fig 15 Time evolution of the magnetic f i e l d , separatrix volume and radius,
pressure-balance and Thomson scattering temperatures, average density, and
electron inventory for the 20 mtorr f i l l pressure case, together with zero
dimensional modeling (dashed lines) of the data

250

Fig 16 Radial profile of electron temperature measured by Thomson
scattering, together with the prediction of a one dimensional energy
transport model
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Fig 17 Variation of xs. separatrix length, and pressure-balance and
electron temperatures with magnetic f i e l d , together with the predictions of
adiabatic theory for the high (dashed line) and low (solid line) flux
profiles
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Fig IB Schematic of the FKX-C/T translation experiment
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Fig. 19 Axial profile of the FRC separatnx radius at various times.
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Fig. 20 Ratio of final - to - ini t i a l maximum density (a) and
pressure-balance temperature (b) as a function of magnetic field ratio.
The dashed lines are the predictions from adiabatic theory.
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Fig 21 Variation of the axial velocity of the translating plasma with the
dc guide f i e l d in the translation vessels

Fig 22 Calculated poloidal flux surfaces from a 3-D MHD code used to model
the FRX—C/T translation experiment. The time in microseconds is shown at
the upper right corner of each frame
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Fig 23 V a r i a t i o n of trapped f l u x w i t h Green-Newton f l u x for va r ious FRC
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Fig 24 Variation of particle confinement time with s, predicted from the
Hoffman-Mi1roy model based on lower hybrid drift transport
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Fig 25 Variation of the growth rate for the internal tilt mode predicted
by kinetic theory, normalized by the MHD rate, with s The dashed line is
the approximate threshold for the mode to be observable during the FRC
l l l etime in FRX-C
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Fig 26 Coil system for the proposed FRX-D experiment
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FIELD-REVERSED-CONFIGURATIONS (FRC) RESEARCH AT
SPECTRA TECHNOLOGY INC.

A.L. HUFFMAN, R.D. MILROY, J.T. SLOUGH, L.C. STEINHAUER
Spectra Technology Inc.,
Bellevue, Washington,
United States of America

Abstract

This paper presents an overview of the research p e r f o r m e d at
Spectra Technology Inc. on f ield-reversed c o n f i g u r a t i o n p lasmas . The
exper iments have been conducted on a device (TRX) which is 20 cm in
diameter ( t u b e I . D . ) and 1 m long (pr imary theta pinch coil l eng th) .
TRX has been operated as a f as t (45 kV) single tu rn theta p inch wi th
a peak magnet ic f i e l d of 8 kG ( T R X - 1 ) , and as a ' s l o w f o r m a t i o n '
machine wi th 10 yusec rice time and a peak f i e l d of 13 kG (TRX-2) .
The end magnet ic f i e l d s t ruc ture is cont ro l led by a combinat ion of
p l u g coils and tr igger coils located 20 cm f rom the ends of the
pr imary coil .

Reproduc ib le and symmetric format ion of the p lasma has been
achieved by dr iving the plug coil f i e l d s in the oppos i t e d i r e c t i o n
of the bias f i e l d , and f i r i n g the t r igger coils be fo re the pr imary
coil . Following the in i t ia l f i e ld reversal stage, the p lasma ' l i f t s -
o f f ' f rom the tube w a l l . The internal f l u x remain ing a t that time is
an important quan t i ty for de termining subsequen t p lasma dynamics and
heating. Heat ing occurs due to both d iss ipa t ive f l u x loss and k ine t i c
energy imparted by the axial contract ion. Measu remen t s of f l u x
t r app ing , f l u x r e ten t ion , and plasma heating have been per formed on
TRX and are compared w i th ana ly t i c and numer ica l c a l c u l a t i o n s .

L i f e t i m e scal ing of FRCs is poorly unders tood due to the smal l
number of i n t e rna l gyroradi i between the f i e l d nu l l and sepa ra t r ix
for present genera t ion p la smas . Work on TRX has shown that the
p a r t i c l e l i f e t i m e scal ing does not have the strong adverse t empera tu re
and length dependence imp l i ed by thin layer lower hybr id d r i f t m o d e l s .
TRX data span the range of S=l to S=2 where S is the n o r m a l i z e d f l u x
layer th ickness . Measurements are needed at la rger S to de t e rmine the
l i f e t i m e sca l ing fo r more reactor- l ike cond i t ions .

I. INTRODUCTION

Field-reversed-configurations (FRC) have been studied at
Spectra Technology Inc. (STI) (formerly Mathematical Sciences
Northwest, Inc . ) since 1981, when STI's f irst field-reversed-
theta-pinch (FRTP) , TRX-1 (triggered reconnection experiment)
was constructed. TRX is a 20-cm diameter (plasma tube ID) by
1-m long (primary theta pinch coil length) FRTP. It has a
controllable end magnetic field structure consisting of quasi-
steady multi-turn "plug" coils located approximately 20 cm
f r o m the ends of the primary coil, and fast single-turn
"trigger" coils located between the primary coil and the
plugs. This magnetic field structure is used to influence the
formation process in a manner f irst described by Kurtmullaev
[1J.
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TRX was first run as a fast (45 kV) single turn theta
pinch (TRX-1) with final magnetic fields of about 8 kG and
typical gas fill pressures of 10-20 mTorr deuterium. It was
later converted into a multiturn theta pinch (TRX-2) with
about a 10 /isec rise time in order to test "slow formation"
techniques. TRX-2 could reach magnetic fields of 13 kG.
Through proper programming of the end magnetic field
structure, and thus controlling the formation proceedure, it
was possible to operate TRX at much higher reverse bias fields
than normal FRTPs. It was found that formation of a wall
sheath during field reversal made it possible to retain a high
fraction of this flux through the wall contact phase, even for
slow magnetic field risetimes. This retained flux provided
plasma heating well in excess of that due to more standard
radial shock heating, especially for TRX-2 where the radial
shock heating was weak. In the following sections we discuss
the controlled formation techniques, flux trapping and flux
related heating and, finally, lifetime scaling information
that could be obtained through the ability to vary the
retained flux over large values in a constant sized device.

II. FORMATION TECHNIQUES

The basic stages of formation in a standard field-
reversed-theta-pinch are sketched on Fig. 1. The gas fill is
preionized in the presence of a reverse bias field and the
external field is then quickly reversed. Reconnection is
forced at the ends of the resultant anti-parallel field
structure by end mirrors, and an axial contraction brings the
plasma into its final equilibrium shape.

PREIONIZATION
(0)

FIELD REVERSAL
(1)

RADIAL
COMPRESSION
& FIELD LINE
CONNECTION

(2)

AXIAL
CONTRACTION

(3)
-SEPARATRIX

EQUILIBRIUM
(4)

Figure 1. Stages of FRC formation in a Field-
Reversed Theta-Pinch.

The process sketched on Fig. 1 relies on a tearing
reconnection which is irreproducible and can lead to both
azimuthal and axial asymmetries. These asymmetries generally
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result in unsuccessful FRC formation at high bias field
levels. Some improvements can be made by "triggering" the
reconnect ion through use of the fast trigger coils, but the
formation process still tends to be irreproducible. Much
better results are obtained by driving the plug coil fields in
the opposite direction to the bias field, so that a separatrix
is prepositioned at the ends of the primary coil. Upon
reversing the main coil "reconnection" occurs in vacuum and
the tearing process is eliminated. This type of formation was
first utilized by Kurtmullaev [2] and has been termed
"programmed" formation. We have found it to be most
successful when the trigger coils are actually fired before
the primary coil. Programmed formation with early triggering
is illustrated by the two-dimensional calculations shown on
Fig. 2, which were made using the MOQUI [3]
magnetohydrodynamic numerical code.
At high bias field levels a very strong axial implosion is
produced, resulting in instantaneous length-to-diameter ratios
of less than two at the peak of the implosion. Unless the
implosion is extremely symmetric, this strong implosion can
lead to large flux loss, or lack of successful FRC formation.

Programmed formation with a strong axial implosion is
illustrated by the TRX-1 experimental results shown on
Fig. 3.

TRIGGER
PLUG C?'L
COIL I PRIMARY COIL

12.5 cm

e.o L

Figure 2. Programmed formation calculation for
TRX-1. (Trigger coils f i red at -1
/zsec. )
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2600

(kQ-cm2)

b) . Diamagnetism profiles
during initial stages.

a) Central plane diamagnetism, external
field, and excluded flux, plus
separatrix length time histories.

Figure 3. Programmed formation on TRX-1 with strong axial
implosion. (Trigger coils reversed 1 /isec
before primary coil.)

The dynamical nature of the axial implosion is marked by the
large overshoot in centerplane diamagnetism at the peak of the
axial contraction (at about 4 Msec) which nearly coincided
with the TRX-1 3.5 /isec quarter cycle time. Good flux
retention through the axial implosion is marked by the
increase in the equilibrium level of diamagnetism from that
present after the radial implosion (1-3 /xsec) . Without
programmed formation techniques it was impossible to
successfully form FRCs with overshoots in diamagnetism greater
than 50 percent of the post radial implosion value. In order
to obtain equilibrium values of diamagnetism after the axial
implosion which exceeded the post radial implosion value, it
was also necessary to provide very azimuthally uniform
preionization. This was accomplished on TRX-1 by using a
strong axial discharge in the presence of a low level of pre-
preionization provided by a weak glow discharge.

I I I . FLUX; TRAPPING AND FLUX RELATED HEATING
/FRC formation can be divided into several stages as

indicated by the temporal histories of flux and external field
on F ig. 4.
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Field Radial
Reversal Compression

External
Magnttic Fl«ld B,

PREIOMZATION

Figure 4. Time histories illustrating
FRC formation, and various
poloidal flux levels.

The initial field reversal stage lasts until the plasma
"lifts-off from the tube wall when the magnitude of the
external field exceeds the magnitude of the remaining internal
field. The internal flux, 0__ - nr 2B.„ remaining at thatLJJ w LO 3

time is an important quantity for determining subsequent
plasma dynamics and heating. During the radial compression
phase additional flux may be lost, but the flux energy lost is
useful for heating the plasma. The final flux remaining after
the radial compression and axial contraction phases is termed
the equilibrium flux #_o - f^<f>rn. Once this equilibriumpe VLO-
condition is reached the plasma gradients become much less
steep and the flux loss rate is greatly reduced.

Some plasma heating occurs due to radial shock processes,
but this is minimal at high bias fluxes and low voltages (such
as used on TRX-2). The primary plasma heating derives from
the flux that remains after the plasma lifts off from the tube
wall. Heating occurs due to both dissipative flux loss and
kinetic energy injparted by the axial contraction.
Measurements and analysis of flux trapping, flux retention,
and plasma heating on TRX are discussed below.
Flux Trapping

A major success of the TRX program has been the ability
to operate at high bias fields BQ and low voltages, V at the
plasma tube wall rw It was first thought that field reversal
must occur on a shorter timescale than the radial Alfven
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transit time t - r (u p ) ' /B , or all the plasma would beA W O O O
driven against the plasma tube wall [4]. t. can be compared

f\

to the time required to add enough flux to fully reverse the
initial bias flux, tR - wc^ZB^/V^. The magnetic field at
which these two times is equal was first derived by Green and
Newton as BGN « (ß^p^) ' EQ' or, in practical units

- 1.9 [AiPo(mTorr)]1/4 (Ee(kV/cm) ) [1]

where E0 = Vw/27rrw, pQ is the fill pressure, and A. - 2 for
deuter ium.

It has since been realized that a thin pressure-bearing
sheath forms at the tube wall, which changes the flux loos
from a convective to a diffusive process. This diffusive flux
loss was demonstrated experimentally [5, 6] and the wall
sheath was postulated analytically [7] and calculated
numerically [8, 6]. The wall-contact phase has been modeled
in Ref. 6 by using a tightly zoned one-dimensional MHD code
which spanned the range from a fully- ionized moderate
temperature plasma, to a mostly neutral gas at the wall
temperature. It was found that the sheath formed quickly and
the internal flux becaroe uniformly distributed in the core
region on an Alfven timescale. We have since derived a very
simple analytic model which gives excellent quantitative
agreement with the detailed numerical calculations and the
experimental measurements [9].

The above model assumes a thin quasi-steady sheath with a
radial inflow from the core region at a velocity u

C
B F (B /B )/ß eN where B and B are the core and wall fields
C Wr C O C iw

respectively, and N is the density integrated across the
sheath. The function F(B /B ) is approximately equal toW C
0.3(1-B /B )(1.1+B /B ). Fully ionized classical resistivity

Wr C Vr C

and thermal conductivity were assumed, and the numerical
constants in the above expressions depend on the values of the
coefficients in the expressions for these dif f usivit ieo . Use
of the quas i-steady ̂ expression for u , together with aC
simplified equation for an external circuit, leads to a
straightforward computation of the magnetic flux left at the
time the plasma lifts off from the tube wall. Calling the
internal field left at this time B ,

LO

where 77. is the ratio of inductance inside the plasma tube to
the total circuit inductance. The numerical constant again
depends on the diffusivity coefficients. The parameter X is
given by
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77B

en Vo c
- 2.37V'c(kV)po(mTorr) [3]

where V is the external capacitor bank voltage per turn of
the main coil and n is the initial fill density. Physically,
X is the ratio of magnetic energy per atom divide by the
energy gained by a unit charged particle in moving across a
voltage V /2n.

It can be seen from Eqa . (2) and (3) that the flux
trapping efficiency for a given fill pressure and circuit
efficiency is only dependent on the voltage V , and not onC
the wall radius. This is the same conclusion reached in
Ref. 6 where it was first stated that the theta pinch voltage
need not be raised as the device size was increased in order
to preserve good flux trapping efficiency. The quantity X can

" i / 2be expressed conveniently as 0.347], (B /BGN)2/N ' where N -
0.032p (mTorr)r 2 is the fill line density normalized by N^ =-

as defined in Ref. 10. The lift-off flux .- can
then be related to the ratio G * B /B by the relationship

BLO
LO BGN (l

[4]

where f = 77 1/2(l/7?. - 1)2/5. For a given value of B„„, and
i) u t- GN

N, BT n has a maximum value of 0.6(N1/*/f )B„.T.ijU Tj GN

Experimental TRX measurements of G are shown on Fig. 5
and are compared with the analytic formula assuming a value of
7)t - 0.5.

2.0

O 1.5CO

1.0

0.5
O TRX-1 MEASUREMENTS
D TBX-Ï MEASUREMENTS

0.5 1.0 1.6 2.0 2.5
G0.

3.0

Figure 5. Measured lift-off flux
values on TRX-1 and TRX-2
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The curves for N between 30 and 60 correspond to TRX
experimental conditions. Some of the TRX-2 data points are
lower than predicted because TRX-2 was usually run in such a
manner that the preionized plasma was compressed by a rising
bias field, and the flux trapping was less than ideal.
However, the overall agreement with the analytic predictions
is surprisingly good for such a simple model. The N - 900
curve gives an indication of the performance which may be
expected for larger devices.
Flux Retention

Flux retention was discussed by Steinhauer in connection
with his SHOCK heating model [10]. MHD calculations had
indicated that moat of the additional flux loss occurs
immediately after lift-off, which suggests a "rapid
relaxation" of the drift parameter down to a certain value

- v [5]

where v vp . /enB is the diamagnetic drift speed and v. -
.2 io the ion thermal speed. Since flux is lost at

the magnetic field null, this condition is applied at the
magnetic axis. A relationship between the flux retention f ,
and v can then be derived for a given pressure profile. For a
rigid rotor type profile an approximate expression for this
relationship is given by

[6 ]

N is the same normalized line density as given previously.
TRX-2 flux retention is shown on Fig. 6 and compared with the
values calculated using this expression.

.l1 "
2050 ,V

4H 2

h VTi)2
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*
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o£l
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Ntfi flux trapping
B0 = -2.2 kQ
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.
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Figure 6. Flux retention measured on TRX-2 and comparison
with dr i f t parameter scaling values.
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The data shown on Fig. 6 was obtained with the axial
preionizat ion run in such a manner that the initial flux
trapping was not maximized (circled points). Some data is
aloo shown for higher levels of flux trapping (square
points) . The solid 0_ curve indicates the maximum amount of

i_jvJ
flux trapping possible under any conditions. The dashed
curves are based on Eq . (6) for a value of v •* 0.35, which
gives a best fit to the data. This model is obviously an
approximation since it is doubtful that flux loss shuts off so
abrubtly, and is independent of the time interval between
lift-off and axial contraction, but the scaling is useful in
predicting tendencies as FRTPs are scaled up in size.
Plasma Heating

Plasma heating occurs during the formation of an FRC due
to both radial shock heating and processes related to the
trapped lift-off flux. Radial shock heating is directly
proportional to the applied azimuthal field and, including the
effect of adiabatic compression, the final plasma temperature
can be expressed as

B6/5 B4/5
fT + T.I = 0.26 f -^ —— § — . [1]I e iJ s ß n k L J

o o
The factor

fs 3/2

reflects the reduction in radial shock heatin efficiency at
high reverse bias fields.

Flux related heating takes two forms. The first is due
to the dissipated flux during the radial compression phase,
and is hence dependent on f., and the second is due to the
kinetic energy imparted by reconnect ion and the axial
contraction. These processes were first analyzed by
Steinhauer using the SHOCK description [10]. In addition to
the previous flux retention model, incident and reflected
shocks were assumed to bring the plasma to rest. It was noted
that the plasma heating was not very dependent on the amount
of flux retention. Lack of flux loss and dissipative heating
was almost completely compensated for by additional shock
heating.

Based on observations by Ohi that FRCs could be ejected
into lower field regions without cooling [11], a simpler
analytic model for the axial shock heating has been developed
[12]. This model just considers the conditions before and
after axial contraction, and uses flux and energy conservation
to derive the post contraction conditions. All that is
necessary is that the kinetic enery imparted by the
reconnection process be completely dissipated. This is noted
to occur in about 10-20 Msec on TRX, presumably through
viscosity. The final calculated temperature, again after
including adiabatic compression, is given by
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R6/5 4/5
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[9]

where f is approximately given by

Bax
B

1/5
1 -

0.96f

(Bax/BLo)
1/2 [10]

= r /r
rf

is the ratio of tube radius to coil radius and B
CA Jt

is the field at which the axial implosion takes place. The
does not have a large influence on flux related

In that case it may be desireable
ratio B /BTax i_Aj
heating unless f , is large.
to delay the axial implosion until the external field can rise
to a higher value. A method for accomplishing this was
suggested by Kurtmullaev and termed a "balloon" mode [2].

In practical units the sum of radial shock and flux
related heating can be expressed as

CT 4 T.]le i J 60°(fp BL05 4 °'32f
B4/5
-s GN p*• /" [11]

with magnetic fields expressed in kG and the fill pressure in
mTorr. This expression is plotted on Fig. 7 for high field
TRX-2 conditions as a function of fill pressure for different
values of BTn. A dashed line is also plotted corresponding to
measured values of Experimental pressure balance
temperatures (derived from the measured external magnetic
field and cross tube interferometric density measurements) are
plotted as circled points, and are seen to agree well with the
analytic predictions. Individual ion and electron
temperatures are also shown as triangular data points. These
were measured by neutron flux intensities and carbon V 2271A0
line radiation decay rates.

The FRC plasma is seen to be strongly heated in spite of
the "slow" formation technique (E0 is about .13 kV/cm for TRX-ty
2). The measured temperatures are much higher than would be
produced in a standard theta pinch without reverse bias field
(B.LO 0 curve).
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Figure 7. Measured TRX-2 plasma temperatures at a 13 kG
final field, and comparison with analytic
calculations. (Dashed line is the predicted
total temperature corresponding to measured
lift-off field values.)

The radial shock heating contribution is even lower than this
B,_ = 0 curve indicates due to the reduction in radial shockLO
heating effectiveness at high values of BT The ability to
form high flux, hot FRCs at low voltages is extremely
encouraging for extrapolation to larger size devices.

IV. LIFETIME SCALING

The lifetime scaling of FRCs is very poorly understood
due to the small number, s, of internal gyroradii between the
field null R and the separatrix r for current plasmas. Some
agreement has been found with models based on diffusion
coefficients given by the wave energy bound of the lower-
hybrid-drift (LHD) micro-instability [13]. These models
evidence a strong dependence on open field-line loss rates
since the predicted closed field line confinement is poor for
small s. A semi-empirical particle lifetime scaling, r^
t R/p . or T..s "10 N

N
R2/p. for relatively constant ratios of

separatrix length t to radius, has been postulated where p.
is the ion gyroradius in the external magnetic field.
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An analytic scaling has been derived for LHD diffusion,
based on a quasi-steady model where the flux loss rate is low
and the FRC only shrinks axially to accommodate particle loss
[14]. Due to the radial particle flow a thin flux layer
evolves close to the separatrix, as sketched on F ig. 8.

FLUX
CONSERVER

$"• 06090

END VIEW

Figure 8. Thin flux layer model of FRC.

The important scaling parameter for lifetime (and probably for
stability) is then the normalized flux layer thickness

s 'PL
10

rdr
r p .*

[12]

For a rigid rotor profile s can be approximated as s =
x (R/p. )/5, where x
w JL W

r /r is the ratio of separatrix to
coil radius. An open field line sheath region is also present
whose normalized width is defined as w = Ar_ /p. _ as indicated
on F ig. 8. When Ar

op 10
is significant compared to Ar,,,. , theop FL.

pressure at the separatrix will be high and open field line
effects will contribute significantly to particle
confinement.

Using the thin-flux-layer (TFL) LHD model with assumed
uniform temperatures, the particle confinement time can be
expressed as [14, 15],
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TFL

w 1/8 fB(kG)i„(m)

- °-27 X

[14]

The open field line confinement time was taken as r =
i /2v.. Although these simple expressions were derived fors i
the case where the separatrix pressure is low, they have been
found to be a very accurate approximation of the exact
numerically calculated diffusion results over all ranges of s
and w. The quantity s represents the appropriate expression
for s for a thin flux layer flux distribution, w is seen to
be close to unity for most FRC conditions. Due to the assumed
drift dependent resistivity, the effective open field line
scale length is only s /3 , which is almost always smaller than
w. This leads to the previously mentioned semi-emperical
scaling.

