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THE PHYSICS OF FIELD-REVERSED CONFIGURATION PLASMaS

Loren C. Steinhauer
Spectra Technology, Inc.
2755 Northup Way
Bellevue, WA 08004

ABSTRACT

A review is given of field-reversed configuration (FEC) plasma
physics. The historical background on the emergence of FRCs 1s a fusion

confinement concept is discussed along with the present state of progress.

FRC physics is organised into major topics, formation, equilisrium,
macrostability, and transport, each of which is reviewed. Spzcial
attention is devoted to the internal tilting instability becaise of its
current importance in FRC development. An annotated bibliography of key

literature on FREC research is offered in the final mection.

I. INTRODUCTION

The fisld-reversed configuration (FRC) is & subclass of magnetic
fueion confinement concepts known ms compmct toroids. Compact toroids are
unique among closed magnetic field line systems in that they have no walls
o= coils passing through the center of the toroid, hence the designaticn
"compact®. FRCs are particularly unusual because they have no appreciable
toroidal asgnetic field. Other toroidal confinement systems require the
toroidal magnetic field component to be comparable to, or much greater than
the poloidal field in order to achieve stability of the plasma. Indeed,
the stability of the FRC despite its lack of a toroidal magnetic field is
one of its most intriguing aspects.

Figure 1 is a schematic disgram of a FRC emphasising its magnetic
chkaracteristica. The configuration is compomed of a bundle of closad
poloidal magnetic field lines enclosed by the separatrix, which is
sarrounded by open field lines. In most FRCs the external magnetic field
is supported by a cylindrical coil which acts as a surface of constant
wagnetic flux. The plasma on closed field lines is represented in the
figure by the shaded region. Not shown is the important but relatively
thin edge layer located just outside the separatrix. The edge layer
conneckts to spindle-like jet regions extending out the snds of the coil.

A. Historical Perspective on FRCs

Today, most FRCs are generated in theta pinch devices, which are one-
turn cylindrical coils. Using a high-voltage capacitive power supply and
associated circuitry, the magnetic field is given a rapid initial rise
followsd by a long, relatively slow decay. Research on theta pinches dates
from tae late 1950s. They were appealing for nuclear fumion because the
rapidly rising magnetic field shock-heats the plasas, producing keV ion
temperatures. The early research emphasized mwximiming neutron production;
therefore high magnetic fields (up to 100 kC) were used to reach the



highest possible temperatures and densities. Early theta pinch research
eaployed what is known today as "second half-cycle operation" in which the
wmagnetic field is first allowed to "ring" through a half cycle in what is
designated the ®reversed®” direction. This facilitates the initial
ionization of the plasma. During the second half cycle as the magnetic
field begins to rise in the "forward" direction, the newly ionised plasma
is rapidly compressed and heated. Theoretical studies in the early 1680s
recognized the possibility of closed field lines arising from the reversec
magnetic flux imbedded in the plasma during the first half cycle.

There were, however, three major problems with *field-reversed thesaz
pinch® plasmas. 1) The reversed magnetic flux seemed to be quickly
annihilated; this is not surprising because of the high magnetic field aad
correspondingly strong radial compression produced a rather small plasma
radius (often less than a centimeter). 2) The plasma was subject to a
rotational instability which produced a fast-growing elliptical distortisn
which disrupted the plasma. 3) The elongated (high length-to-diameter
ratio) plasma was subject to a tearing instability, which tore the plasma
into two or more small parts. These problems prevented the serious
development of "field-reversed theta pinch® plasmas as a confinement
concept during the 1880s.

Positive results from a landmark experiment at Garching in 1970 led
to a reconsideration of field-reversed theta pinches (Eberhagen, 1871).
This experiment used lower magnetic fields, avoiding the overcompressicn of
the earlier experiments. By careful attention to external magnetic field
uniformity, the plasmas were stable to the tearing mode. The rotational
instability appeared, but only after times on the order of the decay of the
configuration. Soon after, experiments on a series of devices were
initiated at the Kurchatov Institute. These also used low coopressions but
added innovative techniques to control the formatiom, suck as independeat
control coils at the ends of the main coil. 0ddly, the rotaticmal
instability was not observed. Detailed information on these experiments
was first reported in 1978 (Es’kov, 1078) at which time the term "compact

toroid" was coined. These successes motivated the initiation of what later
became known as the FRY wmeries of devices at Los Alamos in 1976, several
devices in Japan (about 1980), and the TRX series at Spectra Technology
(1981). The first thorough and comprehensive reporting of observations on
such plasmas was in 1081 (Armstrong, 1981), in which the designation
"field-reversed configuration' (FRC) was firet used.