Work on TRX, and examination of other experimental
results, has shown that the particle lifetime scaling does not
have the strong adverse temperature dependence and length
dependence implied by Eqs. (13) and (14) [16]. The dependence
on w does not appear to be as strong as that implied by
Eq. (13) for small s /3. This might be expected even if LHD
was the relevant micro-instability governing transport since
it is doubtful the strong gradients in resistivity predicted
by this model could exist over a flux layer only a few
gyroradii thick. It is well known that LHD resistivity, which
is negligible near the field null, does not predict the
observed flux loss rates [17]. The near equality between flux
lifetimes and particle lifetimes seen in most experiments
implies a nearly uniform resistivity throughout the FRC.

Although the TFL-LHD model should not apply exactly for
small FRCs, it is useful to plot even current confinement data
against the parameter s. Since the range of x is not largeS
for the experimental data to be shown, and the experimental
flux profiles are more rigid rotor like than TFL like, we will
use the more convenient rigid rotor expression for s rather
than Eq. (15). Also, since it has been noted that the
dependence on temperature and length is not as strong as
implied by Eq. (14), we will plot T versus s without regard
to other parameters. This is done on Fig. 9, where the data
is compared to a TFL-LHD prediction for w -= 1.
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Figure 9. Measured particle lifetimes and comparison with
LHD-TFL scaling for assumed one gyroradius
thick open field line sheath.

The TRX-1 data spanned the range from s = 1 to g = 2 through
varying the bias flux, and hence x . Data is also shown fors
the FRX experiments at LANL where 5 was varied by changing the
device size from a 10 cm to 20 cm radius [18, 19]. A moderate
field TRX-2 data point is also shown. All the data is
consistent with the predicted T « s2 scaling, which is
indistinguishible from the semi-empirical r R2/Pio scaling
for fixed x and p.s *io.

Some high field data is also shown for TRX-2, where s was
varied by operating at different fill pressures. These FRCs
do exhibit some reduction in particle lifetime, which could be
due to a smaller w, a higher field in Eq. (13), or simply two
dimensional effects due to their shorter length. Obviously
measurements are needed at larger s to uncover the eventual
lifetime scaling, and to hopefully observe the predicted
greater than quadratic dependence on s as s exceeds 10.

72



REFERENCES

1. A.G. Es'kov, et al., in Plasma Physics and Controlled
Thermonuclear Fusion Research (International Atomic Energy
Agency, Vienna) 2, 187 (1978).

2. V.V. Belikov, et al., in Plasma Physics and Controlled
Thermonuclear Fusion Research (Proceedings of the Ninth
Intl. Conf., Baltimore, Sept. 1982) Vol. 2, IAEA, Vienna
(1983) 343.

3. R.D. Milroy and J.ü. Brackbill, Phys. Fluids 25, 775
(1982).

4. T.S. Green and A.A. Newton, Phys. Fluids _9, 1386 (1966).
5. W.T. Armstrong, et al., Phys. Fluids 25, 2121 (1982).
6. R.D. Milroy, J.T. Slough, and A.L. Hoffman, Phys. Fluids

2_7, 1545 (1984).
7. M.I. Kutuzov, V.N. Semenov, and V.F. Strizov,

Sov. J. Plasma Phys. 7, 520 (1981).
8. G.E. Vekshtein, Institute of Nuclear Physics, Novosibirsk,

Report No. 83-07, (1983).
9. L.C. Steinhauer, to be published.
10. L.C. Steinhauer, Phys. Fluids 26, 254 (1983).
11. S. Ohi, Osaka University, private communication.
12. A.L. Hoffman, R.D. Milroy, J.T. Slough, and

L.C. Steinhauer, "Formation of Field versed Configurations
Using Scalable, Low Voltage Technology", to be published.

13. M. Tuszewski and R.K. Linford, Phys. Fluids _25, 765 (1982).
14. A.L. Hoffman and R.D. Milroy, Phys. Fluids 26, 3170 (1983).
15. J.T. Slough et al., "Flux and Particle Lifetime

Measurements in Field Reversed Configurations", to be
published in Nuclear Fusion (1985).

16. L.C. Steinhauer, Phys. Fluids 28, (1985, in press).
17. A.L. Hoffman, R.D. Milroy, and L.C. Steinhauer,

Appl. Phys. Lett. 4_1, 31 (1982).
18. W.T. Armstrong, et al., Phys. Fluids 24, 2068 (1981).
19.K.F. McKenna, et al., Phys. Rev. Lett. 50, 1787 (1983).

73



DISCLAIMER

This document »a» prepared as •• account of work sponsored by »n agency of (he
United Stain Government. Neither «be United Sttte* Government »or (be University
of California nor any of their employees, makes any warranty, express or Implied, or
assumes any legit liability or responsibility for the accuracy, completeness, or useful-
ness of any Information, apparatus, product, or procès* disclosed, or represents that
its use would not Infringe privately «wiwd rifhts. Reference herein to any specific
commercial products, process, or serrke by trade name, trademark, manufacturer, or
otherwise, does nol necessarily constitute or imply Its endorsement, recommendation,
or favoring by the United States Government or the University of California. The
»ir»j and opinions of authors expressed herein do not necessarily state or reflect
thtse of (he United States Governmeat or the UaitersJcy of California, and shall not
be used for advertising or product endorsement pcrposes.

74



THEORETICAL ASPECTS OF MAGNETIC HELICITY*

J.H.HAMMER
Lawrence Livermore National Laboratory,
Livermore, California, United States of America

Abstract

This paper discusses some of the implications of magnetic
helicityon spherornak-type plasma configurations. Magnetic helicity
(the integral of the product of the vector potential and magnetic
field over the plasma volume) measures the topological linkage of
magnetic fluxes. Magnetic helicity is an ideal MHD invariant, and
is still approximately conserved when finite resistivity and
reconnection are allowed. Taylor theory states that the plasma seeks
a minimum energy state while conserving global helicity, and has
been applied to spheromak configurations. While the helicity
formalism has proven useful in understanding reversed field pinch
and spheromak behavior, difficulties arise when the method is
applied to geometries with conducting walls, a situation which is
relevant to the formation phase of a*spheromak plasma. These pro-
blems arise because of a lack of gauge invariance in the definition
of helicity. Recent work has attempted to generalize the helicity
to allow for all possible geometries.

The magnetic helicity, usually defined as K = / A • B dv, where
A is the vector potential and B the magnetic field, measures the
topological linkage of magnetic fluxes. This is most easily seen for
two isolated, closed, untwisted tubes of magnetic flux. In this case,
we can easily calculate K:

K =V /A • du B • ds (1)<*—' / —-*sum over tubes

If we adopt the usual gauge constraint, *A • d£, = flux enclosed
by the contour, then K = 2<J>14>2 (<j>-, 2 is the flux contained in tubes 1,
2-) if the tubes are linked like links on a chain, and K = 0 if they are
unlinked.

* Work performed under the auspices of the US Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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Helicity also manifests itself in the twisted-ness and knotted-ness
of flux tubes. The significance of helicity in plasma physics is that it
is an ideal MHO invariant - the linkage of a flux tube with all other flux
tubes is preserved when the tubes are filled with infinitely conducting
plasma. Even when finite resistivity and magnetic reconnection are
allowed, one finds that the global magnetic helicity (accounting for all
linkages) is still approximately preserved on the reconnection time scale.
Local topological changes (tearing, etc.) that destroy local helicity
invariance are allowed as long as the global linkage is preserved.

The observation that global helicity remains a good invariant in
the presence of resistive MHD activity led J. B. Taylor to develop his
theory of relaxation of toroidal pinches. The basic hypothesis of
the theory may be stated succinctly: The plasma seeks a state of

2minimum magnetic energy, / B /2 dv, while conserving global helicity.
The minimum energy state satisfies V x _B = u_B, with u a constant,

and is determined by the geometrical properties of the system and helicity
and flux conservation. The Taylor theory proved very effective in
understanding pinch behavior and has also been found relevant for

2spheromaks. Rosenbluth and Bussac first applied the theory to
equilibrium and stability of the spheromak. They showed that for an
appropriately shaped flux confining shell, the spheromak is a state of
minimum magnetic energy.

The Taylor theory also provides understanding of the spheromak
formation process. Figure 1 shows the usual (pre-Taylor) picture of
spheromak formation using a magnetized plasma gun. Inconsistent with
the view of formation shown in Fig. 1 is the observation of "flux-
amplification," where the poloidal flux in the final spheromak state
exceeds the poloidal flux in the gun. Flux amplification requires 3-D
plasma motions and reconnection that rotates some of the toroidal flux
into the poloidal plane, as shown schematically in Fig. 2.
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The Taylor theory can be applied by comparing the helicity in the
final relaxed state with the helicity injected by the gun

(2)

\

Fig. 1. Coaxial plasma gun formation of a Spheromak. Poloidal flux
threading the coaxial gun is pre-established. A current is drawn across
the gun electrodes, producing a toroidal field that stretches the
poloidal lines through an entrance region and into a flux conserving
chamber. The field in the entrance region reconnects, leaving anisolated Spheromak.
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Fig. 2. Flux amplification in plasma gun formation of a Spheromak.

where V is the voltage across the electrodes and 4» is the poloidal flux
threading the gun. The poloidal flux in the spheromak is uniquely
determined by helicity conservation and flux conserver geometry and can
be compared to observations as shown in Fig. 3a,b. Quantities linear
in the field such as the poloidal flux scale roughly linearly with the

1/2 1/2square root of K, so 4) , is plotted versus (/ V dt) with fy '
~\ 17 ~\ 17held fixed in Fig. 3a and versus ij;'' with (/ V dt ) ' held fixed in

Fig. 3b. The theoretical curves are fit to the data by allowing for
ohmic loss during injection (K = ß K- with ß <_ 1 ) and a low energy cut
off when the capacitor bank energy is insufficient to stretch the gun
flux into the flux conserver.

While the helicity formalism has proven very useful in understanding
reversed field pinch and spheromak behavior, some problems exist in
applying the method consistently for complex (e.g., toroidal) conductor
geometries or in situations where magnetic flux penetrates conducting
walls. Both of these complicating features are relevant to spheromak
formation techniques, i.e., the flux core method introduces toroidal
complexities and magnetic flux penetrates vacuum vessel boundaries in
both plasma gun and z-6 pinch formation techniques. These difficulties
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Fig. 3. Observed poloidal flux in the Spheromak produced by a plasma
gun in volt seconds as a function of (a) volt seconds introduced through
the gun insulator with 4>gun = .011 V sec and (b) poloidal flux in theplasma gun with / V dt = 0.1 V sec. Solid curves are theoreticalpredictions using different fitting parameters (see Turner et al. 1983for details).

arise because of a lack of gauge invariance in the definition of
helicity. The problems are usually dealt with on an intuitive basis
(addition of ad hoc terms to K, etc.), however there has been some
recent work to generalize K to allow for all possible geometries.
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Three of the generalized helicities to appear recently in the
literature represent variations on the same theme. Auxiliary fields V,
B_' are defined such that _6' = _B_ outside of the plasma-containing volume
with v • B1 = 0, V x j}' = 0, inside the volume. The field J31

satisfies conditions _B' • n = _8 • n on the boundary of the volume.
Together with the condition that toroidal flux associated with B_' equals
any toroidal flux due to _B, the auxiliary field j}' is then uniquely
specified. A_' is any/vector potential satisfying V x A_' = B_'. The
three generalized helicities are

a) KBF = f dV (_A • _B - A1 • _B')
all
space

(3)

b) K =T dV (A • _B - A_' •=T
plasma
volume

c) KFA = /" dV (A + A1) • (jj - I1
plasma
volume

4 5where Knp is from Berger and Field, K-,c is from Jensen and Chu, and Kr.
is from Finn and Antonsen. The three helicities defined in (3a,b,c) are
essentially the same, although Kp. allows the most general gauge
transformations. Note that in the limit that conducting plasma fills all
of space (3a,b,c) reduce to the usual result K = /flll space A. * a dv-

The physical justification for these generalizations may be
established by the following argument. First, we note that magnetic and
electric fields exterior to an enclosed conducting box of arbitrary
topology cannot influence events inside the box. We could therefore
consider an equivalent system where the region outside the box is filled
with a static conducting medium, with the exterior magnetic field

80



"frozen in" at an arbitrary initial time. For the equivalent system, we
simply write down the usual helicity, K = /,-,•, __.,__ A • B dv, which isöl » Spa-CG ™* ""•"*
a good invariant. Since the extended domain covers all space, / A * d&
must equal flux enclosed by the curve. In studying relaxation phenomena,
we add the constraint that the region exterior to the box remains fixed.

One can also wr;te down the helicity for a second system for which
everything is identical to the equivalent system above except that the
interior region is replaced by vacuum. Since the exterior region is
held fixed in time, K1 = / ,, A1 • B1 dv is trivially a constant.a i i space —
K1 could be subtracted from K without changing its invariance property.
The new helicity K = K - K1 has the advantage of being gauge invariant
and independent of fields outside the box. In the general case, an
infinite number of possible helicities may be defined. This is due to
the fact that it is the change in net linkage rather than the absolute
magnitude of K that is relevant. To see this consider a fourth
generalized helicity that is relevant to non-toroidal systems but
allows for flux penetrating conducting walls (e.g., a magnetized plasma
gun formation method)

K = Ç A • B dv - / / f~ A • di\ B • ds (4 )J \( i * <Ü\ l *
face \Jx0 Jplasma surface

volume

The helicity defined in (4) is gauge invariant for non-toroidal systems
but does not make use of auxiliary fields as done in (3a,b,c). It is
easily shown that the helicity in (4) is independent of the initial
point, XQ, in the line integral term, however, the result is not path
independent and therefore represents an infinite number of generalized
helicities depending on the prescription of paths for the line integral.
The change in helicity from one state to another is path independent
however. Consider the time derivative of Eq. (4)
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K = f A • B dv + f f\ • B dv - / ff A • dU B • ds
J ~ ~ J ~ J \ l ~~ —l "~ ~

e i i f c ^ ^ a / ^ n l ^ v /
—.- - (5)

surface

The flux elements, _B * ds, penetrating the conducting well are constants
in time. Using Faraday's law and E_ = - _A - V<J> we have

( x \
$ + f ~ A • d4\ B • ds

Jx ~ y/ ~X0 /

The first term is nearly zero for high conductivity plasma. On -the
rx 'conductor, Exn = 0, so 4> + / A • da = *(xn, t), where $ assumes— v y — ——— (J*odifferent values on conductors separated by an insulator. We then have

- ' dl + /* A x I * dl

where 4> = flux linking an insulating gap, V = voltage across an
insulating gap (similar results apply to generalized helicities for
toroidal systems). The final results in Eq. (7) is indpendent of the
paths chosen for the line integral term in Eq. (4), so the change in
helicity is unique.

The concept that production of a spheromak depends in essence only
on the amount of helicity injected and on the geometrical properties of
the system has broad implications. One consequence is that spheromaks
can be produced in an unlimited number of ways since the number of ways
of providing linked flux is infinite. In addition to plasma guns, flux
cores and z-9 pinches, which have been demonstrated, one can imagine

obumpy z-pinches of the straight or toroidal variety (a bumpy z-pinch
is an enlarged region of a straight or toroidal pinch where helicity
accumulates), merging spheromaks, etc.

Helicity tends to flow to regions of larger physical dimension.
This can be seen roughly from a dimensional argument:
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? 4 23K ~ B £ W = magnetic energy ~ B £

so W~ K/A (8)

The scale length, A, appearing in (8) is usually the shortest
scale length of the region under consideration. If a system has regions
of both small and large £,, helicity will accumulate in the large' A,
region in order to minimize the magnetic energy (as in the bumpy z-pinch
mentioned above). This type of argument leads to devices like that

gconstructed at LASL recently, consisting of a straight pinch with
both z and 6 fields and a flux conserver attached at right angles to
the pinch via a transition section. The flux conserver has a somewhat
larger radius than the radius of the pinch so helicity flows to the flux
conserver and forms a spheromak. A curious prediction of the Taylor
theory is that helicity flows to the large S. region independent of the
amount of helicity already present, i.e., helicity flows into the region
even if the magnetic field is much higher in the region. One can then
imagine constructing a LASL like device with a very long straight pinch,
and an arbitrarily large increase in the magnetic energy density as the
helicity flows into a region of larger St, but much smaller volume. The
formation device could then operate at low field stress while producing
a spheromak with large circulating current.
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APPLICATIONS OF HIGH ENERGY NEUTRALIZED
ION BEAMS TO A COMPACT TORUS*

N. ROSTOKER, J. KATZENSTEIN
Department of Physics,
University of California,
Irvine, California, United States of America

Abstract

Pulsed ion beams can be produced with ion diodes and Marx
generators. The technology exists to produce high energy beams
efficiently. A neutralized ion beam has an equal number of co-
moving electrons. The resultant beam is electrically neutral,
has no net current and can be transported across a magnetic
field if the current density is sufficiently large. Prelimi-
nary experimental results have been obtained on injecting a
neutralized proton beam into a small tokamak. To illuminate
the physical processes involved in injection and trapping an
experiment has been designed for TEXT. Possible applications
to a compact torus include plasma heating, current maintenance
and non-equilibrium reactors that do not require ignition.
Each application is discussed and comparisons ate made with
other methods.

INTRODUCTION

The basic processes and conditions for transport of a
neutralized ion beam across a magnetic field are now under-

1 9stoodx and documented by experiments. As illustrated in Fig.
1, when a neutralized ion beam is incident on a transverse
magnetic field, there are several possibilities:

* UCI Technical Report #85-10.
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FIS. I P O L A R I Z A T I O N OF A N E U T R A L I Z E D
ION BEAM

• The ions may separate from the electrons in the longi-
tudinal direction and form a space charge layer of thickness

~ -1/2a, = u (Q . Q ) ; u_ is the beam velocity, £3. and Q are
gyrofrequencies for ions and electrons. The beam is thereby
reflected by the magnetic field.

• The ions may separate from the electrons in the trans-
verse direction. There is then a transverse electric field

2such that u = c(E x B)/B and the beam transports across the
magnetic field. „

1 2 EvThe latter process requires that TrnMu »«— which with2 o OTÎ
u = cE /B gives the conditiono y z ̂

e. = 4rcnMc2 /B2 » 1 (1)

first derived by Schmidt. Further investigation shows that
the characteristic width of the space charge layer is u /Q.e
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A more demanding condition for the formation of the space
charge layer that facilitates transport is that u (Q.e) «

or

( M / m ) ( 2 )

Some additional conditions for beam transport are:
1 2• eE h < -=• Mu where h is the width of the beam in they 2 o

y-direction. This condition is necessary to form the space
charge layer. It can be expressed as h < a./2 where
a. = u /Q.. It is thus clear that the beam width must be
smaller than a gyro-radius which distinguishes neutralized
beams from earlier experiments* with plasma guns.

2 2• ß = 4-rcnMu /B « 1 so that the magnetic field wil l be
2 2nearly constant. Since ß = (u /c )e the boundaries for e

1 / 2 2 2are (M/m) / « e « c /UQ .
« Within the space charge layer E * u B /c so that there

will be scrape off losses. Thus the boundaries for h are
(ai/e1) « h « (a./2).

• A circular beam is unconfined^ in the direction paral-
lel to the magnetic field and will expand in this direction
according to the angular divergence.

Experiments with plasma guns involve beams whose trans-
verse dimensions are much larger than a.. In this case
penetration of a transverse magnetic field is facilitated by
an instability similar to the Rayleigh-Taylor instability
where the effective gravity^ is g = aß Q.. This effect has
been used to fill magnetic containment devices. We do not
consider this method further because the plasma gun technology
limits ions to an energy of a few Kev.
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oIn addition to experiments, computer simulations have
been investigated with 2 1/2 dimensional electrostatic and
electromagnetic particle codes. The results are in agreement
with the criteria for beams. The Rayleigh-Taylor instability
for plasma of large transverse dimensions also takes place as
described above.

A neutralized ion beam may be injected across a magnetic
field into a confinement device by means of the polarization
effect. It may also be trapped in the device if it contains
plasma. The plasma will "short out" the polarization and then
the motion of the beam particles is determined by the confin-
ing magnetic fields. Some experiments^ that confirm this have
been carried out with a small "Taylor" tokamak at UC-lrvine.
These experiments are quite limited because the small magnetic
fields of the "Taylor" Tokamak are not sufficient to confine
energetic ions. However, the evidence for trapping of some 60
Kev ions was conclusive. We are now proceeding to do an
experiment on TEXT which is an adequate confinement device
with considerable diagnostics.

There does not exist an adequate theory to describe
shorting of the polarization by a plasma. This is important
because it will determine the depth of penetration of the beam
into the plasma. The problem is also difficult to simulate
because of its multi-dimensional character. We can however,
obtain a lower bound. When the beam penetrates the plasma,
there would initially be the polarization space charge. There
can be no significant conduction across magnetic field lines
in the time scales of interest. However, we may consider that
the positive and negative charges are both on a magnetic sur-
face separated by an angular displacement of A9 = u. The
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magnetic surface is normally an äquipotential - indeed that is
why the Fermi drift does not dump the plasma, and why there
are no flute instabilities. The question of current interest
is how fast does the polarization space charge disappear. The
only communication is along field lines. Communication must
proceed from the location of one sign of charge around the
torus a sufficient number of times to produce an angular dis-
placement of A9 = 71. According to the definition of q =
rB /RB = 27i/x , the number of turns required is

N = it/i = q/2 (3)

where Bfc is the toroidal magnetic field, B the poloidal
field, R the major radius, r the minor radius, i the rota-
tional transform and q is the safety factor. The communication
speed can be no larger than c, so that the communication time
is at least 27iNR/c during which time the beam will move in the
plasma at least a distance

A = 7tqR(uo/c) (4)

before the polarization is shorted out. This estimate indi-
cates substantial penetration that can be controlled by
adjusting q. Our present efforts are directed towards beam
trapping and depth of penetration which must be understood and
documented before significant applications will be feasible.

TEXT EXPERIMENT

The dielectric constant can be expressed as

2.9 x 103 J fM/_il/2 _ ,0 ,-.————2—— /W >-M/mJ =42 (5)
BN
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required for protons to penetrate the magnetic field. BN is
the magnetic field in kilogauss, J the beam current density in

oamps/cm and W is the ion energy in Kev . For example, in the
UCI experiment Bt = 6, W = 100 and J = 5. BN should be the
component of the magnetic field that is normal to the beam
axis; for tangential injection B < B cos 45 so thatN *** I
e± > 800 . For the TEXT experiment BN = 20 kG, W = 200 Kev,

2then j > 195 A/cm is required for e > 100.
Magnetically insulated-^ proton diodes have been operated

at current density J = 50 A/cm^ and 200 kV anode-cathode
potential. This type of diode will be employed with some
cathode shaping to achieve focusing and increase J by a factor
of 4 when the beam reaches the magnetic field of the tokamak.
The anode will be annular with an outer radius of 13.5 cm and
an inner radius of 10 cm in order to produce 50 kA or 5 k-
joules with a .5 p sec pulse length.

It will be much easier to confine ions in TEXT compared
to the UCI tokamak. In a cartesian coordinate system centered
on the minor axis of a tokamak the equations of motion are

dx

These equations describe the motion of ions along helical
trajectories. VT is the toroidal velocity, Q is the ion

2cyclotron frequency in the toroidal field. VT /QmR is theV T T
Ttoroidal drift, w = — =r is the rotational velocity resultingqR

from helical field lines. The solution is a circular orbit
with the center shifted from the minor axis by
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A x = s - f
Where p = V /Q is the gyro radius of ions in the poloidal
magnetic field. In the UCI tokamak, (B-, = 6 kG, r = 15 cm, R =
60 cm) it is just possible to confine 100 Kev protons with a
plasma current of 56 kA corresponding to q = 2 . The operating
current was always much less than 56 kA. For the parameters
of TEXT (BT = 30 kG, R = Im, r = 28 cm, q = 3, Ip = 400 kA)
the most energetic proton which can be confined according to
Eq. (8) is one with an energy of 3.9 Mev .

The main observations will be of plasma heating and
current drive. The slowing down time due to collisions of 200
Kev ions is determined mainly by collisions with electrons and
the time is

T = 3.12 x 108 A Te3/2/Z2n InA (9)
= 50 millisec

assuming Te = 1000 ev , A = 1 (the atomic mass of the ions) Z =
1 (the atomic number of ions), n = 10^^ cm~3 and In A = 20.
Thus the heating power directed to electrons will be about 100
kw. The expected net current from injection of fast ions is11

IB is the beam current of fast ions (50 kA) , VBT is the beam
length (225 cm) and 2itR = 628 cm is the tokamak circumference.
ZB is the beam atomic number (Z = 1) and Z is the effective
atomic number of plasma ions. The second term is the electron
return current and the last term is due to electron trapping.
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Assuming Zß = Zp = 1, the net current predicted by Eq. (10)
would be 12.5 kA.
PLASMA HEATING AND CURRENT MAINTENANCE

Long pulse neutral beam sources have been the major
technique for auxiliary heating of large scale magnetic con-
finement experiments. Multi-megawatt systems have been
developed and operated on PLT, TMX, DOUBLET III and TFTR. In
the latter case, there are 9-12 beam lines that produce a .5
sec pulse with an equivalent current of 60 A and a particle
energy of 120 Kev. For applications to reactors there are some
fundamental limitations. The mean free path for ionization of
Hydrogen like neutrals is

X = .56 x 1014 W/n. (11)
X is in cm, W is in Kev and n is in cm" . For example, if n =
10 cm , W = 100 Kev, X = 5.6 cm so that for a reactor size
plasma of minor radius 50 cm, the heating would be a skin
effect. The energy W cannot be easily increased because the
charge exchange cross section decreases rapidly with increas-
ing W such that the efficiency T) is less than 20% if W is
greater than 150 Kev.

Other schemes for auxiliary heating and current drive
that have been studied in recent years are RF or microwaves,
making neutral beams from negative ion sources, injection of
electron beams and injection of ion beams. Of these, RF or
microwave methods have received the most attention^ and have
been most successful; multi-megawatt systems have been built;
the limitation is that for densities greater than 10^ the
efficiency decreases rapidly. Negative ion sources have thus
far been limited to less than 1 A. Injection and trapping of
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intense electron beams has only been successful when the
entire device is dedicated to this technique. 4 Injection and
trapping of ion beams should, in principle, be easier, but it
is difficult to evaluate until the experiment on TEXT has been
completed. It is possible to make high energy beams effi-
ciently; the depth of penetration is adequate according to Eq.
(4). Multi-megajoule systems have been constructed, but they
are single pulse machines and a considerable amount of
development will be required to rep-rate them.
NON-EQUILIBRIUM REACTORS

Without achieving ignition it is possible to produce net
energy by using a tokamak plasma as a target for a high energy
ion beam. The plasma electrons must have a sufficiently high
temperature. The plasma ions may be cold. The high energy ion
beam must be injected, trapped and confined in the tokamak so
that scattering which is always more frequent than fusion will
not quickly lead to loss of the high energy ion or the invest-
ment. This idea has been called a wet wood burner, or a two-
component plasma. It was first discussed by W. Linlor.1^ We
reconsider this idea assuming that the target can be a tokamak
or compact torus plasma with a density of 10^ - 10^ cm~^ and
an electron temperature of 1-5 Kev from ohmic heating. The
ion beam is assumed to be a high energy neutralized ion beam
based on modern pulse-power technology.

Above a' beam energy W^ > 15 T€ most of the energy loss of
the beam ions is due to collisions with electrons. The veloc-
ity of 1 Mev Tritons is 5.77 x 10^ cm/sec. There are practi-
cally no plasma ions at this velocity to interact with, but
for electrons this velocity corresponds to 181 ev which is a
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slow electron if the electron temperature is 1-5 Kev, and
there are many to interact with. The energy loss is of the
form

aw w*•-
where T is given by Eq. (9). We can estimate the burn frac-
tion as follows:

n,p is the density of tritium atoms of the beam, nD is the
density of deuterium plasma ions, cr is the fusion cross
section and At is the slowing down time. cr > 1 barn for
45 < WD < 500 Kev, so that we assume At = T In (500/45) =o pe
2.4 T and <av> = 7.2 x 10 cm /sec. The burnup fraction
is

AnT R——- = 8.1 x 10 ö T e v < (14)
nT

It depends only on electron temperature. We define break-even
in terms of recovery of the beam energy An e/n W = 1 where
e = 17.5 Mev and WD = 500 Kev. This gives T0 = 5 Kev. WeBO ^
assume a reactor is possible if An e/n W_ = 10 in which caseT T BO
Te = 23 Kev. It is also necessary for the plasma to be con-
fined at least for time At. For the break-even experiment
this is .14 sec; for a reactor it is 1.4 sec. assuming a
plasma density of nD = lO1^ cm"3. It is possible to achieve
break-even with present tokamak parameters, and a reactor is
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possible if the electron temperature can be increased to 23
Kev. This can possibly be accomplished with RF (microwave)
heating; alternately the neutralized ion beam can be used to
heat electrons since it mainly loses energy to electrons. The
plasma electrons gain energy after beam injection according to

dT
dlT

V is the volume of the plasma, N is the total number of beam
ions of initial energy Wßo and Teo is the initial electron
temperature. We have neglected electron cooling from electron-
plasma ion scattering, thermal conductivity, radiation, etc.
We consider a plasma of initial temperature, TeQ = 5 Kev and
the possibility of reaching Te = 23 Kev. For a reactor assume
a spherical plasma of radius 2m so that V = 3.36 x 10^ cm^ .
The density is assumed to be 1014 so that (3/2) n TeQV = 4 MJ
and (3/2) n TeV = 18.4 MJ. The difference is to be supplied by
the beam ie., 14.4 MJ. We assume a beam energy of 28.8 MJ
supplied either by one pulse or a few pulses. We assume the

? ninitial beam particle energy is 1 Mev . N = 1.8 x 10 ions
/corresponding to 28.8 coulombs. Eq. (15) can be integrated

3/2with T = T (T /T ) / and T =58 millisec. The resultpe po e eo po
is that Te increases from Teo = 5 Kev to Te = 23 Kev in the
time t = 4.8 i = 278 millisec. A beam of 28.8 MJ will heatpo
the electrons to 23 Kev after which the mean beam particle
energy will be .5 Mev. The total time of .28 sec for heating
and 1.4 sec for reacting is within the present confinement
times achieved with JET. The nuclear energy produced would be
144 MJ in a pulse of 1.4 sec duration. We have neglected other
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losses because insofar as they are known, they are small com-
pared to the beam power. The electron-ion scattering losses
are smaller than the other terms of Eq. (15) . The Brems-
strahlung loss is estimated to be about 1 MJ for a Z = 1
plasma. It is difficult to estimate losses due to electron
thermal conductivity since they are anomalous. We can however
use a semi-empirical formula

10Xe = 4.5 X 10(B T r/R) (ne'Te q/A

where Bm is in gauss, n in cm , Te in ev . Then for a
spherical reactor of radius R the electron thermal transport
losses would be 4itR T n x which is to be compared withe e
NW„ /T . The result is that the electron thermal transportBo pe ^
losses are negligible compared to NW /T . The beam power^ Bo pe
transfer to electrons of 500 MW at 4 Kev and 36 MW at 23 Kev
completely dominates the energy balance. We conclude that a
plausible reactor could be made with today1 s technology of
tokamaks and ion beams.

In recent years there has been considerable interest in
advanced fuel reactors.^7 Usually only D-He^ is discussed
which has an ignition temperature of 30 Kev. For other reac-
tions the ignition temperature is much higher, or there is no
ignition temperature. It is still possible to consider such
reactions in terms of a beam/plasma reactor. For example,
consider reactions involving a proton beam and a Lithium
plasma. For Lj_' there are three reactions

Li7 (p,a) He4 20 Mev
7 7Li (p,n) Be - 1.64 Mev (neutron)

Li7 (p,Y) Be8 17.2 Mev (y-ray)
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The reactions and cross sections are illustrated in Fig. 2.
As a thermal reactor this reaction is out of the question.
However, with the non-equilibrium beam method one can be
selective in energy. For example, a beam of 3 Mev protons
would have a cross section of about 1 barn for the desirable
reaction and a negligible cross section for the undesirable
ones. In addition, it may be possible to use the current
drive technique to launch lower hybrid waves of appropriate
phase velocity (1.7 x 10^ cm/sec) and accelerate the protons
after they are trapped in the tokamak. If the protons are
maintained near 3 Mev only the desirable neutron free reaction
would be significant. Many other advanced fuel reactions that
are useless for a thermal reactor merit re-examination for a
non-thermal beam/plasma reactor.

This work-was supported by the Department of Energy.
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REB RING EXPERIMENT IN NAGOYA
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Abstract

Experiments on relativistic electron beam rings, carried out at
Institute of Plasma Physics, Nagoya, are reviewed. REB rings were
all produced in the presence of toroidal magnetic field except a
case of the use of a flux conserver. Magnetic field configurations
formed so far were tokamak mode ( q > 1 ), stabilized pinch mode (a
q, < 1 ), spherator mode ( q = 0 ) and REB ring core mode (a a
Astron-Spherator )( q(REB core) < 1 ). These rings were formed by
injecting intense pulsed REB's into toroidal devices: SPAC-II,
SPAC-III, SPAC-IV, SPAC-V, SPAC-« and SPAC-VII.

Rules and limiting factors at REB ring formation and also
at its compression are discussed. Attainable ring current depends
on the pulse form and particle momenta of injected REB.

The REB ring core configuration has a current-less region
useable for plasma confinement out of the REB ring and there is
generated a deep magnetic well though the field is axi-symmetric.
The property of this configuration is discussed.

The lifetime of REB ring core recorded so far was 40 ms by
virtue of current carriers of energetic electrons and this time was
far longer than the particle confinement time.

1. INTRODUCTION
The use of pulsed injection of intense relativistic electron

beams ( REB ) to generate toroidal currents will offer many pathways
to future toroidal current systems. Injection of an REB directly
puts uni directed large momenta of electrons into a toroidal systems
for current generation. In the present engineering situation, the
input power can be high enough to generate a toroidal current
sufficient for experiments on plasma confinement. New magnetic
configurations which are strongly characterized by the presence of
REB currents are now capable to be examined experimentally. Also,
applications of REB injection to other field configurations, such as
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tokamak, FRC and spheromak, may be considered. Start-up, ramp-up
and sustaining of tokamak current may be realized by the use of REB
injection, and stabilization of tilt mode of FRC or spheromak may
be possible by the presence of REB.

At Institute of Plasma Physics, Nagoya University, studies of
REB rings has been performed on a series of toroidal devices called
SPAC: SPAC-II, -III, -IV, -V, -VI, -VII, -UHD1"7'. Astron,which was the
earliest experiment on REB for plasma confinement, aimed at the

8 9 )field reversal of a mirror field by using so called E-layer,' where
the gyroradii of REB was the same as the major radius of the system.
Once we think about the extension of this Astron concept to reactor
where the field should be high enough for hot plasma confinement,
we meet a problem of huge synchrotron radiation loss1. For the
reason, studies at IPP-Nagoya have been focu^sed on REB rings with
strong self-fields so that the major radius includes many gyroradii
of REB electrons. Here, the strong poloidaf'field becomes feasible
without extremely energetic electrons. Such a kind of
configuration is usually generated in external toroidal field.
Therefore, all devices named SPAC, except for SPAC-UHD, had toroidal
field coils. Field configurations realized so far in these devices
are :

* non neutral REB ring in B. :SPAC-II
* tokamak mode ( q_^ 7 ) :SPAC-II
* stabilized pinch mode( q < 1 ) :SPAC-III , SPAC-Va

* spheromak ( q = 0 } :SPAC-UHD-1a
* REB ring core configuration :SPAC-VI, -VII

( Astron Spherator )
Schematic structures of SPAC-VI and SPAC-VII are shown in Fig.l and
Fig.2, respectively.

REB's were usually genetated and injected by using the ' Plasma
Anode' method . Formation of REB rings using this method is to be
discussed in the next section as well as the estimation of the
attainable ring current for different conditions of REB parameters.
The section 3 is devoted to describe the experimental results of the
major-radius compression of REB rings, the section 4 for observation
of REB ring core configuration and its properties.
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2. FORMATION OF REB RING
As i s well known, in a toroidal current system of any kind,

the plasma is confined essentially by the poloidal magnetic field.
So if we hope to apply REB ring system to fusion plasma experiment,
it is nessesary to form REB ring with a sufficient intensity of ring
current, perhaps several hundred kiloamperes. With this in view, it
is important to analyze factors which determine the intensity of
the ring current. In this section we describe the conditions for
successful ring formation deduced from data of great number of
shots with control parameters changed in SPAC-V,SPAC-VI,aid
SPAC-VII, and discuss on the attained ring current.
2-1. Setup and Procedure of REB Ring Formation.
To mdke the problem clear we first explain the experimental setup
(Fig.3 ) and procedure used in the experiment.Although the
dimensions and parameters are differnt for each devices, the
principle is essentially the same at least during the REB ring

tCOUBl

T i g . 3 . S e t u p f o r R E B i n j e c t i o n .
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formation process. The important point in designing the device is to
optimize the profile of the external magnetic fields and the shape
of the vacuum vessel (shell) so that efficient REB trapping is
obtained. The toroidal magnetic field is generated by the current in
the center conductor. Axial magnetic field suitable for efficient
beam trapping is adjusted by an appropriate combination of currents
in several magnetic coils. The thickness of the shell is chosen such
that the penetration time of the magnetic field is larger than the
REB ring formation time ( us) but less than the rise time of axial
magnetic field (ms). REB ring formation in the resistive shell
makes it easy to meet the condition for the efficient ring formation
and that for the long time equilibrium of ring or compression. A
cathode, from which REB is emitted, is set tangentially in the vacuum
chamber supported by an inner conductor of a coaxial magnetically
insulated line(MITL) which in turn connected to a high voltage pulse
generator. In the presence of the toroidal and axial magnetic
fields the chamber is filled with plasma produced by a plasma gun or
a high power RF field and then at an appropriate timing a high
voltage pulse is applied to the cathode. Then the electrons emitted
from the cathode surface are accelerated across the sheath formed in
front of the cathode, where plasma itself works as an anode. This
method of REB generation (plasma anode method) is useful for
repetitive beam generation because anode is not broken as foil anode
and the diode impedance is easily changed by control of the
surrounding plasma density. One drawback of this method, however, is
that an appreciate amount of the cathode material is evapolated by
ion bombardment as evidenced by an electron microscopic picture
and possibly filled the vacuum chamber. BEB thus generated goes
around the torus under the influence of the external magnetic field
inducing the return current in the background plasma.
2-2 Mechanism of the effecient trapping

The trapping of the injected REB into the ring is related to
the electron motion without hitting the vacuum chamber or the
cathode. In the early phase of REB injection, the return current is
expected to mask the appearance of the poloidal magnetic field and
beam excutesthe single-particle-like motion in the external magnetic
field.Fig. 4 shows an example of the non disipative electron motion
projected to a poloidal plane in SPAC-VI static magnetic field. As
is evident from the figure, or more general Poincare's recurrence
theorem, non-disipative electronsin the static magnetic field
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figf 4. T r a j e c t o r i e s of e l e c t r o n s of
v a r i o u s e n e r g i e s i n j e c t e d a l o n g
the t o r o i d a l f i e l d at the major
r a d i u s R- 50 c» w h e n the v e r t i c a l
m a g n e t i c f i e l d at R- 40 en Is 112
g a u s s . A s s i g n e d n u m b e r s c o r r e s p o n d
to 1 : 1.3'1 H e v , 2: 1 . 1 2 Hev ,
3: 1.09 H e v , 4: 1.05 M e v , 5: 1 . O M e v
6: 0.95 H e v , 7: 0.88 H e v , 8: 0.74H e v ,

eventually collide with the vacuum chamber or the rear side of the
cathode. One natural solution to this problem is to keep the drift
motion from colliding with the wall or the cathode as long as
possible and wait for the dissipative process to occur.But such a
small pitch drift motion means that the most of the electron emitted
from the cathode of a finite dimension collide with the rear side
of the cathode after one circuration.Furthermore,because an energy
spectrum of the electrons is broad in practice,only small fraction
of the electrons which clear the cathode can remain without
colliding with the obstruction for a long time. Therefore without
some very fast { 100 ns) disipative processes or fast change of
magnetic field,we can not explain the intensity of ring current
obtained in the experiment.Two kinds of processes seem to be
involved in the different parameter regions. One is the very fast
appearance of the toroidal current, which decelerates the injected
electrons and induces image current in the shell which in turn
changes the magnetic field inside the chamber. Besides,the
toroidal current will help to trap the electrons emitted afterwards.
Indeed, ring current with long life is formed when and only when REB
is injected under the condition that poloidal magnetic field appear
in the early phase of the injection. This condition is realized by
a very fine tuning of the tenuous initial plasma state . The spatial
distribution of the plasma and neutral density and the wall
condition are also important. Even under the condition that the
toroidal current appears rapidly, very fine tuning of the profile of
the magnetic field, the shape of the shell and cathode position
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seem to be Important. Experimentally, the magnetic field profile
providing highest ring current with a long life is such that an
amount of drift over a circulation is as large as possible but not
so large to reach the wall of the shell in a few circulations. The
other disipative process which facilitates the beam trapping
takes place when REB is injected into more dense plasma. In this
case, the rise of ring currnt is slow(us) and return currents
asymmetric about the midplane remain for several tens microseconds
and ring current fades out in the same time scale. We often observed
higher ring curent composed of low energy electrons and plasma

5)temperature as high as several hundred ev . In this case ,very
rapid disipative process via beam plasma interaction might occur and
a large number of electronswas trapped.

2-3 Discussion on the Attained Ring Current
Conceivable factors which limit the intensity of the ring

current are (1) trapping efficiency discussed above, (2) Equilibrium
and stability of REB, on which many studies have been made. Here we
only emphasize that the well known Alfven current limit can be
surpassed by letting the electrons flow along the magnetic field
line composed of an external plus self magnetic fields (force free

1 2 }configuration). (3) Last but most fundamental fact which brings
about a limitation on the attainable ring current formed by
injection is that the appearance of the p'oloidal magnetic flux
associated with the ring current inevitably decelerates the injected
electrons appreciably. For an analysis of this problem, we solved a
set of equations describing the evolutions of the plasma return
current I (t) , the REB current ID(t) and the momentum distributionP K
function of REB electrons running only in the toroidal direction
(one dimensional approximation). Here we describe only the result
for two extreme conditions, (a) For REB injection with pulsewidth
much shorter than the decay time of the induced return current ,
the final attainable maximum current is limited by

where (BY )K is the momentum/me at the injection, g is the measure
of the ring inductance defined by L= v^gR, Ia=4fmc/ejJ0= 17000 A.
This is the same as the increment of toroidal current when REB is
injected into Tokamak plasma current. {b)For the continuous beam
injection the evolution of-the net current I(t) = ID(t) + ID(t) is* K r
given by
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M6Y)k ft rsKt) - ̂——^ j dsj du exp[-(s - u)/T6 -

where T =2 R/c is the revolution time of a relativistic
particle along the circle of radius R, IK is the cathode current
and <Y> is the average of the relativistic factor during the
evolution, and T is the decay time of the plasma current.For t» TC
I(t) is approximated as

(ßy)kla 2glk t
Z9 ] * <Y>Ia Vv

Thus stacking of the ring current is expected for REB injection
with pulse width much longer than TC , and attinable current is
greater than that obtained when short pulse is injected by an
enhancement factor ln(l+2g!Kto/<Y> Ia Trev). where tQ is the pulse
width of the REB. The above simple model calculations also
indicate the favorable aspect of the suppression or fast decay of
the Induced return current. In table 2 the Intensities of the ring
currents obtained in each devices are listed together with other
pertinent parameters. Here we corrected the attainable currents in
the above equations because the REB ring was not located near the
cathode position as assumed in the model, and g =1.5 is used.
In SPAC-V experiment, an enhancement of 1.6 is observed,while in
other machines only small enhancements were obtained.This fact
indicates that more fine tuning will yield a bit more intense
currents in SPAC-VI and SPAC-Viï. Considering the crudeness of the
calculation we may say that the maximum current obtained in each
device is limited to a considerable extent by the mechanism
considered above. This gives us hope that if we use a beam source
with higher electron energy , for example 10 Mev,which is available
with a present technology, we can make REB ring with current greater
than 100 kA and test the validity of the REB ring system for
plasma confinement.
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SPAC-V
SPAC-VI
SPAC-VII

energy
500 kV
1.3 MV
800 kV

major radius
11 cm
35 cm
50 cm

ring current
30 kA
25 kA
15 kA

enhancement
1.6
1.2
1.1

Table 1. Enhancement of ring current for different toroidal device.