B. Metivation for FRC Research

FRC plasmas physice is inherently interesting because of the unusual
conf-guration and properties. Laboratory FRCs can be used to study space
plasnz phenomena such as tearing in the Barth's magnetotail. However, the
primary factor motivating FRC research is its attractiveness as a nuclear
fusion concept. The configuration is remarkably simple in several ways,
beginning with the straight cylindrical geometry with no center column. It
requires only one magnetic field componeat (poloidal). Thus, unlike other
toroidal confinement concepts, there is no need for a toroidally-shaped
confinement chamber or interlinking coils. A second attribute of the FRC
is its eificient use of magnetic energy. With no toroidal field, the
plasna pressure equals the magnetic field pressure, so that the magnetic
field required for s given plasma pressure is relatively low. Conrequently
the nagnet system design is eimplified because of lower nagnetic fields,
reduced coil stresses, and smaller aagnetic emergy storags. Third, since
the plasma is contained in an "open' cylindrical chamber, it is possible to
move, or "translate" the FRC axially along the external magnetic field.
This attribute makes it possible to first form the FRO in one chamber, and
then translate it to another for the fusion reaction., Such a separation of
functions allews the conflicting requirements of plasma formation and
nuclear fusion burn to be handled in meparate parts of the reactor.
Finally, the edge layer connecting to the exhaust jets provides a natural
divertor, without the requirement of special divertor coils.



C. Basic Characteristics of Present-Day FRC Plasmas

Typical FRC parameters in recent experiments are listed in Tab. 1I.
FRCs have the highest value of < = <P>/BE/2ﬂ (Be is the "external"
magnetic field supplied by the coil), and density of any of the major
magnetic fusion concepts. The plasma volumes are the smallest, by far,
among major fusion concepts. Although the confinement times are not very
long, the thermal diffusivity, X {which measures the effectiveness of
energy confinement), is comparable to other fusion concepts. Because of
the high-density, the n7 product is unusually high for such a small plasma
size. Most FRC experimental research is carried out on theta pinch
devices. Table IT lists the key parameters of the active theta pinches,
showing the main coil dimensions, peak magnetic field, and rise time. Also
shown are the parameters of the translation chamber, where applicable. Not
listed in Tab. II are non-theta pinch FBC devices,

Despite their uniqueness, FRC plasmas share certain common features
with other magnetic confinement concepts. Although its superficial
appearance is cylindriecal, the FRC is a genuine toroidal csnfiguration with
closed magnetic field lines, like the tokamak, reversed-field pinch (RFP),
stellarator, and spheromak. Plasma confinement in a FRC is by the pinch
effect, in which substantial plasma currents supply the confining force, as
is the case for the tokamak, RFP, and spheromak. Among these pinch-effect
concepts, the FRC has the highest current densmity (highest electron drift
speed). A important feature of an FRC is the edge layer located just
outside the separatrix. In common with mirror and cusp plasmas, the edge
layer exhibits strong magnetic mirroring and electrostatic effects. FECs
bave a significant rotational motion, as now appears to be the case in many
tokamak experiments. Since FRCs have no toroidal field, the internal
wagnetic field is low in much of the plasme interior, leading to strong ion
kinetic effects; this is similar to the old Astron concept, and has some
analogies in mirror physics.

D. Organisation of FRC Physics Topics

FRC plasma physics can be organised into s number of subtopics, four
of which will be discussed here. These areas are placed into = bierarchy
of timescales, arranged from short to long. The first topic is formation,
during which the plasaa is generated and formed into s FRC. In theta
pinches at leaat, this process takes place on a timescale between the
radial Alfven time ( r /¥, ), snd the axial Alfven time ( /v ).
Alternative formation techniques, called "slow sources”, are currently
being investigated, which involve much longer timescales. In much devices,
the formation procese is strongly influenced by macrostability and global
transport issues, which is not generally the case for formation in a theta
pinch. FRC formation in a theta pinch is reviewed in Sec, II.

The mecond topic of FRC physica is equilibrium, which describes a
stationary state lasting for timescales longer than the axial Alfven time.
Equilibrium and the associsted topic of translation are discussed in
Sec. III. The third topic, macrostability, describes a property of the
equilibrium state, and therefore spans timescales longer than the axisl
Alfven time. The prefix mscro indicates that large-scale, or global modes
mre in view rather than small-scale (length scales less than an ion
gyrorsdius). global modes generally affsct the integrity of the entire
configuration whereas small scale modes only affect the transport rates.
Mac-ostability is discussed in Sec. IV where special attention is given to
the internal tilting mode, regarded by many as the nost dangerous
inszability. The fourth topic is transport, covering both the question of
transport mechanism (including microstability), sad issue of how the
overall configuration evolves in response (scmetimes called "global
traasport"). Transport bas the longest timescale, the diffusive time
#r3{8<qL>. FRC transport is discussed in Sec. V., The final section, VI,
is an annotated bibliography of selected papers.

There are other important FAC physics issues of particular importance
to the fusion reactor application, which are not covered hera. Thase



include reactor-relevant sources (an issue with strong tachnology as well
as physics implications), plasma heating to fusior ignition temperatures,
steady-state maintenance of s FRC plasma, and burning plasma physics.

Although these topics are important, very little research with immediate

relevance to FRCs has been done.

II. FORMATION

The most common method of forming a FRO is in a thets pinch. Other
kethods, which might be technologically more attractive for a fusion
reaczor (comxial slow source snd rotamak) wre not discussed here.

FROs are formed in theta pinches by rapidly reversing the external
field and trapping a portion of the preimposed bias aagnetic flux.
Connezticn of the imbedded bims flux to an equal smount of oppomitely
directed external flux produces a clowed field-line toroidal
configuration. The basic steps in this proceas are illustrated in Fig. 2,
which shows the two-dimensional (r,5) magnetic flux contours during
Zormation. A gam fill is first preionised in the presence of » bias
tagnevic field (step 0). The magnetic field at the coil im rapidly
reversed. Initially, as the field at the wall decreases in magnitude, the
plasma is driven cutward by the pressura of the imbedded magnetic fisld.
Az the field at the wall reverses and rises to s magnitude exceeding the
intersal lield, the plasma flow toward the wall is stopped snd revarsed.
The subsequent *1iftoff" ends the field-reversal phase (step 1). After
liftcff, the plasma is radially compressed and heated by the rising
magnetic field. Substastial chaic heating slaoc occurs during this phase as
some of the internal magnetic flux is dissipated (step 2). The initiatiecn
of the next stage, axial contraction (step 3}, depends on the goometry and
control coils at the end of the main coil. (Fig. 2 showa the particular
case of & steady coil which produced a magnetic cusp with the biss field).
Finally, after some axial and radial bouncing motion, a quiescent
equilibrium is reached (step 4).

Considerable study has been devoted to the formstion of FRCs in theta
pinches. Indeed, much of the work on the Boviet and TRX series of devices
has basen devoted to understanding formation phencmens, and finding improved
techniques for the foreation. The techniques eaploy special controls at
the ends of the main coil, special preionisation methode, or multipols
windisgs along the chaaber wall. These methods are quite sophisticated and



are not discussed here. The discussion that follows focuses instead on
generic aspects of formation, including analysis of the field-reversal
phase, and aspecta of the radial and axial compressions. It concludes with
a review of issues that are not well understood.

A. Field-reveraal Phase

Field reversal is the phase between the firing of the main coil and
liftoff when the rising external field drives the plasma off the wall.
Field reversal determines how much imbedded reversed flux is retained by
the plasma at liftoff. This flux is customarily described described in
terms of BLB‘ defined as the reversed flux divided by the cross-seczional
area inside the chamber wall, wrf. The magnitude of Bjp bas a strong

affect on the gubsequent dynanics and plasma beating intriasic to the
formation process.

Field-reversal has been exanined theoretically by two methods, a one-
dimensional MHD code and a quasianalytic MAD model (Steinhauer, 1085). The
key assumption of the quasianalytic model is that the outward flow of
plaspa and magnetic flux produces & thin current sheath near the wall,
which can be analyzed using a gquasi steady-state assumption. The mcdel
predicts that the efficiency of flux retention during field reversal (BLU
divided by the initial biag field, Bo) is given by

1
Bo/B =1+ 3A1/2[1/qt~1J2/5] (12]

2
- B°/2;mc

B evc7§ﬂﬂt [1E]

where 7, is the energy transfer efficiency from the capacitor bank to the
chanber volume, proper, o is the initial filling density, V. is the
initial capacitor voltage, and Nt is the pumber of turns in Eha theta pinch
coil. The parameter ) expresses the ratio of two snergies, the initial

nagnetic energy per ion divided by the energy imparted by acceleration
across an electrostatic potential, Vc/2th. Figure 3 indicates » good
somparison between experiment, time-dependent MED computations, sad the
snalytic model. Evidently, lower voltages lead to reduced flux retention,
sut wizh a relatively weak dependence. Equally important is the coupling
>f the power supply to the plasma tube, measured by Ty Small external
inductance and a coil closely coupled to the tube (rc only slightly larger
<han r.) gives 7, & value near unity, resulting in good flux retention.