3. COMPRESSION
Since formation of REB ring is performed in1 a very short time,

it is difficult to maintain the ring in equilibrium by controlling
the vertical field. In SPAC-VI and SPAC-VII, the initial holding
of the ring are made by the use of wall currents of the vacuum
vessels. Therefore, the shape of vacuum vessel as well as its
conductivity is important when the major-radius compression
proceeds from the formation. The vacuum vessels were made of thin
stainless steel plate to afford the permeation of increasing
vertical field. These vessel walls work as good conducting shells
during the ring formation because of its rapid process. Eesides,
the required momenta of injected REB for a given ring current can be
low since the self-inductance or the momentum consumption is small
in this case. Figures shows the time variation of the effective
field acting on a REB ring in the transient phase from ring
formation to compression. We call this method ' Resistive shell
method .

Figure 6 shows the time dependences of ring parameters during

MAJOR RADIUS

VERTICAL FIELD]ACTING on RING]

B„ OF SHELL CURRENT

EXTERNAL

TinE
FLUX EXCHANGING
PHASE

UREB INJECTION

COMPRESS ion
F i g . 5 T i m e v a r i a t i o n o f t h e e f f e c t i v e

v e r t i c a l m a g n e t i c f i e l d a c t i n g o n
o n a R E B r i n g i n t h e t r a n s i e n t
p h a s e f r o m r i n g f o r m a t i o n t o
c o m p r e s s i o n .
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the major radius compression in SPAC-VI. As the vertical field on
the REB ring increased, the major radius of the ring R decreased and
the ring current IR became higher, obeying the law IRx R = const.
The average plasma density alsoincreased by the compression.
Bremsstrahrung due to the interaction of energetic electrons with
the background plasma was measured. The edge of X-ray energy on
the higher energy side increased by compression from 0.6 MeV to 2.2
MeV ( Fig.7 ). It was found that the conservation law of
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canonical angular momentum was roughly held during this compression
in considering the effect of the self-field of the ring current.
After the compression was finished, the ring current continued for
40 ms.

In SPAC-VII which was designed for merging experiment of two
rings, the compression is applied by using a different process. A
quasi-steady vertical field is cancelled by imposing a pulsed
vertical field. Then, the rising phase of the field can be used
for the compression. REB is injected from a position of the side
wall of the vessel using again the ' Plasma Anode method'.
Puffed hydrogen gas is preionized by rf dischage at the frequency
3.4 MHz. Control of the injected REB at the initial phase before
the appearance of the self-field is made by adjusting the net
external vertical field. The attainable compression ratio in this
case is smaller than that in SPAC-VI. An typical wave form of the
ring current is shown in Fig.8. The current peak is about 20 kA
and the life is 20 ms up to now. By the compression the energy
tail of X-ray emission increased to 1.5 MeV from 0.8 MeV.

4. REB RING CORE CONFIGURATION ( ASTRON-SPHERATOR )
A toroidal magnetic configuration called 'Astron-Spherator' was

first considered by S.Yoshikawa and N.C.Christfilos so as to
synthesise features of Astron and Spherator „ Spherator is
equipped with a conducting hard core carrying a toroidal current.
The hard core has to lie inside the confined plasma. This drawback
disappears in Astron-Spherator where an REB ring is used instead of
the hard core of Spherator. However, the existence of this kind of
configuration had not been observed for longer than a decade since
the proposal. In 1982, the inference of the existence was noticed
from the localized emitting region of bremsstrahlung during an

If!)experiment in SPAC-VI, Then, the direct experimental evidence of
the cored REB ring was given in SPAC-VII .
4-1. Experimental Evidence of Low q REB Ring Core

An experiment was performed to determine directly the size of
REB rings in SPAC-VII. The ring formed by the long pulse injection
was weakly compressed towards the major axis and made to collide
with a target plate which was set near the centre conductor. The
time of the collision could be detected by the occurence of an X-ray
burst. Using many magnetic search coils set behind the target, the
minor radius a , the major radius R and the ring current ID wereC K
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Fig. 8 Typ ica l wave forms of ring current I-RING and poloidal lagnetic field at the

center conductor BP-c when weak compress ion was applied in SPAC-VII.

inferred. Thus, the safety factor q at the outmost surface of the
v*core could be determined.

A case observed in such a method is the following:
External toroidal field: B.= 3.4 kG

L-
External vertical field: B = 175 G
Major radius of the core:R = 27 cm
Minor radius of the core:a = 4.5 cm

Whence, the safety factor at the outmost surface of the core is
We = °'6

Therefore, it is concluded that REB ring core of very low q state
exists. Figure 9 shows the configuration in this case. Outside
the core there extends a wide confinement region where toroidal
currents do not flow. This means that we can use a 'current-less
configuration with axi-symmetry' like Spherator.

The core radius was also determined from spatial distributions
of bremsstrahlung in energy ranges of soft X-rays ( 1 - 10 keV ) and
hard X-rays ( 0.1 - 1.5 MeV ). Multi-channel detectors: PIN-diodes
for soft X-rays and Nal(Tl) scintillators for hard X-rays were used
here. Figure 10 shows the profiles of the X-ray emissions. These
results are in agreement with the measurement using the target
method.
4-2. Characteristics of REB ring core configuration

The minor radius of the REB core is so small that the vertical
magnetic field necessary for equilibrium becomes high. Therefore,
there appears a deep magnetic well outside the ring. In the case
mentioned in 4-1, the well depth is 4.5 % if the confiaient region is
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limited up to q = 1 surface. Deeper well can be realized when the
ring current becomes higher,keeping the minor radius of the core
small. Here, we use the parameters affecting the configuration as

BV = Bv ( |JoIR / 2*R I"1, and IR = It / IR
where It is the ampereturns of the toroidal field coil. The
parameter BV is decided from the equilibrium condition of the REB
ring. Change of field configuration for different BV's and IR's
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are shown in Fig.11. As BV increases , the magnetic axis shifts
towards the larger major radius side and thereby the well becomes
deeper.

The q = 1 surface and other rational surfaces appear outside
the REB ring core. If a small tilting motion occurs to the-ring,
there comes out a fairly large magnetic island near q = 1 surface.
Experimentally, violent blow off of the plasma was observed on higer
q side and finally the plasma remained only inside q = 1 surface.
Therefore, the well depth should be estimated in this region
available for confinement. Figure 12 shows dependences of the
well on the parameters BV and IR. For smaller IR the well becomes
much deeper.

BV = 0.75 BV = 1.0 BV = 1.5
Fig. 11. Change of field configuration for different BV and IR- 5.0.

BV= 2.0

s -

. I« - 111

Fig.12. Dependences of the well depth on
parameters BV and IR.

5. Conclusion
Research of REB rings was initiated at Lawrence Livermore

National Laboratory and then the field reversal was attained in
Cornell University. Afterwards, IPP-Nagoya did experiments for
extending Astron concept to more acceptable one. Now, the magnetic
configuration characterized by REB : Astron-Spherator is in our
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hand. It should be noted that a currentless region with magnetic
well is useable in this configuration. Transport of plasma in this
field may become different from other internal current systems.
The realized lifetime of REB rings in SPAC was long without any
sustaining means, compared with other so-called compact tori.
However, it is true that further extensive studies will be necessary
to examine applicability of such a configuration to a future
reactor.
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REVIEW OF ROTAMAK RESEARCH

I.R. JONES
School of Physical Sciences,
The Flinders University of South Australia,
Bedford Park, South Australia, Australia

Abstract

Two topics are discussed in this review: the rotating magnetic field
method of driving plasma current and its application in the generation of
a compact torus configuration known as the Rotamak. In the discussion of
the rotating" magnetic field technique the conditions necessary for the
achievement of current drive are listed, a description is given of the
basic physical mechanism underlying the method and a few common misconceptions
are clarified. A general description of a typical Rotamak device is
provided together with some initial results from a new, moderately high
power (180 kW), long duration (40 msec) experiment.

I. Current drive by means of rotating magnetic fields
1. Conditions for achievement of current drive
A discussion of this current drive technique is simplified if we

consider a situation where it is used to drive a steady azimuthal current
in a plasma cylinder.

Consider an infinitely long plasma cylinder of radius R embedded in an
uniform axial magnetic field, B . Let an uniform transverse magnetic field3.

of amplitude B which rotates about the cylindrical axis with an angular
frequency w be applied to this plasma column (Fig. 1.). Let v . be the

G l

electron-ion momentum transfer collision frequency and v* be the effective
collision frequency for the transfer of momentum from the ions to the sur-
rounding environment.
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Axia l f i e l d B r

Rotating
f ield
B<„

Fig. 1. Schematic diagram showing
the application of a
transverse rotating field
to a magnetized plasma
column.

(a) The effects of screening currents are negligible and the applied

rotating field completely penetrates the column, entraining the electron
gas in synchronous rotation, if:

co « co fl")ce
and

Vei << ft] Wce ' ^

where 6, the classical skin depth =
eB

density and

2m V .e ei

co
y ton e^ o e

; n is the electron number

ce m

(b) The average force exerted by the rotating field on the ion fluid is
negligible if:

co » co .ci (3)

where
eB

COci m.i

(c) There is the possibility that electron-ion collisions may bring the
ion gas into synchronous rotation with the electron gas. This will not
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occur if there exists a mechanism which allow the ion momentum to be relaxed
to the surrounding environment with an effective collision frequency

[m i— v . . (4)m.J ei ^

In summary, if the values of B and w are so chosen that inequalities
(1) - (3) are satisfied and if an ion momentum relaxation mechanism exists

such that inequality (4) is satisfied, then an applied transverse rotating
magnetic field will penetrate a plasma column and will generate a rigid-
rotor-like electron current; the ion gas will remain at rest.

The above conclusions have been reached following a number of

analytical investigations [1] - [3] and they have been confirmed, to varying

degrees, by supporting computational and experimental studies [4] - [6],

2. Main differences between rotating field current drive and competing
techniques

(a) The rotating field current drive technique does not rely on the use
of wave-particle interaction effects which act only on a sub-group of
the electrons. Rather, it uses a nonlinear ponderomotive force which
acts on the entire electron gas.

(b) The rotating field current drive technique enables currents to be
driven across ambient magnetic fields.

(c) In principle (and in practice), there appears to be no density limit
to the technique.

3. The physical mechanism
We will discuss the operative physical mechanism within the context

of the simplest theoretical model developed to describe this current drive
technique. In this model, the plasma ions are assumed to form an uniformly

distributed, absolutely immobile, background of positive charges. The
electron gas, on the other hand, is treated as an inertialess, pressureless,

negatively charged fluid. For this model, the equation of motion of the
electron gas and the generalized Ohm's law are identical and reads:
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E = nî + CÎ x B) (5)

The first term on the right hand side of Eq. (5) is the resistive term and
the second term is the Hall term.

The applied rotating magnetic field induces an E electric field. If

we first consider a situation in which the influence of the resistive term
dominates that of the Hall term, this E field drives an axial screening

current, j , in the plasma cylinder which prevents penetration of the applied
rotating field into the plasma (Fig. 2.). The precise distribution of j
in the 6-direction depends on the values of n and v . and on the degree tor e ei &

which the resistive term dominates the Hall term.

Axial field Br

Rotating
field
B,=»00

Fig. 2. Distribution of j\
screening current

The effect of the small Hall term is to produce a small azimuthal force,

j B , which acts on the electrons. Here, B is the r-component of theLI r r
rotating magnetic field. Since both j and B are quantities which vary in
time with a frequency w, this azimuthal force has a steady part and a
component which varies at 2w. The electron gas assumes the steady value

of the azimuthal velocity, v fl, which corresponds to the balancing of the
accelerating torque by the retarding torque due to the collisions of the
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electrons with the ions. In this manner, a small conventional azimuthal
current of density, jfi(r) = -n (r)e v fi(r), is produced (Fig. 3.). For theU C CO

case just discussed (resistive term dominant), the electrons do not rotate

synchronously with the rotating field.

Fig. 3. Generation of v 0 and— —— ev
driven azimuthal current.,
JQ-

The driven jfl current is a Hall current. Azimuthal symmetry precludes

the generation of the electrostatic field which, in many situations, prevents

the flow of Hall current.
eB

By increasing the value of the quantity, ———, the influence of the
e ei

Hall term relative to that of the resistive term can be increased. Such a
procedure is accompanied by

a decrease in the amplitude of the screening current, j ,
L*

an enhanced penetration of the rotating field into the plasma column,
an increase in the value of v fl and, hence, in the amount of drivenC v

current.

The maximum value of v ft,

Max ^ ..„ve6 * ru) , (7)
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is obtained when the electron gas rotates in perfect synchronism with the
applied rotating field. The corresponding values of the current density
of the driven current and the total driven azimuthal current per unit
length are:-

.Max, , , „
1 I "Pi — — Tl f*T*fll ( A ^

and
F \

ifl
ax = (ïïR2n ) e -=-- . (9)

In general, there are two currents present in the problem; the
screening current, j , which oscillates in time and the steady driven

current, jfi. Again, in general, analysis shows that

f" m v . ' 6.Jz v e ei
where j is the amplitude of the screening current. For a given plasma

L»

fi.e. given values of n , v . and R), j„ increases non-linearly with B*• b e ei ' J8 3 oj
/N(and j decreases) until a saturation value corresponding to synchronous

rotation of the electron fluid is attained.
In [4] , Hugrass and Grimm have presented the results of numerical

computations which follow the penetration of an applied rotating field
into a plasma column from its time of application to the attainment of a
steady state. Numerical solutions are presented for a system having the
following parameters:

R = 0.02m
1f120 -3n = 10 me

u) = 5 x 10 radians/sec

and for three values of the plasma resistivity:

n = 2.5 x io"5; S x 10"5 and 10~4 fl-m .

The magnitude of the rotating magnetic field was varied in the range

20-160 gauss. For each chosen value of the rotating field amplitude, the
penetration was followed in time and the value of the steady azimuthal current
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(per unit length), Ifl, which was eventually attained was noted. Fig. 4.
_ ,TMaxshows the variation of the normalized current, a . , .,, with the

magnitude of the rotating field, B , for the three different values of the
plasma resistivity. It is seen that a is much smaller than 1 for small

i-O r-

0-8

0-6

0-4

0-2

20 40 60 80 100 120 140 160

Fig. 4. a plotted against B for three values of n.
Q CO

values of B . For each value of n there is a range of B for which the(JÜ 0)
curve is very steep. For very large rotating field amplitudes, a

o

approaches asymptotically its maximum possible value of 1 which corresponds

to synchronous rotation of the electron fluid.
Fig. 5. shows the development of the rotating fields lines in a

plasma cylinder of resistivity n = 2.5 x 10 £2-m for rotating field
magnitudes of:
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(a) B =30 gauss (less than the threshold value)

(b) B = 50 gauss (greater than the threshold value).

15-0 18-0 21-0 24-0

Fig. 5a. The development of the rotating field lines in a
plasma cylinder of resistivity_, n = 2. 5 x 10~5 Sl-m
for B = 30 gauss.

7-5 10-5 12-0

Fig. 5b. The development of the rotating field lines in a
plasma cylinder of resistivity., n = 2. 5 x io~5 ß-m
for B = SO gauss.

For the B = 30 gauss case, the rotating field is always confined to a layer
near the surface of the plasma column. For B =50 gauss, the rotating
field penetrates the plasma column after a transient period of about 10 ysec.
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During this transient period, the steady azimuthal current increases from

its initial value (zero) to its final steady state value.
B

Recently, it has been discovered that, for certain values of /
R ei

and /., the value of the steady electron current driven in a plasma
cylinder by means of a rotating field is not unique [7]. A number of
theoretical approaches show that, in a certain parameter range, three

different steady state solutions can exist, two of which are stable.
The discussion to this point has been centred around a theoretical

model which assumes fixed ions and mobile electrons. If one takes the
step of allowing for ion motion, then at least one of the plasma species

has to be endowed with a finite pressure otherwise the model plasma will
collapse radially inwards towards the axis under the influence of the j„B
force. Furthermore, it must be assumed that some ion momentum relaxation
mechanism exists which prevents the ions from attaining synchronous

rotation with the electrons (with an accompanying loss of current) through
electron-ion collisions.

Hugrass [3] has examined a model which includes ion motion, finite

temperatures, diamagnetic drifts, E x B drifts, centrifugal drifts and
collisions and concludes that current drive under the non-restrictive

conditions listed at the start of this paper is still possible.

4. An useful analogy
We wish to draw attention to the close analogy which exists between

the current drive scheme under discussion and the principles which govern
the operation of the well-known squirrel-cage induction motor [8], Fig. 6.
shows the bare essentials of such an induction motor. A rotating magnetic
field of magnitude B and angular frequency u> is generated by means of a
polyphase stator winding (not shown in the diagram). The rotor consists
of a long single-turn coil which is coupled to a mechanical load.
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Fig. 6. Schematic diagram of a simple induction motor1,

In the general case where a mechanical loading exists, the rotor does
not rotate synchronously with the applied rotating field. Accordingly, the

magnetic flux linking the rotor oscillates in times and an e.m.f. is induced
which drives a current in the rotor. Both the current in the rotor and
the applied rotating field are time-varying. The resulting magnetic torque
acting on the rotor has both a second harmonic component and the desired
steady component which maintains the rotation of the load.

For the special case where the mechanical loading is zero, the rotor
rotates synchronously with the rotating field, no e.m.f. is induced and

no rotor current will flow. Consequently, the torque exerted on the load
is zero.

One is now in a position to appreciate that the operation of the
rotating magnetic field scheme for driving plasma current is closely
related to that of the induction motor. The electron fluid is analogous

to the rotor coil and the ion fluid provides the retarding torque and is
analogous to the mechanical loading. The spinning of the 'electron fluid
rotor1 gives rise to the desired driven azimuthal electron current; this
possibility does not arise in the induction motor since, in that case, the
solid state nature of the rotor coil constrains both the constituent ions
and electrons to spin together about the axis of rotation.

The above analogy has been used in [8] to elucidate the power and
momentum relations which exist in the rotating field current drive scheme.

126



It also played a role in the discovery of the nonunique steady state
solutions to the rotating magnetic field current drive equations referred

to earlier in this paper.

5. Some common misconceptions

(a) Penetration of the rotating field into the plasma

An opinion that has been (is?) widely held is that the classical skin
effect prevents the rotating field from penetrating the plasma in the first

place. Such a viewpoint neglects the influence of the Hall term in the
Ohm's Law. Our theoretical studies (and experimental confirmation [6]) show
that, provided the amplitude and frequency of the rotating field are correctly
chosen, the influence of the Hall term allows the applied field to penetrate

the plasma, entraining the electrons in synchronous rotation as it does so.
There is an intimate connection between the generation of azimuthal

electron velocity by the Hall term and the enhancement in the rotating field

penetration. As viewed from a local frame of reference rotating with the
electron fluid, the observed rotating field frequency, w*, is Doppler shifted
downwards from its laboratory value. Since the classical skin depth, 5, is

_ i
proportional to co 5 , it is appealing to connect the enhanced field penetration
with the larger effective skin depth which is associated with the lower fre-

quency, co*. One can proceed further with this physical interpretation and
correctly anticipate the result that if the electron fluid rotates

synchronously with the rotating magnetic field, then the apparent frequency
of rotation of the field is zero, the effective skin depth is infinite, and
one has complete penetration of the applied rotating magnetic field.

Can this current drive technique be used to generate currents in a
metallic conductor? Recall that the resistivity of an electrical conductor

is proportional to v ./n . A plasma is a good conductor by virtue of havingc 1 G

a low value for v . ; a metallic conductor, on the other hand, owes its good
C J.

conduction properties to a very high density of conduction electrons. The
large value for v . normally encountered in metallic conductors implies that
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the current drive technique discussed here can only become operative if the
amplitude of the rotating field lies in the megagauss range! Since one does

not normally deal with magnetic field of such large amplitudes, it is, perhaps,
not surprising that physicists feel more at home with the concepts of screening

currents and skin depths rather than with the principles of the current drive
technique being discussed here.

(b) Current drive across a steady magnetic field

A novel feature of the rotating field current driven scheme is that
large currents can be generated across an imbedded, steady magnetic field of
arbitrary amplitude. In Ref. [9], Fisch and Watanabe questioned this and
have advanced the contrary proposition that "an axial magnetic field does
indeed inhibit motion transverse to it".

It is possible to construct a self-consistent physical picture of the
nonlinear mechanism whereby a rotating field drives an electron current across
a steady magnetic field in a plasma column. Let us first consider the

COCGimmobile ion model and let us examine the case where / -> °° and the
ei

transverse rotating field completely penetrates the column. Under the
influence of the E field (induced by the rotating field) and the r-component

of the rotating magnetic field, the electron fluid acquires an azimuthal

velocity, v fl = ^w- The interaction of the resulting azimuthal current
density, j.-,, with the steady axial field, B , results in the electron fluid
experiencing a radial force. After an imperceptible movement of the electron

fluid in the radial direction, the joB force is counterbalanced by a radial
electrostatic field, E , which is produced by charge separation (recall that

in this theoretical model, the ions are immobile by definition). This radial
electrostatic field then plays an essential role in that it allows the
electron fluid to move azimuthally across the steady axial field in a self-
consistent manner. It always arranges itself (self-consistently) in such

E
T*a way that the electric field drift, /„ , remains at the value of rw,Bz

irrespective of the value of BZ(r).
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The situation is more complicated for the mobile ion model. Nevertheless,

the theoretical work described in [3] allows one to, again, construct a
physical picture of how electron current can be driven across a steady magnetic
field. In this case, both the ions and the electrons participate in two
kinds of azimuthal drifts: electrostatic field drift (of the type discussed

iabove) and, additionally, diamagnetic drift. For the special case of complete
penetration of the rotating field, these two drifts are equal and opposite for
the ion fluid which, therefore, remains at rest. The drifts add for the

electron fluid and add, self-consistently, to a value of rco at any arbitrary
radial position. If the penetration of the rotating field is not complete,
then the two ion fluid drifts do not completely cancel and the resulting ion
drift reduces the total azimuthal current density from its maximum value of

JB = -n erw.\j ç

(c) Open field lines

The application of an applied transverse rotating magnetic field to a

closed field system produces open magnetic field lines which can cut vessel
walls. The criticism has been made that magnetic confinement (confinement
of particles and energy) is not possible under such circumstances. In the
following we advance arguments as to why particle confinement is indeed
possible; we have an open mind on the question of the extent to which the
rotating field influences heat conduction within the confined plasma,
(i) In order to shed light on the question of particle confinement, the

motion of electrons and ions in a system which consisted of an uniform
rotating magnetic field and a steady, uniform magnetic field which was
aligned with the axis of rotation was examined [5]. Bounded orbits
(i.e. orbits for which the particles only moved a limited distance
from the axis of rotation) were identified. The more realistic situation
of motion in the non-uniform self-consistent fields appropriate to a

cylindrical plasma equilibrium maintained by the rotating field was
also investigated. Again, bounded orbits were found.
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(ii) Fluid model calculations [3] for a cylindrical plasma equilibrium
maintained by a rotating field show that the electron fluid is kept in

dPeradial equilibrium by a counterbalancing of the steady /, expansion
force by the steady, radially confining jflB force (the steady current

O LJ

jo being produced by ^fche rotating field). There are no unbalanced
forces which can lead to the flow of electron fluid along instantaneously

open field lines.
Thus, for a variety of reasons it appears that the presence of time-

varying open field lines does not impair particle confinement to the same
extent as steady open field lines,

(d) Ion spin-up

In a system where an electron current is driven by a rotating field, the
ions are set into rotation by electron-ion collisions and, in a completely

isolated plasma, both ions and electrons must ultimately rotate synchronously
with the field (causing the nett current to vanish in time) .

This circumstance has been advanced as a major drawback of the rotating

field current drive scheme. But this drawback is common to all r.f. - and
beam - current drive schemes; it is not unique to the rotating field technique.
In practice, the hope is that some ion momentum relaxation mechanism, such

as charge exchange or the counter-feeding of fuel gas, can be invoked which
ensures a constant nett current. In [3] Hugrass has shown that an ion
momentum relaxation mechanism with an effective collision frequency, V*, as

low as [m >i
- v .nuj ei

is sufficient to ensure a substantial nett current.

6. Experimental Studies

An experiment has been reported [6] in which the rotating field technique

has been used to generate a theta-pinch-like distribution of field and plasma.

The primary aim of the experiment was to study the basic physics of the current
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drive mechanism. Experimental observations are reported in [6] which

point to the existence of a nonlinear characteristic linking the driven

plasma current to the amplitude of the rotating field
show the connection between the level of current drive and the degree of

penetration of the rotating field.

II. The Rotamak
1. Introduction

The Rotamak is a compact torus device in which a rotating magnetic field

(rotating in planes normal to the z-axis; see Fig. 7.) is used to maintain

Rotating
magnetic

field

Helmholtz
coil

'Vertical' field
coil
X

Pumping
port

Neutral point

Spherical
pyrex vessel

Pumping
port

Separatrix

Magnetic axis

The Rotamak compact torus configuration.

the toroidal plasma current. Equilibrium requires the presence of an additional

externally generated poloidal field (the so-called 'vertical field' in
tokamak research) which couples with the toroidal plasma current to produce
an inward force. The total steady poloidal magnetic field consists of the
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combination of closed and open field lines shown in Fig. 7. Nearly all the

Rotamak research which has been undertaken to date has been concerned with

devices which do not have an additional applied steady toroidal magnetic field.

The components of a typical Rotamak device are shown in Fig. 8. A

spherical Pyrex discharge vessel is equipped on the outside with a pair of
>

orthogonally oriented Helmholtz coils. R.F. currents of the same frequency
and amplitude, but dephased by 90°, are passed through these coils to produce

a magnetic field which rotates about the z-axis. The vertical field needed

for equilibrium is produced by a pair of coils located on the z-axis as shown

in Fig. 8. Coils wrapped around the tube leading to the vacuum system are used

TO
VACUUM
SYSTEM

-RF PREIONIZATION
-8-PINCH PREIONIZATION

ORTHOGONAL HELMHOLTZ
COILS

MAGNETIC PROBE—*
PORT

-VERTICAL FIELD
COILS

Fig. 8. Schematic diagram of a Rotamak device.

to preionizse the filling gas by either r.f. or 6-pinch discharges.

Typically, the quantities measured are the total toroidal plasma current,

!„, driven by the rotating field (measured by means of a Rogowski belt); the
z-component, B (r,z), of the total poloidal magnetic field (i.e. the sum of

LJ

the applied vertical field and the field due to !„); the 6-component, B (r,z),
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of the rotating magnetic field; and the power transferred from the r.f.

generators to the load.
Fig. 9. shows the disposition of the Rogowski belt and of the numerous

magnetic probe guides which are incorporated into the design of a typical
Rotamak apparatus. It is possible to measure B (r,z) at a matrix of points

Li

lying in a poloidal cross-section of the discharge vessel and along the
z-axis. This data can be used to construct contour plots of the poloidal
flux function,

= 2ir I r' Bz(r',z) dr' .

MACOR
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Rogowski
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UJfc

Retracted
probe-guides

^Inserted
probe-guide

Access for
axial

magnetic
probe

J

Fig. 9. Disposition of Rogowski coil and magnetic probe ports
in a typical Rotamak device.

In a companion paper presented at this Meeting, Durance reviews the
Rotamak experiments which have been undertaken to date. In the remainder of
this paper, we present some initial results obtained with a new Rotamak device
which couples both moderately high r.f. power and long duration.
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2. A moderately high power, long duration Rotamak experiment

A Rotamak device which couples both moderately high power (X 180 kW)
and long duration (~ 40 milliseconds) has recently been constructed. The two
r.f. current pulses used to produce the rotating field are obtained by

x
dividing and appropriately phase shifting the output of a low power oscillator
and then amplifying each channel to ~ 90 kW by conventional vacuum tube

technology. Power transfer from the last amplifying stages to the Helmholtz
coils which surround a 27.5 cm diameter spherical Pyrex discharge vessel is
effected via suitably designed matching circuits.

A comprehensive set of measurements is presently being made for one

particular set of initial conditions:
p = 0.3 mTorr H

B (0,0) = 23 gauss

(Note that hydrogen is being used as the working gas in this particular

experiment.) The rotational frequency of the rotating field is 1.0 MHz.
Its amplitude (at r = 0, z = 0) and duration are 14 gauss and 40 msec,
respectively. The total input r.f. power to the matching circuits from both
amplifier chains is ~ 50 kW, of which ~ 40 kW is transferred to the plasma.

Fig. 10. shows the oscillograms for I f, B (0,0) (the applied vertical
field at r = 0, z = 0 in the absence of plasma), !„ and B (0,0) . The slight
ripple on the I f waveform is an artifact of the measuring system and is to

be ignored.
The measured penetration of the rotating field into the plasma is shown

in Fig. 11. where it is compared with its calculated radial distribution for
a vacuum shot. The rotating field fails to completely penetrate the interior

of the plasma. It is partially excluded from the plasma by the action of
induced r.f. poloidal screening currents. As is clearly seen in Fig. 11.,

these screening currents enhance the amplitude of the rotating field at
the plasma surface. Nevertheless, despite this imperfect penetration, the
IQ oscillogram shown in Fig. 10. indicates that 1050 amps of toroidal plasma
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Fig. 10. I f, B (0,0), IQ and 3^(0,0) oscillograms for
moderately high power Rotamak discharge having

= 0.3 mTorr Hydrogen and B (0,0) - 23 gauss.

—— Calculated
o Experimental

Fig. 11. Penetration of
rotating magnetic
field in moderately
high power Rotamak
discharge.

current is driven reproducibly for the chosen initial conditions. (Two Ifl
traces have been overlayed in Fig. 10.). A comparison of the B (0,0) and
B (0,0) oscillograms shown in Fig. 10. shows that the driven current brings
about a period of field reversal at the centre of the discharge vessel. The
termination of the current pulse and the period of field reversal coincides
with the end of the rotating field pulse.
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The Rotamak discharge exhibited a remarkable reproducibility over the
735 separate shots that were needed to gather the data from which the poloidal

flux contour plots shown in Fig. 12. were derived. These plots show that an

oblate compact torus configuration is maintained in steady-state for the entire

duration of the rotating magnetic field with no evident sign of instability.
The reason for the observed stability of the Rotamak is not known at present;
it may be connected with the fact that the magnetic structure is continually
being regenerated at each revolution of the rotating field.

An 8 mm microwave interferometer was used to obtain an average value of

the electron number density across a diameter of the discharge vessel. Since
it was not possible to obtain meaningful results during the period of density

rise at the start of the discharge, it was necessary to adopt a procedure
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Z 0(cm)
-5
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• I. . . i •I i

5 10 15
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Fig. 12. Measured poloidal flux contours for moderately high
power Rotamak discharge having Pf-j-j = 0.3 mTorr
Hydrogen and B (0,0) = 23 gauss.

-6Contour spaaing: TT x 10~ weber.
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whereby one counted fringes backwards from the end of the discharge. Fig. 13,

shows a typical fringe pattern (actually two which have been overlayed to
exhibit the reproducibility of the Rotamak discharge) and the slow decay in
the electron number density which is observed during the main, 40-msec
duration, phase of the discharge. Fig. 14. shows the fringe pattern and the

final fall in number density which occurs at t ~ 40 msec, the end of the
rotating field pulse. The average number density during the main stage of

18 -3the Rotamak discharge described here is 5 x 10 m

in
0enc

0; J

E
=5 2

10 msec / div.

ft

neL=2.8 x 1017nrf2/ fringe

For 1 = 0.28 m ,

ne = 1.0 x 1018m~3 / fringe

i

•fi-

10 15 20 25
t ( msec)
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Fig. IS. 8 mm microwave interferometer fringe pattern and the variation
of the electron number density with time during the moderately
high power Rotamak discharge.

Fig. 14. 8 mm microwave
interferometer
fringe pattern and
the variation of
the electron num-
ber density with
time at the end of
the moderately
high power
Rotamak discharge.
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Ill. Summary
The rotating magnetic field method of driving plasma current is an r.f.

scheme which does not depend on coupling to a particular plasma wave. The

technique does not need prior assistance in the form of either induction from

a transformer or application of significant power at some resonant frequency

such as the electron cyclotron frequency. The application of a rotating

magnetic field both creates a target plasma and drives a substantial plasma

current. We have not observed a density limit to the method.

We have found the application of the rotating field current drive technique

to be a straightforward method of producing and maintaining stable Rotamak
compact torus equilibria. No obvious gross instabilities have been observed

in the Rotamak experiments. The main thrust of the Rotamak research programme

now centres on investigating the global energy balance in the Rotamak discharges.
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A REVIEW OF ROTAMAK EXPERIMENTS

G. DURANCE
Applied Physics Division,
Australian Atomic Energy Commission Research Establishment,
Lucas Heights Research Laboratories,
Sutherland, New South Wales, Australia

Abstract

A typical rotamak device is described and the results of experi-

ments using RF sources of (a) high power, short duration, (b) low

power, long duration, and (c) medium power, long duration, are presented.

In all experiments, stable field reversed configurations are produced.

1. INTRODUCTION

The technique of driving an electron current by means of a rotating

magnetic field has been presented in a previous paper at this meeting .

The application of this technique for the express purpose of generating

and maintaining a compact torus configuration was first proposed by
2Jones . The initial experiments (Jones and Tuczek - unpublished) in

the prototype rotamak device clearly demonstrated that a field-reversed

compact torus configuration could be achieved. Consequently, more
3 4detailed investigations were undertaken and published ' . In these

experiments, the rotating magnetic field was generated by RF currents

supplied by line generators. Line generators had been adopted as a

cost effective means of supplying high power RF current pulses. The

line generators used were a modified form of the Weibel lumped synchro-

nous line generator . The duration of the RF current pulse was limited

to approximately 15 ys. Since it required approximately 10 ys to

establish the compact torus configuration, it was difficult to draw any

conclusions regarding the gross stability of the configuration.
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The line generators were subsequently rebuilt to extend the dura-

tion of the RF current pulse to approximately 80 ys, and a detailed

investigation of the magnetic field structure of rotamak discharges
8 9was undertaken ' . Two modes of rotamaX operation were identified:

the desired field reversed mode, and a mirror-like mode in which the

driven current was insufficient to reverse the externally applied

magnetic field. A spontaneously generated, bi-directional toroidal

magnetic field was also observed under certain conditions.

To complement these studies, long duration (10-20 ms) experiments

were undertaken at Flinders University using a low power (^6 kW)

oscillator as the RF current source. Similar experiments using

commercial linear amplifiers were later initiated at the Australian

Atomic Energy Commission. Compact torus configurations were generated

and sustained for the full duration of the RF pulse. Furthermore,

modulation of the externally applied equilibrium magnetic field was

demonstrated to have no adverse effect on the stability of the com-

pact torus structure.

The latest series of rotamak experiments involve RF sources of

long duration (20-40 ms) and medium power (̂ 200 kW). By varying the

externally applied equilibrium magnetic field, compact torus con-

figurations ranging from oblate to prolate have been achieved and

sustained for the full duration of the RF pulse with no evidence of

gross instabilities.

While these results are encouraging, many issues have still to

be addressed before the potential of the rotamak can be realistically

assessed.

2. EXPERIMENTAL APPARATUS

The components of a typical rotamak device are shown in Figure 1.

The rotating magnetic field (rotating about the z-axis) was generated
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by feeding RF currents of the same frequency and amplitude, but de-

phased by 90°, through a pair of orthogonally oriented Helmholtz coils

located on the outside of the spherical Pyrex discharge vessel. In

these experiments, the discharge vessels ranged in size from 13 cm i.d.

to 28 cm i.d.

The additional magnetic field required for equilibrium (analogous

to the so-called 'vertical field' in tokamak research) was produced by

a pair of coils located on the z-axis as shown in Figure 1. In the

early, short duration experiments, the magnitude of this field was

held constant throughout the duration of the discharge. In the subse-

quent long duration experiments, the rise time, amplitude and duration

of the equilibrium field were all adjustable.

Rotating
magnetic

f laid v
u>

Vertical' field
coil
Xr

Spherical
pyrex vessel

Pumping
port

Neutral point

Magnetic axis

Figure 1 Schematic diagram of the Rotamak apparatus

Coils wrapped around the pumping ports were used to pre-ionise

the filling gas by RF discharges. Each vessel was equipped with a

Rogowski belt to measure the driven toroidal current and retractable

guides for miniature magnetic probes (see Figure 2) .
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Figure 2 Schematic diagram of the Rotamak apparatus
showing the location of the magnetic probe
guides and the Rogowski coil

3. HIGH POWER, SHORT DURATION EXPERIMENTS

Only the more recent of the high power experiments will be dis-

cussed. In these experiments, a rotating magnetic field of amplitude

<600 gauss was generated from ^80 ys duration pulses of RF currents

of frequency 0.33 MHz. The Pyrex discharge vessel was 16.8 cm i.d.

Argon was used as the working gas.

Figure 3 shows the waveforms of the driven toroidal plasma current

obtained with an argon filling pressure of 2.5 mtorr and four values of

the externally applied equilibrium magnetic field. The latter quantity

is characterised in this paper by its value at the centre of the dis-

charge vessel in the absence of plasma. For the case shown in Figure

3(b), the driven current is maintained at an essentially constant value

for ^60 ps; the termination of the current pulse coincides with the end

of the rotating field pulse. The appearance of a second current plateau

phase is seen in Figures 3(c)-3(e).

From a complete set of such measurements, it was found that, for a

range of filling pressures (0.5 to 4.2 mtorr), the values of the driven

toroidal current, averaged over the first current plateau stage of the
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Figure 3 (a) Characteristics of the RF current pulses used to

generate the rotating magnetic field (1 kA/div)
(b)'-(e) Driven toroidal current (2 kA/div) for argon fill-

ing pressure of 2.5 mtorr and applied equilibrium
fields of 120, 195, 315 and 395 gauss respectively.

discharge, increased linearly with the amplitude of the applied equi-

librium field, as shown in Figure 4. The duration of the first current

plateau stage was observed to decrease as^the average value of the driven

current increased.

Under certain conditions, a second current plateau stage of the

discharge was observed. The value of driven current averaged over this

plateau is also plotted in Figure 4.

On the basis of these observations, three representative discharge

conditions (i.e. combinations of argon filling pressure and applied

equilibrium yield) were chosen and the magnetic structures of the

corresponding compact torus configurations were examined in detail.
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Figure 4 Driven toroidal current, I , versus applied equi-
librium field for (a) first current plateau stage,
and (b) second current plateau stage.

The excellent reproducibility (see Figure 5) of the rotamak dis-

charges enabled poloidal flux contours to be derived by collating the

probe data from many separate discharges. Figure 6 shows the

measured contours of constant poloidal flux for a rotamak discharge

which had an initial argon filling pressure of 2.5 mtorr and an applied

equilibrium field of 275 gauss. In these plots, the separatrix has

been omitted and the number of open contours has been restricted to

three. Shown above each contour plot is a typical RF current pulse

from one of the line generators and a plot of the (digitally filtered)

driven plasma current. The vertical line through the plasma current

indicates the timestep corresponding to the displayed flux contours.

Fig. 5 Overlay of ten Ij(t) signals for »n argon
fil l ing pre§»ure of 2.5 atorr and an
externally applied vertical field of
27$ gaus» *t the veuel centre
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Figure 6 Measured poloidal flux contours (p = 2.5 mtorr argon;
Bv (0,0) = 275 gauss) . Black dots represent dis-
charge vessel wall.

In the initial stages of the discharge, the toroidal current increases

to a peak value at which time the magnetic configuration is that of an

oblate compact torus with the separatrix lying well outside the dis-

charge vessel wall. The plasma is in contact with the vessel wall at

this time. It is reasonable to assume that the interaction of the plasma

with the wall opens up additional energy loss channels which act so as

to reduce the value of the driven current. In the experiment, the driven

current is indeed observed to rapidly decrease until a first current

plateau phase is attained. The magnetic configuration corresponding

to this 'steady' stage of the discharge rs one in which the separatrix

lies just inside the discharge vessel wall. As can be seen from the
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waveform of the RF current pulse, the output power from the line

generators is not constant. As the RF power decreases, the driven

toroidal current decreases to a point where it is insufficient to

reverse the applied equilibrium field. The flux plots show that a

mirror-like magnetic configuration is maintained during the entire

duration of the second current plateau phase of the discharge.

The total RF power input to the rotamak discharge is observed

to occur in three consecutive stages (see Figure 7) . The times at

which the major changes to the power input occur are determined

solely by the characteristics of the RF line generators. The observed

behaviour of the rotamak discharge reflects these changes in the input

RF power levels.

100 _

0 10 20 30 40 SO 60 70 80 90
t(ms) +

Fig. 7 Estimation of total power
input to plasma (p = 2.5
mtorr argon; B = 275 gauss)

During the first current plateau stage of the rotamak discharge

there is a tendency for the magnetic configuration to develop what

can best be described as a 'doublet-like' structure. This tendency
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becomes particularly pronounced towards the end of the first current

plateau phase (see Figure 6). This splitting of the poloidal flux

surfaces is accompanied by the self-generation of a quasi-steady, bi-

directional toroidal magnetic field. This field is oppositely

directed in the (r,+z) and (r,-z) halves of the minor cross section of

the discharge vessel. Its amplitude grows throughout the first current

plateau and reaches a value of ̂ 200 gauss by the end of that stage of

the discharge.

Many mechanisms can be invoked to explain the self-generation of

a toroidal field having the observed bi-directional structure. The

favoured mechanism in the present context is one that relies on the

presence of screening currents in the plasma due to incomplete pene-

tration of the applied rotating field . xThe direction of the net

radial force associated with the self-generated toroidal field is

inward. We speculate that the influence of this field on possible

energy loss channels is twofold: it reduces the energy losses by

providing additional magnetic insulation and it reduces these losses

even further by providing a force which moves the separatrix further

away from the vessel wall (see Figure 6). It is not yet clear if

the spontaneous generation of a toroidal field is an intrinsic advantage

of our approach to compact torus production. For the moment we see it

only as an event which signals the presence of increased RF screening

currents in the plasma.

The termination of the compact torus configuration at the end of

the first current plateau is not due to the onset of any instability;

it occurs simply because of the decrease in available RF power.

4. LOW POWER, LONG DURATION EXPERIMENTS

A rotating magnetic field of amplitude ,£10 gauss was generated in

these experiments with ^10 to 20 ms pulses of RF current from either an

oscillator (at Flinders University: output power ^6 kW; output frequency
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M).85 MHz) or linear amplifiers (at AAEC : output power ^10 kW; output

frequency VI.0 MHz). Toroidal currents of up to several hundred amperes

were driven by the rotating field in hydrogen, deuterium, helium and

argon plasmas in a 28 cm i.d. discharge vessel. Magnetic probe measure-

ments confirmed that oblate compact torus configurations were generated.

A typical hydrogen discharge is shown in Figure 8. The duration of

the discharge is observed to be at least 10 ms. The discharge was

observed to terminate when either the RF supply terminated or the

externally applied equilibrium field decayed. The magnitude of the

driven toroidal current could be increased by increasing the strength of
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the applied equilibrium magnetic field. However, there was a limit to

the maximum amount of toroidal current which could be driven. Endeavour-

ing to exceed this maximum, by further increasing the strength of the

applied equilibrium field, resulted in the driven current terminating

completely even though the rotating field and equilibrium field were

still being applied.

Electron temperatures of ̂ 10 eV were estimated using the helium

singlet-triplet ratio technique in both helium and helium-doped hydro-

gen discharges. In argon discharges the relative intensities of argon

lines in the different ionisation states were used to estimate electron

temperatures of typically ^3 to 4 eV.
no _ 3A line-averaged electron number density of ^1 x 10 cm was

determined using an 8 mm microwave interferometer in a typical argon

discharge. Density measurements were not performed for the other

experimental fill gases.