B. Radia]l aad Axial Compression of the Plasma

The post liftoff behavior of the plasma has been analysed by global
analytic models and by 2D-MHD computations. The analytic models have
highlighted the key thermodynamic elements such ss the importance of
dissipative heating. The computations have corroborated the analytic
models and given numercus insights into detailed phenomens observed in

experinents.
1. #lobal Analytie Modelling of FRC Pormation.

The post liftoff behavior of the plasma has been described uiing a
glodal thermodynamic model (Steinhauer, 1983). A simplified version of
this aralysis (Hoffman, 1986) is summarized here. The loss of flux after
liftof{ is assumed to be governed by the » rapid relaxation that reduces
the drift parameter, VD/vi (electron drift speed / ion thermal spesed) to a
fixed value, which is empiricslly determined. In practice, the relaxaticn
results from fast-growing microinstabilities charactsristic of theta pinch
implosions. Since the axial contraction broadens the plasme radially and
reduces the drift parsaeter, the relaxation condition is applied to the
radial compression phase.

Using tkis formulation, the equilibrium poloidal flux divided by the
liftoff flux is :

10
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where v is the drift parameter relaxation constant, and n, is the initiaZ
average plasma density. Evidently, a lower relaxation constant causes mare
flux loss, and a higher initial density causes less. PFigure 4 is a plot cf
the poloidal flux (normalized by the tube cross-sectional area) versus the
initial filling pressure (which is related to n). Evidently a value of ¥
= .35 gives a best fit to the data shown.

The strong heating intrinsic to the formation process begins at
liftoff. BSeveral phenomena contribute to the heating: 1) racial shock
heating by the magnetic "piston” (as in ordinary theta pinches); 2)
adiabatic compression heating by the rising magnetic field; 3) resistive
heating of the internal magnetic field is dissipated; and 4) cissipation of
axial compression energy. These are taken into account in the global
thermodynamic model, where the process is regarded as a series of distimct
steps (as described earlier), linked together by global conservation laws.
This leads to a prediction of the temperature in the subsequert

equilibrium,
4/5
_ e 5/6 6/5
Tl = 5pn°E[fp o * °'32fsBGN] (3]

where B, is the external field in the equilibrium, and Bgy is the critical
magnetic field (Green, 1088),

1/4 4]

Bon = Eg(smin)
The factors fp' and fs are typically 1.0 and 0.45, respectively {more
general expressions are given by Hoffman, 1088). The BGN part of (4)
represents radial shock heating which is the predominant factor in ordipary
theta pinches. The B j par represents the contribution of resistive
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hewting and dissipation of the axial contraction energy. Evidently, the
ratio BLO/BGN neasuras the importance of effects associasted with the bias
fisld; if this ratio is comparable to unity or greater, then substantially
more heatiag is produced than in an ordinary {no bias) thets pinch. Figure
5 is s plot of the temperature as a function of filling pressure, showing a
comparison between the theory and experimental observations. Note the
suwistantial increase in heating because of the bias field.

2. 2D-MHD Jomputation of FRC Formation.

i Two-dimensional MHD computations have served to confirm the resulte
of lthe glosal modela. Their most important role, however, has been in
explaining detailed experimental phenomena (Milroy, 1882). This latter
role Las bzen essential in view of the several variations in the formation
technique that have been tested experimentally. Figura 2, introduced

earlies, rspresents one variation of "programmed formation® (Belikov,

1992) .

1 Other more generic phencmena have been explored in detail, including
detmils of the axial contraction dynanics (initiation, speed of the
cootractioa wave, magnitude of the overbounce). Numerical computatiocns
hase been used to infer the poloidal flux (after the radial compression
phee] fros the strength of the axial contraction waves (Milroy, 1087).
The same study explored the importance of parallel viscomity, #y» in
dampirg the axial contraction dynamics. Since By T? , the viscosity of
the plasma is extremely sensitive to the temperaturs, which is inversely
proportional to the initial density (see eq. 3). In the TRX-2 experiment,
initial fill pressures less than 10 aTorr (no $7x 1014 cn's) led to
exremely viscous plasma behavior, i.e. u strongly damped axial
conpressiod wave, and no overbounce oscillations. Moreover, the transition
to morviscous behavior was quite abrupt above 10 aTorr.