Effect of Forced Oscillations

The response of an argon plasma to forced oscillations was inves-

tigated by superimposing a small oscillation on the externally applied

equilibrium field. Fourier analysis of magnetic probe signals indicated

that the magnetic field structure responded to a short (^3 ps) impulse

superimposed on the equilibrium field with a damped oscillatory motion

peaked at approximately 40 kHz. Superposition of a ̂ 40 kHz modulation

(with a peak-to-peak amplitude of approximately 20% of the unperturbed

equilibrium field) onto the applied equilibrium field was observed to

produce a corresponding ^40 kHz oscillation in the plasma's magnetic

structure. From the radial and axial probe measurements, the radial

position of the separatrix and the axial position of the neutral points

were determined as functions of time (see Figure 9) . Although the data

was not entirely unambiguous (due in part to some distortion of the

axial B signal by a second harmonic), it would appear that the plasma
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Figure 9 Radial position of
separatrix (x) and axial position
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(p = 0.5 mtorr argon)

was most likely expanding and contracting^as a whole (a m = 0, n = 0

mode). Most importantly, the oscillatory motion did not destroy the

plasma configuration.

Effect of an additional Toroidal Magnetic Field

In one series of experiments with hydrogen plasmas, a toroidal

magnetic field was added by passing a current along an axial conductor.

A diamagnetic poloidal current was generated in these experiments

(Figure 10) . The magnitude of this poloidal current was estimated to

be ̂ 50% of the driven toroidal current for this particular case. The amount

of toroidal current driven whenever the toroidal field was present

was less than the corresponding case without toroidal field (for the

same applied equilibrium field). Furthermore, when the toroidal field

was present, the plasma discharge was observed to terminate prior to

the termination of either the rotating field or the externally applied

equilibrium field. The reason for this early termination was not

determined. Nevertheless, plasma configurations with toroidal field

were maintained for several milliseconds.

Within the limited scope of these experiments no advantages of this

configuration over the standard rotamak configuration were revealed.
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5. MEDIUM POWER, LONG DURATION

The most recent experiments involve RF sources of ̂ 200 kW and long

duration ^20 to 40 ms with an RF frequency of 1.0 MHz. Power transfer

from the final amplifiers to the Helmholtz coils which surround the 28 cm

i.d. discharge vessel is effected by appropriate LC matching circuits.

A systematic study of the effects of increasing the available RF

power has been undertaken. The available RF power can be controlled

by varying the charging voltage, V , on the capacitor bank which acts

as a power supply for the final RF amplifiers. (V __ is effectively the

plate voltage on the final amplifier tube.) Results for three values

of V are shown in Figure 11, where Vx is used as a label to dis-c c
tinguish the individual curves. The maximum RF power which can be used

is presently restricted by the design of the Helmholtz coils.

The results shown in Figure 11, were obtained with a hydrogen

filling pressure of 1.1 mtorr. In these experiments the amplitude of

the applied equilibrium field was increased to the maximum value com-

patible with reliable discharges for each value of V . No attempt

was made to proper ly match the plasma load to the amplifier output

for each case; instead, the matching was performed for the V = 8 kVc
case (at the time of maximum driven current) and was not altered for

the other V values.c
The waveforms of the applied vertical field that were finally

used are shown in Figure 11(a) . The corresponding driven toroidal

currents, power inputs and line-averaged electron number densities

are shown in Figures 11(b)-11(d) . The electron number densities were

estimated using an 8 mm microwave interferometer positioned so that

the microwaves pass through a diameter near the equatorial plane. At

V =8 kV, the 8 mm microwave transmission was observed to "cut-offc
0̂.5 ms after the start of the discharge, and to remain cut-off until

the very end of the discharge. (The critical density of 8 mm micro-

waves is VL.6 x 1013 cm"3.)
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The radial position of the separatrix and the axial position of

the neutral points were determined from magnetic probe measurements

{Figures ll(e,f)). Oblate compact torus configurations are achieved

in each case . At V =8 kV the separatrix appears to be touching the

vessel wall which implies that an additional energy loss channel is

present. The relative H emission is shown in Figure 11 (g).

An estimate of the energy confinement time has been obtained as

follows. The thermal energy content of the plasma is given by

W = P dvp 2

where the integral is taken over the volume enclosed by the separatrix

surface. The Solovev model of a compact torus plasma has been used to

evaluate this integral using the measured toroidal current and plasma

geometry. Now the rate of change of the plasma thermal energy content

is given by

dW W
_P= p _ -Edt in TE

where P. is the input power and T is the global energy confinement

time. Assuming that the plasma is in equilibrium (i.e. dW /dt = 0),

T = W /P . . The results using the measured RF input power are given

in Figure 11 (h). The small values of T reflect the presence ofE
large energy loss channels which are, as of yet, undefined. The

small size of the apparatus presumably contributes to the transport

losses.

A large amount of 'slip1 between the rotating electron fluid and

the rotating magnetic field was inferred to be present in these

experiments. If all the electrons had rotated synchronously with the

magnetic field, the driven toroidal current, I.., would have beeng

I = Nef, where N is the total number of electrons, e is the electronicö
charge and f is the rotating field frequency. However, electron-ion
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collisions prevent completely synchronous rotation. An 'effective

frequency' of the rotating electron fluid can be estimated as

f ' = I„/Ne using the measured toroidal current, average electron numbero
density and plasma geometry. The slip, defined as s = (f-f')/f, can

now be calculated and the results are shown in Figure 11(i). The high

degree of slip presumably arises because the plasmas are relatively

cold and hence the resistivities are large. This implies that the

screening currents are significant. The measured penetration of the

rotating field into the plasma is shown rn Figure 11(j,A). The rotating

field fails to completely penetrate the interior of the plasma because

of these screening currents. Nevertheless, despite this imperfect

penetration, significant toroidal current is driven in every case.

In Figure 12 the driven toroidal current is plotted as a function

of the applied equilibrium field. The data plotted correspond to

representative values during the 'flat topped' stage of the driven

2

10 20 30 40 50
B (0,0) (gauss)

Figure 12 Driven toroidal current
versus applied equilibrium field
(at r = z = 0)
+ p = 1.2 mtorr
o p = 2.2 mtorr
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current waveform. Data recorded at a higher initial filling pressure

(2.2 mtorr) are also plotted. The linear relationship observed

previously (see Figure 4) also appears to hold in these present experi-

ments.

Detailed poloidal flux contours have been obtained for one set of

initial conditions, namely, a hydrogen filling pressure of 0.3 mtorr,

and an applied equilibrium field of 23 gauss. A toroidal plasma

current of ̂ 1050 amps was driven for ̂ 40 ms. The measured contours

are shown in Figure 13. It is observed that an oblate compact torus

configuration is maintained in steady state for the entire duration

of the rotating field with no evident signs of instability.

10

z û(cm)
-5

-10

••I"1 '< '

5 10 15
r(cm)

,-t... , i. .. .1 •f. ... i

5 10 15
r (cm)

Figure 13 Measured poloidal flux contours
(p = 0.3 mtorr hydrogen;
Bv(0,0) = 23 gauss)
Contour spacing: IT x 10~6 weber
Discharge duration: ^40 ms

159



An attempt has been made to control the position of the separa-

trix by altering the shape of the externally applied equilibrium mag-

netic field. The two coils (30 cm diameter, 50 cm apart), which pro-

duced the original mirror-like equilibrium field, have been replaced

by two new coils (50 cm diameter, 25 cm apart), giving a more uniform

field over the discharge volume. Results are shown in Figure 14 for

a bank charging voltage, V , of 5 kv. Compared to the previous results

with the same value of V , a slightly larger toroidal plasma current is

driven for a significantly smaller input power. However, of particular

importance is the change in shape of the separatrix (Figures 14(e)-l4(f).

The configuration is now slightly prolate.

A study has recently commenced of an ..extremely prolate configuration

using a solenoidal equilibrium field. Initial measurements indicate that

a compact torus configuration with a separatrix radius of ^5 cm and a

length (i.e. distance between neutral points) of ^27 cm has been sustained

for the duration of the rotating field.

In another series of experiments using the original equilibrium

coil system, the position of an oblate plasma was varied within the

discharge vessel by axially relocating the equilibrium field coils

asymmetrically about the discharge vessel. Figure l5(b) shows the

axial distribution of the B component measured during dischargesz
with coils symmetrically located about the centre of the discharge

vessel. Figures 15(a) and 15(c) show the corresponding axial distri-

butions when both coils are relocated ^2 cm in the -z direction, and

^2 cm in the +z direction, respectively. From these measurements we

deduce that we can control the shape and position of the plasma.
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6. SUMMARY

The rotating field current drive technique has proved to be a

straightforward method of producing and maintaining compact torus

configurations. The experimental apparatus is extremely simple. The

plasma discharges are highly reproducible and no obvious gross

instabilities have been observed in the experiments. The reason for

this stability is not known at present; it may be connected with the

fact that the magnetic structure is continually being regenerated at

each revolution of the rotating field.

The main thrust of the rotamak research program now centres-on

achieving higher plasma temperatures.
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ROTAMAK RESEARCH AT ESSEN

M. FRANK, A. HARDTKE, M. JOGWICH,
M. KÜHNAPFEL, H. TUCZEK
Universität Essen — Gesamthochschule,
Essen, Federal Republic of Germany

Abstract

The experiments showed that the effeciency of current drive
depends critically on the initial plasma parameters.
With the aid of an electron cyclotron resonance preionisation
and a theta-pinch preheating a Hydrogen plasma can be produced
with electron densities less than 10'^cm"^ and ion- and electrc
temperatures of 250 eV and 60 eV, respectively.
Attempts to generate a Rotamak configuration by the "Blevin
Thonemann end effect" in this plasma failed. The induced
toroidal currents produced always a mirror configuration.
Using the crossed coils technique stable reversed field
configuration could be maintained for the whole duration of
the r.f. pulse of 1,2 msec.

The Rotamak concept allows to generate a compact torus
configuration by driving toroidal d.c. currents by a
rotating magnetic field in a magnetized plasma of spherical
shape. Usually the rotating magentic field is produced by
two linear polarized r.f. fields with a phase shift of 9O
in space and time.

TOROIDflL CURRENT R5 R FUNCTION
OF THE PLRSMfl DENSITY

The experiments have
shown that in Hydro-
gen at a power level
of the order of
1 MW an effective
current drive
occurs only at elec-
tron densities below
1014cm~3. (Fig. 1)

7»!0 35x10 7 «tO nr/cm

Fig. 1 Toroidal current as a function of the
electron density of a Hydrogen Plasma.
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Using Hydrogen as working gas it is very difficult to produce a
plasma by electrical discharges in this pressure domain. In order
to achieve the favourable initial conditions for an effective
interaction of the rotating magnetic field with the plasma,
i.e. low densities and high temperatures, an electron cyclotron
resonance (ECR) preionisation and a theta-pinch kind of
preheating of the plasma were included to our Rotamak device.
Fig. 2 shows the times sequence of the different discharges.
At first a quasistatic magnetic bias field is produced by
discharging a crowbared slow capacitor bank. The ECR ionisation
is applied before the ECR condition is reached at any point in
the vessel. When the magnetic bias field reaches its flat top a
fast capacitor bank is discharged for the theta-pinch heating
simultanously with the r.f. pulse.

5 10 15 20 t /ms
Fig. 2 Timing of Rotamak-E discharge

The ECR preionisation

For the generation of the plasma a magnetron with a pulse power
of 4 kW is used radiating at a frequency of 2 .45 GHz .
The magnetic bias field has a mirror configuration (Fig. 3)

Fig. 3 Field configuration of the magnetic bias field
A: Size of the discharge vessel
B: Position of the coils
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At first the ECR is fulfilled at the polar region of the vessel
and moves with increasing bias field through the center to the
wall in the equatorial plane. There are periods where no ECR
is present in the vessel. The question arises if even during
this periods the plasma can be maintained in the vessel.
Measurements with electrostatic probes indicate that for the
ignition of the discharge ECR in the discharge volume is
necessary. But after ignition the plasma can be sustained over
periods where ta,>£JC€in the whole measured pressure range

< w^only at pressures exceeding(10~4 - 2/1O~2 mbar) and where
5.1O~ mbar. (Fig. 4)
( 4o = 2.45 GHz, the frequency of the wave, 6oce is the electron
cyclotron frequency in the discharge vessel determined by the
magnetic bias field.)

B/kG

2.5

2.0-

1.0-

10 15 20

——: burns at all pressures
---: burns only at pressures

exceeding 5 - 1 0 ~ 3 m b o r

t1 , t4 and t2/ t3 correspond
to the times where ECR is
reached at the mirrors and
at the wall in the
equatorial plane, respecti-
vely.

The measurements show that
in the domain fo0 > COct the
wave is absorbed by the
excitation of Bernstein
waves in the plasma and in
the domain CO,» -4, £O^
by parametric decay into
plasma modes.

Fig. 4 Ignition and burning-phases
by ECR preionisation

Fig. 5 represents the extension of operation range by applying
the ECR preionisation. The pressure limit for ignition lies

_o
without ECR at 5.1O mbar.
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Fig. 5 Operation range by applying ECR preionisation
£<J = frequency of the wave
f\ _ electron cyclotron frequency determined by the biase~ field in the polar zones of the vessel

During the excistence of the plasma the electron density is of
the order of 1O cm and the electron temperature is about
10 eV.
The theta-pinch preheating -
Initial plasma heating is achieved by discharging a 4,3 kJ
capacitor bank over 17 coils surrounding the spherical dis-
charge vessel in horizont planes. The ion temperature is
determined by measuring the Doppler broadening of impurity
lines and of H ̂
Fig. 6 represents the ion temperature as a function of time
evaluated from NV, NIII and Nil lines.

Fig. 6 Ion temperatures evaluated of the Doppler broadening of
different ionisation stages of Nitrogen impurities.

All observed ionisation states of the impurity lines show a
temperature of the same order of magnitude between 200 and
3OO eV. Nil and NIII reach the temperature maximum later
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than NV due to their longer-energy equipartition time with
Hydrogen. The ion temperature evaluated from HA is lower
by a factor of 4, since the H^ radiation of the hot plasma
core is covered by the more intensive radiation of plasma
in the wall region of the vessel. (Fig.7)

P0= 16 10 mbor

I/MS

p ' \ 3 10 mbor

p - 09 10 mbor

p - OA 10 mbor

Fig. 7 Ion temperature evaluated by Doppler broadening of HK_

The electron temperature has been estimated by the appearance
of ionisation stages to be of the order of 60 eV. (Fig. 8)

] oo I n t .

i, ^x

'•

K

t
Ms

3 i i l l 5
tn co —* r>

Fig. 8 Appearing ionisation stages of Nitrogen impurity
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Current drive
Blevin-Thonemann end effect
Blevin and Thonemann observed experimentally that a rotating
field can be produced by a linear polarized r.f. field in a»k. -*bounded plasma. The induced r.f. currents experience a j x B
force while transversing the polar zones of the sphere.
By this interaction a second current loop is build up with
the proper phase conditions to produce a rotating magnetic
field in the plasma. The magnetic field of the current driven
by the rotating field should be always directed oppositly to
the magnetic bias field.
Since the application of this effect for the generation of the
rotating magnetic field would reduce the technical effort
considerably we followed this suggestion at first. Feeding
a power of 1 MW into the plasma currents of the order of
10 kA could be driven by this procedure. But with our initial
plasma parameters i.e. T ** 200 - 3OO eV, T «*• 60 eV,

1 4 - 3 e
n 10 cm , we observed always an enhancement of the
field and no reversion or even an attenuation.
A model with describes our experimental observations is to
assume that the induced r.f. current behaves like a solid-* .»conducter ring which suffer a torque by the j x B force in
the polar zones. Due to this forces the current loop tries to
orientate its magnetic moment parallel to the direction of the
bias field which gives rise to an Oszillation. Assuming that
due to our plasma condition there is no phase shift between
force and Oszillation a steady state current component is
produced which always enhances the bias field (Fig. 9)

5 k A - -

I 2 3 4 5 msec

Fig. 9 Poloidal magnetic field as a function of time near the
center of the sphere
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Crossed coils technique
If the rotating magnetic field is produced by r.f. currents
passing with a phase shift of 90° through two orthogonal
coil pairs the direction of the rotation of the magnetic
field can be chosen independently of the bias field.
Fig. 1O show a schematic diagram of the experimental arragment
in this case. (Fig. 10) The pyrex discharge vessel with a
diameter of 22 cm is spherical in shape and has a shaft which
traverses the center of the sphere in z-direction. This hole
ensures a entrai current free region and provides access for
probes. The power is supplied for the rotating field by a 5 MW,
1 MHz Oszillator with a pulse duration of 1,5 msec. At these
experiments 1 MW could be coupled into the plasma.

fl Rntenno for pre-ionisot I on
B Coils for static magnetic field
C Spherlcol coiI-assemb)y

for 9-pInrh heating
D D-TL,pe co i ' s for rotating

magnetic f i e 1 d

Fig. 10 Schematic diagram of the Rotamak-E device
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kV

15

OUTPUT VOLTRGE OF THE TRRNSMITTER

REVERSED MRGNETIC F I E L D NERR
CENTRE OF THE DISCHRRGE

In this case
toroidal cur-
rents up to
1O kA could
be maintained
almost over
the whole
pulse duration
of 1 msec
(Fig. 11)

Fig. 11 B. Poloidal magnetic field as a function of
time near the center of the sphere

Extrapolating measurements of the radial and axial distribution
of the magnetic field indicate a reversed field configuration
with a separatrix being inside the vessel.

SEPARATRIX

NEUTRAL POINT

Fig. 12 Extrapolated magnetic field configuration
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Though most of the measurement of the magnetic field do not
indicate an unstable behavior, somtimes Oszillation with a
frequency of approximatly of 30 kH are observed. (Fig. 13)
The reason for this phenomenon can not be explained by the
measurements carried out up to now.

A.

B.

Fig. 13 Poloidal magnet field as a function of time near the
center of the vessel,

A. Stable case
B. Unstable case
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PRESENT STATUS OF SPHEROMAK RESEARCH AND
FUTURE REACTOR CONSIDERATIONS

M. YAMADA
Princeton Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America

Abstract

Spheromaks are compact toroid plasmas with internal toroidal
fields and a coil structure which does not link the plasma. By
taking advantage of this topology in a reactor design, one can
envision translation and other manoeuvring of the plasma. The
self-generated toroidal field in a typical spheromak is used to
confine the plasma. Temperatures exceeding the low-Z radiation
barrier have now been adtiieved and emphasis has shifted to the
transport of spheromaks and more reactor-relevant values for
plasma current, density and col lisionality.

Several different formation schemes have been employed for
producing spheromak plasmas, but all experiments study the MHD
stability of the configuration. Observations indicate that the
plasma tends to relax into a state near the Taylor minimum energy
state, independent of the formation process. Several techniques
have been used to stabilize the plasma against the most dangerous
global modes. Present calculations of the equilibrium and gross
MHD properties are in good agreement with experiment.

Confinement time scaling remains an important topic for the
next experiments. Future research will also investigate auxiliary
heating via adiabatic compression, beams, and radio-frequencies.
While the spheromak is an attractive fusion reactor concept, it is
at an early stage of development. This paper concludes with a brief
description of a conceptual design for a small reactor based on an
inductive spheromak formation technique.

I. Introduction
The spheromak is a compact toroid with internal toroidal field and

1 2nonlinked coil structure. ' This topology of free boundary eases reactor
engineering requirements and adds great flexibility to the reactor concept
by permitting translation, compression and other maneuvering of plasmas.
Its very low aspect ratio makes possible a compact high power density
reactor core. Its high current density minimizes the need for auxiliary
heating and an ignition condition can be created only by ohmic heating.
The high ratio of internal to external currents leads to a high engineering
beta value, ?„, allowing a magnet system using copper coils or pumped
liquid metal blanket.
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A typical spheromak is shown in Fig. 1 schematically. Its self-

generated toroidal field confines the plasma. The classical spheromak
configuration can be derived from the equation for force-free current

J x B «= 0. A simple analytical treatment can be based upon the analysis by
4

J. B. Taylor with a specified boundary and a given value for the total

magnetic helicity K H / A-B dr, where A is the vector potential and 5 the

magnetic field. K is conserved for ideal MHD fluid motions and is con-

sidered to be nearly conserved for cases with finite resistivity. The

attainable center beta value can be increased to more than 10% (the
2

engineering beta (= <nT>/(B nAnn/2n)) > 40%) by making the configurationedge
oblate shaped and introducing a currentless region near the major axis.5,6

THE SPHEROMAK

Equilibrium
Field Coils'

Fig. 1 - Schematic diagram of spheromak.
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In the past several years, experimental research work on the spheromak

configuration has advanced rapidly. As shown in Fig. 2, the obtained
parameter improved markedly. After the spheromak configurations were
obtained in several different schemes, a major effort was made to improve
the gross MHD stability and plasma parameters. Temperatures sufficiently

high to overcome the low-Z impurity radiation barrier have been achieved.

Now emphasis has shifted to the transport study of this configuration,

aiming to attain more reactor-relevant plasmas with larger currents and

current densities, larger magnetic Reynolds numbers and low collisionality.
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Fig. 2 - Improvement of obtained plasma parameters (maximum electron tempera-
ture, configuration lifetime) versus calendar year.

II. Present Status of Spheromak Research
Recently more than half a dozen spheromak devices have been built in

the U.S.A, Japan and Europe (Table I). These present spheromak experi-
ments are categorized by four different formation schemes employed:
1) plasmas are producedby a magnetized coaxial gun using currents through
electrodes, 2) by a combination of 6 and Z pinch discharges utilizing both
electrode and inductive techniques, 3) by a conical theta pinch technique
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PRESENT SPHEROKAK EXPERIMENTS
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utilizing fast inductive discharges and 4) by an electrodeless inductive
S-l scheme. Each experiment produces spheromaks in different parameter
regimes and in different time scales, and emphasis of research topics vary
among experiments, but all experiments study the MHD stability character-
istics of the spheromak configuration aiming towards eventual investigation
of the transport properties.
II-l. Status of Facilities

In the magnetized coaxial gun experiments at CTX in LANL (U.S.A.) and
oCTCC of Osaka University (Japan) the formed spheromaks are injected into a

flux conserver which is made of solid conductive (Cu, Al) metal or bird cage
copper mesh. The plasma stability is maintained by optimizing the shape of
the flux conserver for more than 1 msec. In the CTX experiment conducted
in 1983 using an 80 cm oblate meshed flux conserver, the plasma parameters
were improved through impurity control to obtain a peak electron temperature

0.5
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gof over 100 eV. In the CTCC experiments, a relationship of the plasma
stability to the shear was investigated by using an inserted center

oconductor.
In the PS experiments at the University of Maryland (U.S.A.), TODAI 2/3

at the University of Tokyo (Japan) and in HSE at the University of Heidelberg
(West Germany), the spheromak plasmas are formed by generating 9 pinch dis-
charges subsequent to firing Z discharges in the cylindrical vacuum chambers.
With this scheme, spheromaks can be generated in both slow and fast time
scales. MHD stability studies have been extensively carried out in these
deivces. In particular, figure-8 type coils were found to be very effective
in stabilizing the n = 1 shift mode of PS-1 spheromaks at the University of
Maryland.

The C6P experiment at the University of Washington is being used to
study conical theta pinch formation, and translation and merging of small
spheromaks.

In the S-l experiments, spheromaks are formed in a slow time scale
without using electrodes and based on an inductive transfer of both poloidal
and toroidal magnetic field flux from a toroidal flux core to a forming

14 15plasma. ' This formation scheme was first experimentally verified in
14the Proto S-l device and has now been proven in S-l for long formation

3 15time scale of 10 T. (T ; Alfven time). Recently in the S-l device the
15global MHD modes have been stabilized with the usage of figure-8 coils

and the peak electron temperatures of over 100 eV have been measured with
electron densities of mid 10 cm" and with separatrix radius of about 80 cm.

II-2. Summary of Present Experimental Results
A very important result from the recent spheromak research is the

observation that the plasma tends to relax into a state that lies near the
Taylor minimum energy state. The final plasma state is insensitive to
details of the formation process. The formation process is understood now
in terms of magnetic helicity injection accompanied by relaxation towards
the "Taylor s'tate." Formation techniques have been shown to be successful

3 15on time scales as long as 10 Alfven times. The helicity injection con-

cept has been extended to demonstrate quasi-steady-state maintenance for

8 ms using current from external electrodes in CTX. An inductive
technique, $-ty pumping (similar to F-6 pumping for RFPs), has been

18proposed based on the line-linked operation of S-l.

The most dangerous global modes predicted by MHD theory have been

stabilized by passive conductors in several experiments. These are the
n = 1 tilt and shift modes. Both modes have been suppressed by use of

19conducting walls, passive coils, and separatrix shaping. Additional stabi-
lization techniques, such as employing plasma flow or large gyroradius
particles, are being explored.
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The plasma parameters have steadily Improved during the past several
years. The attainable configuration lifetimes have been increased from the
100 ysec range to the millisecond range (Fig. 2). The most significant achieve-
ment to date is the attainment of over 100 eV peak electron temperature by
improved impurity control. The values of plasma parameters achieved so
far in the various experimental devices are magnetic field on axis, 'vO.S T

13 15 —3electron density, 3 x 10 - 10 cm ; peak electron temperature, £lOO eV;
and volume-averaged beta, iO.l. These values are obtained from devices
with major radii in the range of 9-60 cm. The present values of confinement

9 -3parameters routinely seen for decaying spheromaks are nf i 3 x 10 cm sec
20

and T_ ^ 70 sec (< T_ , ).r, oonm

11-3. Theoretical Research Status

The recent spheromak research has been guided by theoretical calculations

of the ideal MHD equilibrium and some two-dimensional and three-dimensional

computations of the magnetic configurations. The equilibrium and predicted

gross MHD properties are in good agreement with the experimental results
obtained so far. ' ' The full citation of all theoretical works are beyond the

scope of the present review. Some of the designs of plasma formation schemes

were guided by two-dimensional theoretical calculations. The development of
passive stabilizing coils was initiated by theoretical analysis. Work is

being carried out to investigate the relaxation oscillations in the formation,

sustaimnent and decaying phase of the spheromak. In addition, helicity
injection has attracted much attention in the fusion community and will be

theoretically analyzed extensively in the future.

III. Major Issues and Prospects of Present Spheromak Research

At present the major goals of spheromak research are the improvement

of plasma parameters towards a more reactor-relevant regime and a better

understanding of the stability, transport and sustainment mechanism of the

plasma. Attainment of a quiescent plasma is important for achieving good

confinement features. This goal may be obtained by better control of the

plasma current profile or the edge plasma conditions.

III-l. Confinement Scaling

Theoretically, the scaling of the plasma parameters is expected to
depend on the same basic processes as for the Reversed Field Pinch (RFP),

including the relaxation toward the minimum energy state. However, the

detailed q profiles of the spheromak are different from the RFP and the

detailed confinement scaling may thus be different, and the optimum boundary

conditions also differ from the RFP. Since the minimum energy principle

indicates that the ratio of current-density-to-field should be constant

throughout the available space, the use of externally imposed fields, or
holes in conductors at the "boundary" of the spheromak, may have important
implications for confinement. Initial preliminary scalings for T have

G
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recently been obtained in S-l. It has been observed that T increases
shows measured T versus theetogether with toroidal plasma current. Fig.3

capacitor bank voltage of the poloidal and toroidal field power supplies.

Plasma current is a linear function of the bank voltage. Within the large

scatter of the data (which is attributed to real shot-to-shot scatter of
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Electron temperature measured in S-l device versus bank
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T value rather than errors of the Thomson scattering system), the obtained
data are in agreement with the RFP scaling of (J = const. The data from
CTX and S-l devices Indicate that the electron temperature is not limited
by impurity radiation, although the radiation loss still plays a very sig-
nificant role in all spheromak discharges.

Fig. 5 illustrates a desirable operation regime for present spheromak
devices. In order to obtain high T by surpassing a radiation harrier,

• «

I /N - 2 x 10 A • m has to be satisfied according to a simple model
based on the coronal equilibrium assumption, where I is the total plasma

2 2 1 p

current and N the linear density - ira n . One should note that this thresh-

old value does not strongly depend on concentration of low Z and medium Z

impurities. In the actual experiments the coronal equilibrium does not

hold in strict sense (T _ < T ,), the threshold curve becomes some-conf coronal
what modified as shown in the figure (for 2 ^ 3 % impurities) and the amount

of impurities affects the radiation barrier. But the I/N value still decides
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Fig. 4 - Toroidal current and diameter-averaged density in CTX

versus time for a sustained mode.
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'Operation Regime /
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Fig. 5 - Operational regimes for spheromak and RFP devices in terms
of T and electron streaming velocity. The center triangle
region is the desirable regime for the present spheromak
devices. The right side limit is generated by a condition
v /v , , < .1 and the left is radiation barrier,stream thermal
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22whether the plasma can burn through or not. If the I/N is too large and the rela-
tive drift velocity (v ./v.. ,) increases to a critical value of around 0.1,J st tnenaal
the plasma becomes unstable. Thus, a desirable operation regime is a center
triangle where 2 < I/N < 15 x 10 A • m. One should also note that once
the plasma burns through, I/N should be kept low to obtain good feature of
stability and confinement.

Within the next few years, an assessment of energy confinement time and
the dominant energy loss channels will be made at moderate electron tempera-
ture (100 eV £ T £ 300 eV) taking into account the data base available from
various spheromak devices. Considerable progress will be made in reducing
loss channels (e.g., gross MHD instabilities, charge-exchange, and radiation)
by variations in boundary and other experimental conditions. The variation
of the confinement properties with critical parameters such as R, T , j, n,
and I will be assessed.P
HI-2. Sustainment

The process of relaxation toward the minimum-energy state allows many
potential processes for steady-state "current drive" including merging of
spheromaks, audio frequency oscillation of external fields ($-$ pumping),
rf current drive, application of dc currents from electrodes, the Rotamak
concept, and the recently proposed current transformer at the major axis.
Some of these techniques have been investigated experimentally. The dc
approach has sustained spheromaks many times longer than their natural decay
time. Shown in Fig.- 4 are the toroidal current and diameter-averaged

24density of a spheromak sustained for more than 5 msec.
The relaxation associated with plasma sustainment may cause increased

transport. Present sustained spheromaks are radiation dominated and cleaner
sustainment techniques need to be developed before this transport issue can
be addressed.

HI-3. Auxiliary Heating
Though the strong ohmic heating of the internal spheromak current may

be sufficient, auxiliary heating techniques could prove necessary for reach-
ing ignition temperatures. Adiabatic compression should be straightforward
and will be verŷ . efficient and its effect on stability and confinement will
be investigated. Furthermore, in future upgraded experiments, heating by
auxiliary means may be useful as a supplement to sustainment, as an aid in
the study of thermal transport, or as a tool for determining the ß-limits
of the configuration. The use of beams, rf, or adiabatic compression are
all possible techniques.

III-4. Other Important Issues
The resistive MHD stability of spheromaks is expected to depend on the

magnetic Reynolds number S. As S is raised, resistive modes become more
localized about their rational surfaces. This localization is expected to
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affect relaxation and confinement. The X.-f'S. ratio of the ion-ion collision
mean-free path to plasma dimension is another quantity that might affect
stability and transport.

For spheromak reactor design, translation could be used not only for
a desirable separation of formation hardware from the burn chamber, but it
could also be an integral part of a merging or compression stage. Transla-
tion has been demonstrated for cold spheromaks where the resistive ane
Alfven times were comparable. Further work is needed to determine whether
hot spheromaks can be quasi-statically and stably translated. Stable
translation may be aided by using high energy rings or a conducting rod on
the axis of symmetry.

IV. Considerations for Future Spheromak Reactor
The spheromak is a very attractive fusion reactor concept, but in the

early phase of development. Very few reactor studies on this concept have
been made to date. A simplified analysis of conceptual spheromak reactors
was made by M. Katsurai and M. Yamada based on their analytical equilibrium

25study. Very recently Krakowski and Hagenson carried out an engineering
reactor study based on a steady state maintenance of the high current
(I > 30 MA) spheromak configuration using helicity injection through elec-
trode discharges. In both conceptual studies, relatively large spheromak
reactors were presented with about 1 GW of thermal fusion output. In this

9 £
chapter, a conceptual design of a smaller fusion reactor will be made.

IV-1. Flux-Amplifying Inductive Spheromak Generator

There are several options to create a high current (I 'i 10 MA)
3spheromak for a "fusion plasma utilizing various schemes such as merging,

RF current drive, helicity injections through electrode discharges and ty-$
pumping, current induction through OH transformer and adiabatic compression.

One of the most promising schemes from a viewpoint of desirable reactor
scenario is a scheme to use a mixture of S-l type inductive generator and

fy Qflux amplification through Ohmic heating current transformer. This method
of producing high current can be divided into three steps as shown in Fig. 6.
Step 1: Create B by introducing inductive current into a flux core just
like the present S-l scheme and produce a seed spheromak with I - 0.1 - 1 MA.
Step 2; Amplify the spheromak flux and total magnetic energy by supplying
only poloidal flux (like OH transformer induction in tokamaks). By the flux
conversion phenomena observed in S-l, both toroidal and poloidal flux will
increase creating high current spheromak.
Step 3; Injection of formed spheromak (I %, 10 MA) into a reaction chamber.

The whole formation process can be carried out in a slow time scale
CO.l sec - 5 sec) as one sequence. This newly proposed scheme will not only
reduce rather tough requirements for a flux core to create high current
spheromaks but also will improve the efficiency of the poloidal flux injec-
tion.
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FlUX-AHPtlFTING INDUCTIVE GENERATOR
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Step 3
Injection of formed spheromok
into reaction chamber

Fig. 6 - Schematics of operation for a proposed flux-amplifying spheromak
generator.

IV-2. A Small Reactor Design Based on Inductive Spheromak Formation
Most scenarios for spheromak fusion reactors are based on a scheme in

which the plasma configuration is made in a separate chamber and translated
into the burning chamber where DT (DD) reaction takes place. The first
wall of the reaction chamber is easily replaced and maintenance problems
would be reduced. As a result, a relatively generous first wall loading2limit is required (P < 20 MW/m ) in comparison with a standard condition

2for tokamaks (2-4 MW/m ). When the plasma is transferred into the reaction
chamber, there are two basic ways to keep the plasma intact. In the first
way, a burning plasma is kept stationary in a spherical blanket and in the
second, the plasma is moved back and forth in a cylindrical reaction chamber.
For the second case, the wall loading limit can be increased to an even
higher value (P > 20 MW/m2).

In the earlier paper by M. Katsurai and M. Yamada, several examples of
spheromak reactor designs were presented based on two restrictions:2(1) Wall loading P should be less than 4 MW/m and (2) Average plasma
pressure divided by magnetic pressure at the magnetic axis should be less
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than 4.5% (ß < 0.045), which is equivalent to average poloidal beta of
12%. Because of this limitation, the designed reactors became relatively
large, not significantly different from tokamak reactors. Since then,
understanding of this configuration has been improved. Recent theoretical
ideal MHD analyses » found that the average poloidal beta can be
increased to a higher value of 30% by optimizing a current profile
at the plasma edge regime. Recently, many attempts have been made to

29design compact reactors using much higher wall loading factors. Since
the spheromak's first wall does not require complex design and can be 2easily replaced, the maximum wall loading limit may be raised to 20 MW/m
without invoking new technology challenges. The revised compact reactor
designs for spheromak configurations are presented in Table II together with
a previous design. The examples of small reactor design (Case II and
Case III) are more attractive for creating small fusion power plants while
the previous design did not fully exploit the virtue of this compact toroid
reactor concept.

TABLE II

EXAMPLES OF DT SPHEROMAK REACTOR

a

R

Pt
P
W

Be
TlBtO

<8P>
T

ne
TE
TM

Y-\

Minor Radius (m)

Major Radius (m)
Total Fusion Output (MW)

2Maximum Wall Loading** (MW/m )

Outer Edge Field (T)

Self-Generated Toroidal Field
at Magnetic Axis (T)

Average Poloidal Beta (%)

Plasma Temp. (keV)

Electron Density (10 m )

Required Confinement Time (s)

Magnetic Diffusion Time (s)
Toroidal (MA) Plasma Current

Case I*
1

2

470
4

3.9

8.2

12

15

2.6

1.1

580
22

Case II

0.5

1

370
12.5

3.9

8.2

30

15

6.5
0.44
93
11

*Earlier Study
*R_. .. = 1.75 R .Wall plasma

Case III

0.32

0.63
240

20

5.5

11.6

30

15

10.4

0.28

58

10
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Shown in Fig. 7 is a conceptual spheromak reactor based on the above
25mentioned inductive spheromak gun. It should be noted that a certain type

of active (feedback controlling) stabilizing coil may have to be placed
inside the reaction chamber being exposed to neutron flux of more than220 MW/m (with 1 year replacement cycle). The proposed fusion plant is
rather small; plasma volume is 2-50 m , the fusion plant is roughly 10 m
long, substantially smaller than reactors based on tokamak or mirror con-
cepts. In this design, a relatively large engineering power density (the
ratio of the total thermal fusion power to the volume enclosed by and3including magnetic coils) of 1-3 MW/m can be obtained.

* 85X0170

Reaction Chamber

Optional
Divertor\ . _„ ___ _ __ _ „

OH Transformer

S-l Spheromok
Generator

Spherical Blanket

Fig. 7 - Schematic diagram of a spheromak fusion reactor. Total length of
the fusion reactor is about 10 m, plasma minor radius 0.5 m,
diameter of reaction chamber (including blanket) 4 m.
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RECENT PROGRESS OF S-l EXPERIMENTS

A. JANOS, R. ELLIS, Jr., G. HART, F. LEVINTON,
D. MEYERHOFER, M. MIMURA, S. PAUL,
S. von GOELER, M. YAMADA, P. YOUNG
Princeton Plasma Physics Laboratory,
Princeton, New Jersey, United States of America

Abstract

The S-1 device inductively forms a spheromak with a major radius of

50-60 cm, minor radius of 35-50 cm, and toroidal plasma current from

200-350 kA. The recent installation of passive Figure-8 stabilization coils

has made great improvements in MHD stability and plasma parameters. Measured

peak electron temperatures range from 40 eV to 110 eV. The average electron

temperature has risen to 70+ eV with ne - 5 x 10 cm" in the high current

discharges. Initial studies of Tfi scaling indicate the electron temperature

increases with plasma current (Te a I1+a), consistent with the RFP scaling.
Parametric studies of recent operation is presented. Plasma relaxation, as

evidenced by magnetic flux conversion between the poloidal and toroidal field,

allows the spheromak plasma to assume during formation a Taylor minimum-energy

state characterized by a constant I/Î" value independent of initial

conditions. (I is toroidal plasma current and $ is toroidal magnetic flux in

the plasma.) Study of the magnetic field fluctuations during formation shows

the existence of coherent toroidal modes x>f low n-number. These modes are

shown to be important for flux conversion. The relation of these modes to the

evolution of the q(¥) profile suggests they are due to resistive MHD

instabilities.

I. Introduction

The S-1 spheromak experiment was designed to investigate the
equilibrium, stability, and confinement characteristics of a spheromak

configuration. What distinguishes the operation of the S-1 device from other

spheromak formation and sustainment schemes is the inductive formation
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technique (as opposed to reliance on electrodes) and the stabilization of the

spheromak against rigid-body instabilities by use of loose-fitting conductors

and coils (as opposed to, for example, a nearby flux conserver wall). Until

recently, the S-1 device was operated with no nearby conductors or stabilizing

coils in order to access the basic stability of the spheromak. Recently1, a

passive Figure-8 coil stabilizing system was added. This passive

stabilization has effectively stabilized the rigid-body n=1 MHD modes of the

S-1 spheromak. The consequently improved reproducibility of discharges has

allowed detailed characterization of the equilibria. In addition, the

stabilization has provided well-detached plasmas with sufficiently long stable

lifetimes (£ 1 msec) to allow the study and documentation of spheromak
7 -5stability against higher n (n > 2) modes. It is observed ' that toroidal

modes are important for flux conversion and the relaxation to a Taylor

minimum-energy state. Lastly, the improved stability and the resultant

reduction of impurity influx into the plasmas has helped to increase electron

temperatures.

II. Gross MHD Equilibrium and Stability with Figure-8 Coils

In the absence of a nearby wall or stabilizing conductor, a spheromak is

predicted to be unstable to at least one of the gross MHD modes: tilt, shift,

or axial translation. The type of mode which is unstable depends on the shape

of the equilibrium field. This shape is characterized by the index of field
curvature n^ = -(R/BZ)ÔBZ/ÔR. The S-1 device was operated with no nearby

walls or stabilizing conductors for the first one and one-half years. S-1 is

capable of operating over a range of n^ such that any one of these gross modes

could be made unstable, and both tilting and shifting were experimentally

observed. In the case of shift unstable discharges, data from magnetic probes

and framing camera show that the spheromak shifts rapidly (within 0.1 msec)

after formation. In order to achieve a long-lived discharge, it was decided

to operate in a shift unstable equilibrium field and to stabilize the shift by

use of a passive Figure-8 coil system with a shape and size design optimized
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for stabilizing the shift of a plasma with major radius of 45-65 cm. (A

Figure-8 coil system can in principle stabilize against both tilting and

shifting.) This design was based on earlier theoretical studies and Proto S-

1 experimental results. Two pairs of Figure-8 coils were installed on each

side of the midplane of the flux core such that at the device axis the coils

were ±60 cm (~ 1.5 plasma radii) from the midplane.

The passive Figure-8 coil stabilization system provided dramatic

improvement in the gross stability for spheromaks nearly completely detached

from the flux core. With the Figure-8 system, the spheromak is kept in a

stable equilibrium for more than a half millisecond, an order-of-magnitude

improvement in the duration of the stable period. The configuration is that

expected for a spheromak with a "flux hole" (low current density region) at

the device axis.

The improved reproducibility of discharges allowed the experimental
odetermination of the magnetic configuration as a function of space and time

with a movable magnetic probe array. Data from approximately 40 shots can be

used to determine the two dimensional minor cross sections of the poloidal

flux contours ¥ and poloidal current contours RBfc as a function of time.

Figure 1 presents the time evolution of Y and RB. at times 0.2, 0.3, 0,4, and

0.5 msec after the start of the discharge. Each Y contour represents

0.01 Vsec and each RB^ contour represents 100 kA. Formation is completed at

0.3 msec. Theory predicts that RBfc is a function of ¥ for low ß spheromak

equilibria. Considering the experimental nature of these plots, it is

concluded that these plots confirm the match of the RB^ contours to those

of ¥.

This data is further analyzed to yield the q(R) profiles in Fig. 2.

After formation (t = 0.3 msec), the q profile remains essentially unchanged.

The q(R) profile decreases monotonically from qQ ~ 0.72 on the magnetic axis

(R = ± 60 cm) indicated by the arrows. The q at the edge of the plasma is not

shown due to increasing experimental uncertainties in its calculation. For

comparison, the classical spheromak configuration has qo = 0.82, and q
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FIG. 1 . Time evolution of poloidal flux contours Y and poloidal current

contours RB^ obtained by magnetic probes inside the plasma from 40

consecutive and reproducible shots. The separatrix of the

spheromak is shown by the outermost ¥ contour-.

decreases monotonically to qs = 0.72 on the separatrix. The experimental data

has lower qQ. This can be explained by the aspect ratio which is greater than

one. That is, the experimental equilibrium has a flux hole. With a flux

hole, theory would expect qg = 0 on the separatrix.

An important operational parameter is the "pinch-off" parameter which

indicates the degree to which the spheromak is detached from the flux core.

Although maintaining a linked {not detached) spheromak provides added

stability, detachment is good since a detached spheromak can then be

translated and/or compressed — both /attractive features for spheromak

reactors. Also, detachment removes the plasma from a nearby source of
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FIG. 2. Radial q profiles obtained from the data in Fig. 1.

impurities — the flux core liner. This pinch-off parameter is defined as the

ratio of the poloidal flux not linked around the core to the maximum value of

the poloidal flux: Y DETACHED/f TOTAL. To date, grossly stable spheromaks

have been produced with typically 70% of the poloidal flux detached from the

flux core for over a 0.5 msec period (Fig. 3). This is a significant

improvement from previous discharges without Figure-8 coils. Without Figure-8

coils, only 10-50% detachment could be tolerated if the plasma was to be as
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FIG. 3 Percentage of poloidal f lux detached from the f lux core versus time

(Pinch-off Parameter).

stable. This particular Figure-8 coil system is but the first attempt at

stabilizing the n = 1 modes and further optimization will be conducted to try

to achieve 100% detachment for over 1 msec.

The second major improvement due to the installation of the Figure-8

system is the reduction in plasma/wall interaction. This has reduced the

high-Z impurity influx into the plasma. As an example, spectroscopic

measurements of the intensities of Fell lines show a factor of 5 reduction,

while Nill lines show a factor of 3 reduction. These impurities are expected

to come from the vacuum vessel wall (Fe) and the flux core liner (Ni, Fe} .

III. Electron Temperature Measurements

The range of plasma parameters for typical operating conditions is as

follows. Toroidal plasma currents up to 350 kA have been obtained. The peak

toroidal field inside the plasma due to poloidal plasma current is as high as

B^ £ 2kG. Spheromak lifetimes extend up to 1 msec. Electron densities ng

range from 0.3 to 2.0 x 10 cm for hydrogen neutral gas fill pressure of 1

to 8 mtorr. Electron temperatures range from 30 eV to ~ 110 eV. The magnetic

field decay time Tß = B/(dB/dt) ranges from 0.4 to 1.0 msec. Average beta is

<ß> ~ 10%.

Recently, measured peak electron temperatures with 10-30% error have

exceeded 100 eV. This improvement from earlier peak temperatures of ~ 50 eV

194



is attributed to several improvements. First, the toroidal plasma current for

stable discharges was increased from ~ 200 kA to over 300 kA. Second,

Figure-8 stabilization has increased the plasma lifetime (allowing for further
heating) and decreased the wall interaction (reducing impurity radiation). In

addition, the improved shot-to-shot reproducibility has allowed much improved

efficiency in the data acquisition for measuring the temperature. Third,
—8improved vacuum conditions, resulting in base pressures in the mid 10 torr

range, has resulted in lower levels of oxygen influx. Triple probe

measurements, which determine electron temperature as a function of time, are

consistent with the Thomson scattering measurements. Initial results from

zero-dimension radiation codes are also consistent with the measured electron

temperatures.

Initial Tß scaling studies show that T increases with toroidal current

I. Figure 4 shows T versus the capacitor bank voltage of the poloidal and

toroidal field power supplies. The plasma current is a linear function of

voltage based on earlier direct measurements. The increase of Tß with current

is significant as this indicates T is not limited by impurity radiation,

although the radiation does play an important role to determine the peak

temperature.
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FIG. 4. Electron temperature, measured by Thomson scattering, versus

capacitor bank voltage (plasma current), showing Te increases with

current above 200 kA.
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The dependence of Tg on current, above the 200 kA level, appears to have

a stronger dependence than linear. The electron density as measured by

Thomson scattering shows no such strong dependence on current, and is

relatively constant. Although it is difficult to determine the precise

scaling trend, the plasma pressure <n
eTe> seems to be proportional to the

omagnetic field pressure (Bp ).

IV. Magnetic Fluctuations and Flux Conversion

In previous S-1 spheromak experiments, the flux conversion between the

poloidal and toroidal fluxes of the plasma was observed. Plasmas adjusted

themselves during formation so that the ratio I/$ of toroidal plasma current

to toroidal magnetic flux in the plasma was a constant independent of initial

conditions such as bank voltages. This I/$ ratio is a global X value, where X

is defined by the force-free condition jj_ ** ĴL* **- ̂s Pr°P°rtional to the
pinch parameter 9 = 2l/aBQ of RFP research through a simple geometric factor

involving the plasma size. This ratio was maintained for the duration of a

discharge. If the plasmas evolved after formation such that I/$ deviated too

far from an acceptable range, then relaxation oscillations and associated

precursor oscillations would restore the proper conditions. In an attempt to

understand further these phenomena, a magnetic pickup coil system external to

the plasma was installed to look at the magnetic fluctuations. It is

observed3 that well-defined toroidal modes are almost always present with n in

the range of one to seven. The n-number is defined by the assumed functional

dependence e111^ of the magnetic field fluctuations on toroidal angle 4>.

The n-mode diagnostic system consists of 16 pairs of magnetic pick-up

coils distributed toroidally inside the device at a major radius of RQ = 50 cm

and an axial position of ZQ - 60 cm. The coils are located just outside of

the Figure-8 coil system and the Figure-8 coil system is, in turn, outside the

separatrix of the spheromak configuration. Each pair of coils measures the

field components in the major radius direction (BR) and the toroidal direction
*

(B*, ) . These fields are then resolved into toroidal n-modes by use of Fourier

analysis.
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Well-defined toroidal modes of n = 1 xthrough 5 are observed. The n > 2

mode activity is highest during the formation phase. For typical operating

conditions, modes n = 2 and 3 occur most often. Peak amplitudes of the n = 2,

3, 4 modes relative to the unperturbed field, measured at the location of the

n-mode diagnostic, are typically below 5%, although amplitudes as high as 20%

have been observed.
There is strong evidence that these modes are important for relaxation

to a Taylor minimum-energy state. The time evolution of the inventory of

poloidal and toroidal fluxes shows that there is a sudden (relative to the

formation time) exchange of fluxes when these modes are present. This

especially occurs when two modes are present simultaneously. For the example

to be described below, the peak poloidal flux is seen to drop precipitously

simultaneously with a sudden and significant increase in the toroidal flux in

the plasma during the period of strong mode activity. The final equilibrium

is not far from a Taylor minimum-energy state, independent of the initial

conditions.

Figure 5 demonstrates this behavior. This figure considers the time

evolution of poloidal and toroidal fluxes measured from the two-dimensional

flux plots described above. Figure 5-top shows the peak poloidal flux,
R

defined by ¥ = / 2TOB dR where R is the major radius and Rpg^ is R at
o

the magnetic axis if there is one, otherwise R-Q^ is the inside major radius

of the flux core. Each of the toroidal flux curves in Fig. 5-bottom is the

measured flux within the poloidal flux surface defined by a constant poloidal

flux distance |¥ - ¥peak | from the peak value of ¥. The | ¥ - ¥ peak| =0.06

Vsec curve includes over 50% of the total toroidal flux. There is a sharp

peaking of n = 2 and 3 mode activity between t = 0.15 and 0.25 msec, which is

precisely that period during which the fluxes undergo dramatic changes. This

behavior is interpreted as relaxation. The formation phase in these

discharges lasts until t = 0.3 msec.

Figure 6 shows the loss in poloidal flux during formation as a function

of a) toroidal field bank voltage, and b) poloidal field bank voltage. The
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trends show that the amount of poloidal flux consumed depends on how far the

configuration is from a minimum-energy state during the formation phase.
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FIG. 5. Peak poloidal flux (top) and toroidal flux (bottom) versus time.

There is a precipitous drop In ¥ and a concurrent sudden increase

in $ during the period of strong magnetic activity.
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FIG. 6. The loss in poloidal flux during formation as a function of a)

toroidal field bank voltage and b) poloidal field bank voltage.

The trends show that the amount of poloidal flux consumed

(converted to toroidal flux) depends on how far the configuration

is from a Taylor minimum-energy state during the programmed

formation phase.

Higher toroidal field bank voltage relative to the poloidal field bank voltage

results in more of the initial poloidal flux ending up as poloidal flux in the

final spheromak configuration.

A significant finding is the observation of a temporal progression

through the m = 1 ; n = 5, 4, 3, 2 mode sequence during formation (Fig. 7).

This progression is reminiscent of the mode sequence seen in tokamaks during

startup. In tokamaks, a progression of n = 1 ; m = 6, 5, 4, 3, 2 modes is

observed as q(¥) decreases and q = m/n rational surfaces enter the plasma;

these modes rotate due to diamagnetic drifts. These modes are understood to

be due to magnetic islands caused by resistive tearing modes. For the S-1

spheromak, a comparison of the time evolution of the q ( ÏO profile with that of

the modes shows a similar close relationship. Figure 8 represents the time

evolution of q(¥) versus ¥ derived from Fig. 1. The right hand side of each

curve represents the magnetic axis. The left hand sides are not continued

to Y = 0 (device axis) due to increasing uncertainty in the computation of

q. The temporal evolution of modes follows a sequence of m = 1 ; n = 5, 4, 3,

2 during the precise time interval that qo is rising through qQ = m/n values,

where m = 1 ; n = 5, 4, 3, 2. These rational surfaces are therefore entering

199



200-

-05 0 05
TIMEtms«)

200

5 -05
CL
s
* 200
oo

100-

°C5

200

0 05
TIME(msec)

0 05
TIME (msec)

100

~r

-05 0 05
TIME (msec)

10

FIG. 7. Toroidal mode amplitude versus time for n 4, 3, 2, 1. This

discharge clearly shows a sequential time evolution of the n-modes.

08

06

04

02

* 85X0257
—————I——

t =06 msec ,

O l

005 OIO OI5
(V sec)

FIG. 8. Time evolution of q{Y) versus ¥ from data of Fig. 1. Y = 0 is at

device axis. The right hand side of each curve (peak ¥) represents

the magnetic axis.

200



the plasma. As in tokamaks, these modes are observed to rotate. They always

rotate, in the 4>-dimension, in the electron diamagnetic drift direction.

In addition to the above described MHD activity, there are fluctuations

which are locally ( < 5 or 6 channels), but not globally (all 16 channels)

coherent in <)> with frequencies of 100 to--200 kHZ. These fluctuation levels

are also on the order of £ 5%. These may be "modes" of higher n number

(n à. 10). The shear on the edge of the plasma and interaction of modes may

prevent global coherence. These may be the more important modes for the post-

formation phase.

These low n modes are apparently necessary for relaxation. On the other

hand, they probably are detrimental to energy confinement. A carefully

programmed formation of the spheromak may minimize the bad effects and

capitalize on the good. These effects have yet to be investigated.
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Abstract

The CTCC-I experiments investigate magnetized coaxial gun-
generated plasma spheromaks launched into metal f l u x conservers.
A t i t an ium coat ing on the inner wal l of the f l ux conserver has reduced
the IOW-Ä impuri ty levei, and plasma l i f e t imes have been extended to
0.8 ms wi th e lectron temperatures of 30 eV. The t i t an ium coa t ing ,
however, has resu l ted in Increased MHD act iv i ty . A central conductor
inserted along the axis of the f l u x conserver has r e su l t ed in high
shear con f igu ra t i ons , and the diameter of this conductor a f f e c t s the
plasma s t ab i l i t y . The internal MHD ins tab i l i ty has been s tudied wi th
radial p r o f i l e measurements of electron density and soft X-radia t ion.
A new, a lumin ium oblate-spheroid f l u x conserver has been cons t ruc ted
to reduce the f l u x leakage, and plasma l i fe t imes now reach 1.3 ms.

Peaking of the plasma cur ren t , dens i ty , and X-ray in tens i ty
p r o f i l e s has been observed between the successive in te rna l MHD
instabil i t ies. This peaking may be the result of neutral part icle
i n f l u x , p lasma hea t ing , or f l u x leakage, and fu r the r q u a n t i t a t i v e
measurements are needed to unders tand the plasma behavior. An
experiment w i th an external coil to control f l ux leakage is p resen t ly
being planned, and it is hoped that the resul t wi l l quan t i fy the e f f e c t
of leakage on plasma con f inemen t .

I. Introduction

In the CTCC-I experiments, spheromak plasma produced by a

magnetized coaxial plasma gun are confined in the metal f lux

conserver. A titanium coating onto the f lux conserver inner wall

has improved the radiation dominated decay of the spheromak

plasma removing the low-z impurities, especially carbon and

oxygen. The lifetime of the spheromak has been extended to over

0.8 ms and the electron temperature to about 30 eV. After

titanium coating, however, the MHD activity became larger and the

disruptive termination of the discharge was frequently observed

[ 1 , 2 ] ,
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Since the spheromak plasma has no magnetic well, it is
necessary to stabilize only by the magnetic shear [3]. A central
conductor inserted along the geometric axis of the flux conserver
has been used to achieve a high magnetic shear configuration [4],
This flux conserver having central conductor results in
spheromaks which are long lived with no gross MHD instability,
disruptive termination, except the weak internal one. In most
discharge, the magnetic field near the flux conserver wall showed
the stepwise decay and OV(2781A) radiation showed the sawtooth
oscillation correspond to this internal MHD instability. The
stabilizing effect of the central conductor was studied by
changing the diameter of it [5,6]. It was found that the larger
the diameter, the more stable was the plasma. It is considered
that the current peaking, which is caused by the difference of
the magnetic field decay between the core and periphery of the
plasma, is the possible cause of the internal instability. In
order to study this internal MHD instability, the measurements
of the radilal profiles of the electron density and the USX
radiation were carried out. It was found that the both profiles
of the density and the USX radiation became peaked before this
instability, and expanded during this instability.

A new flux conserver with an oblate spheroidal shape and
thick aluminum was recently constructed to improve the plasma
confinement. The purpose of this experiments are to reduce a
magnetic flux leakage from the flux conserver and to study the
confinement characteristics for the shape of the flux conserver.
In the experiments with this new flux conserver, the plasma
confinement has been improved and the lifetime over 1 ms has been
obtained. The maximum lifetime was 1.3 ms.
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II. Experimental apparatus and measurements
In the CTCC-I experiments, spheromak type compact toroids are

produced with a magnetized coaxial plasma gun and injected into
the flux conserver [1,2], A schematic diagram of the CTCC-I
machine is shown in Fig.1. The gun electrodes are 0.8 m long, 1.5
mm thick stainless steel cylinders. Its inside and outside
electrode diameters are 0.18 m and 0.3 m, respectively. The gun
is driven by a capacitor bank (C=68 UP, V=40 kV). An epoxy-molded
solenoidal coil outside the outer electrode is used for the
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cylindrical flux consrever made by 1.5 mm thick copper has 0.75 m
diameter and 0,4 m height. The diameter of the central conductor
used is usually 0.18 m. The flux conserver with 0.13 m diameter
central conductor is called FC-D1 .

The new flux conserver consists of two halves of the
spheroid made by solid aluminum with 15 mm thick as shown in
Fig.2. The lengthes of the major elliptic axis and the minor
elliptic axis are 0.8 m and 0.48 m, respectively. The 2 cm gap
to provide the diagnostic access is bridged by 20 copper rods.
This new flux conserver is called FC-S.

Diagnostics used are magnetic probe, laser inteferometer,
visible spectrometer,and SBD detector, Reproducibility of the
discharge was monitored by the magnetic probe inserted 2 cm from
the flux conserver wall on the midplane. The spectroscopic
measurements were made with a one-meter grating monochromator and

Eu

t
Eu
00
CNl1

« — 30c: tn<f>— » stainless steei

aluminum

t =15 mm

Ï .....

Fig. 2. Schematic diagram of the oblate spheroidal flux
conserver, FC-S.
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the radiations of low-z impurities, such as CII(4267A),
CIIK4647A), OII(4414A), OIII(3047A), and OV(2781A) were observed
horizontaly in the midplane of the flux conserver through the
quartz window. The radial profile of density were obtained by
two-channels CC^ laser interferometer through 5 vertical chords.
The radial profile of the USX radiation was obtained by 7 surface
barrier detectors with 0.5 um polypropylene films through
vertical chords. These detectors were sensitive to radiation in
the region from 100 A to 300 A.

III. Experimental results for FC-D1
It is known theoretically that introducing a central hole in

the spheromak the aspect ratio is increased above unity, and the
plasma beta increases linearly with the aspect ratio because the
central hole results in high magnetic shear. In the CTCC-I
experiments, the central conductor has been used to make this
central hole in the spheromak confined in the flux conserver.
The stabilizing effects have been clearly observed: the plasma
has shown no disruptive termination in the most of discharges and
the long-lived spheromak has been obtained reproducibly [4-6],

The typical three modes of the monitored poloidal magnetic
field are shown in Fig.3: disruptive termination mode, stepwise
decay mode, and stable decay mode. With central conductor of
D.18 m diameter, no disruptive termination mode was observed.
The stepwise and stable modes were observed at the rate of 06 %
and 14 %, respectively. In the stepwise mode, Bp near the flux
conserver v/all and the electron line density typically showed
stepwise decay, and 0V radiation showed a kind of sawtooth
oscillation similar to the soft X-ray signal in the tokamak
experiments as shown in Fig.4. On the other hand, Oil radiation
showed the oppositte phase sawtooth like oscillation as shown in
this figure. These data show the occurence of the internal MHD
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instability and the relaxation to the equilibrium during the
decay phase. These can be seen in the decay feature of the
magnetic field shown in Fig.5; the poloidal magnetic fields near
the flux consever wall and the central conductor show the
different decay behavior. The ratio of these decreases gradually
from the initial value, RQ, at first and suddenly turns back to
RQ when this ratio reaches to some critical value Rc. If the
resistivity of a plasma is constant in space, the magnetic filed
would show a self-similar decay, that is, R would be constant.
In the stable mode, this ratio stays really almost constant in
the course of the discharge. The spatial difference of the
magnetic field decay results in the plasma current peaking, and
the equilibrium configuration changes to that which is MHD
unstable. The relaxation restore to its stable equilibrium.

o
r\s

m
0

o 3
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( r = 0.365 m,z =0rn)

(r = 0.12m,z =-0.05 m)
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Fig. 5. (a) Typical poloidal magnetic field, Bp,out,
measured near the flux conserver wall. (b) Typical
poloidal magnetic field, Bp,in, measured near the
central conductor wall. (c) Temporal evolution of
the ratio, R, of Bp,in and Bp,out.
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The temporal evolution of densities for five different chords
are shown in Fig.6.^ The stepwise decay of the density were
alv/ays observed for the chords of r=24 cm and r = 23 cm. For these
chords the densities sometime showed the sawtooth like behavior
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Fig. 6. Typical electron line densities for 5 vertical
chords.

as can be seen in Fig.6 when the strong stepwise down of the
magnetic field observed. The densities for the chords of r= 32cm
and r= 36 cm showed only small humps correspond to the
instabilities. The radial profiles of the density are shown in
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Fig.7 where the solid lines are the profiles calculated under the
assumption n °ty . The measure density are good agreement with
the assumed function. The detailed temporal evolution of a is
shown in Fig.8. This shows that the radial profile of the
density tend to become peaked before the instability, and when
the instability happen to occur it is flattend.
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Fig. 7. Radial profiles of the electron density
estimated under the assumption n <x i|ja.

Fig. 8. Temporal evolution of the parameter a,

211



The SBD signals for the seven chords are shown in Fig.9. IN
this figure, simultaneously observed n ,Bp, and impurity line
radiations are also shown. The data show the sawtooth
oscillation similar to that of 0V line radiation. It is
considered that these SBD detected the impurity radiation. No
SBD signal shows the opposite phase sawtooth oscillation while
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Fig. 9 Typical SBD signals for 7 vertical, Bp, ne,
and impurity line radiation.

the radiation from the lov; ionized ion, for example Oil and OUI,
shows such an oscillation. The sawtooth oscillations for the SBD
are evident for the central chords, however, the signals of the
periphery chords show only small hump as the density. This
feature of the SBD signal is different from that of SX signals in
the tokamak experiments. These may indicate that the re-
distribution of the plasma during the instability is due due to
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the overall plasma expansion rather than a localized expansion.
In tokamak experiments the decrease of the SX in the center and
increase at larger radii during a disruption have been
interpreted as a transport of energy away from the center. The
radial distribution of the chord SBD intensity becomes also
peaked between the successive instabilities and expand during
that instability as the plasma density measurement.
IV. Experimental results for FC-S

The confinement characteristic of the plasma is affected by
the performance of the flux conserver. The flux leakage will
cause the shrink of the periphery plasma and the enhance of the
particle loss. The magnetic field intensity along the flux
surface in the cylindrical flux conserver changes significantly
near the plasma periphery, and it may affect the partile
confinement. In order to study these effects on the plasma
confinement, the experiments with FC-S were carried out.
Temporal evolution of the magnetic field obtained without copper
bridge is shown in Fig.10. Before titanium coating the plasma
lifetime was about 300 us, which was similar feature as the
previous cylindrical flux conserver. After titanium coating onto
the FC wall, the lifetime of the plasma extended significantly to
about 1 ms and the maximum of it was 1.3 ms. It is noted that in

0.4 0.6 0.8 1.0
t(ms) 1.2

Fig. 10. Typical poloidal magnetic field, Bz, measured
on the symmetry axis in the FC-S without copper bridge.
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this figure the magnetic field shows the quiet decay rather than
the sudden termination. It is true and typical behavior for both
experiments of FC-S with and without copper bridge. In contrast
to this, the magnetic fields observed in the previous cylindrical
FC, the sudden termination was almost always observed. Small
humps in the magnetic field signal is due to the internal MHD
instability as observed in the previous experiments, which is
confirmed by the experiments with copper bridge. Typical results
of the experiments with copper bridge are shown in Fig.11. The
stepwise decay and the small humps can be seen in the magnetic
filed near the FC wall and the geometric axis, respectively. The
density and OV radiation also show the similar behavior as the
previous experiments. In the experiments with copper bridge,
typical lifetime is 0.8-1.0 ms which is somewhat short compared
with that without copper bridge.

n (r=2Acm)

0 0.2- 0.4 0.6 0.8 1.0 1.2
t ( ms)

Fig. 11. Temporal evolutions of ne, Bp, and OV line
radiation.
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V. Summary
In our experiments, the peaking phenomena of the plasma

current, density, and SED intensity profiles were observed
between the successive internal MHD instabilities. During the
plasma injection and the instability, there is significant
plasma-wall interaction, the desorption of the hydrogen and
impurities results in and these are ionized moving into the
plasma. The factors affecting the density and SBD intensity
profiles could be the influx of such neutral particles from the
wall, plasma heating, current peaking, and magnetic flux leakage.
So it may not simply consider that the peaking of the density
and the SBD intensity profiles is correlated to that of current
profile. In order to assure the main factor for these profiles,
it is necessary to make a detailed quantitative discussion.

It is found that the confinement characteristic of the flux
conserver, FC-S, is better than that of the previous cylindrical
flux conserver. In order to study the effect of the magnetic
flux leakage on the plsama confinement, the experiment with the
external coil to contrôle the flux leakage from the flux
conserver is now planning.
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