C. Unresclved FRC Formation Issues

12



There are meveral unanswered questions sbout FBC formatisn. One
unknown is the resistivity mechanism during the radial compressicn, during
which most of the dissipation cccurs. It may be that the same
microturbulence mechanisms occur as in a theta pinch implesions. 0ddls,
evon for relatively aslow compressione (e.g. on TRX-2 where radial shock
heating is minimal) the observed ion temperature can substantially exceed
the electron temperature. Evidently the turbulence deposits a very large
share ofAthe energy directly with the ions.

The most important unanswered issues pertain to formatioa razholcgies
of unclear origin. The manifestation of these pathologies is she ability
to form long-lived FRCs (more than 20 #a or m0) only witkin a Fairly
limited "operating window". The operating window can be described
empirically as follows. 1) Fill pressure: too low filling praesu-e leads
te inadequate preicnigation; too high filling pressure leads t> eisher too
violent axial dynamics, or to too long equilibria (which try to exsend
beyond the ends of the main coil). 2) Formation technique: tie p-ogrammed
formation methods described earlier are much more successful as achieving
reproducible formation (especially at high bias pagnetic fields, than
metheds based on tearing recomnection (which do not use the "p.ug coil®
shown in Fig. 2). 3) Bias field: too high bias field leads =o v_olert
axial dynamics. d4) Preionigation (PI): quality of the PI plasma,
especially asimuthal symmetry is necessary, especially at high bias field.

5) Device size: formation in larger devices becomes increasingly
difficult.

Two unifying factors characterize thege enpirical observatioas.
First, azimuthal symmetry is important for successful formation; hence the
need for PI quality and the programmed formation method (which produces
highly symmetric reverssd-to-forward field line connection at =he ends of
the main coil). Second, violent axial compression dynamics are to be
avoided; hence the difficulties at higher filling pressure, high bias field
(vhich causes strong axial dynamics), and large device size (which retains

the bias flux wore efficiently and thus is more prone to strong axial
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dynamics). It may be that a FRC that suffers too strong axial
overcompression is unstable to tilting; the presence of asimuthal
asynmetries may drive the tilt more strongly. Saveral affects which would
mitigate the overcompression are under study, including ion viscosity,
control coil modifications, and adjusted timing of the axial contraction.

14



II1. BQUILIBRIUK

FRC equilibria are examined with emphasis on simple analytical
descriptions. A short discussion of translation is also given.

A. Characteristics of FRC Bquilibria,

The basic definition of a FRC is a teroidal magnetic configuration
with no toroidal magnetic field. Consequently, a FRC has no rotational
transform and no shear. If the s axis coincides with ite main axis, thea
there are only radial and axial magnetic field components, and the currert
density is purely azimuthal. Tt might be added that most FRCs (those
formed in theta pinches) are elongated, as portrayed in Fig. 1, i.s. the
elongation, 2.5_/2rs is somewhat larger than unity.

Equilibria are governed by the force balance equation,

2 -
Vo-Mir?f=Tx3E EX
where ! is the local rotational frequency. Almost all equilibriam analyszs
have ignored the rotational effect (taking 0 = 0). In the discussion thas
follows, no rotation is Assume except where otherwise noted. The magneti-

field in a FRC can be expressed in terms of a magnetic stream function, y.
~

.ﬁzng’ [‘]

Elongated FRC equilibria confined in straight, constant-flux magnets have
remarkably simple properties. These properties, some of which ware
denonstrated in a landmark paper {Armstrong, 1981), greatly facilitate
equilibrium analysis, 1} The separatrix radius at the midplane of symmetry
and the radius of the wagnetic axis (r=R, s=0, sometimes called the
magnetic field null, or the %g point"}, are in a fixed ratio,
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rls/R’ = 2 (7]

This property follows from the continuity between the "reversed® and
*fcrmard® parts of the closed magnstic #lux lines. 2) A very simple
algebraic expression rslates the local pressure and axial magnetic field,
1 2
Bn .
p+ i const = % [8]

This property foliows from the fact that B << B' everywhere except near
the ends of an elongated FRC. 3) The average value of f = p/(BE/2ﬂ) taken
over the midplane cross-section inside the separatrix is governed by

B =1 -1 jo, (%]

This property, sometimes called the "average-f relation® follows from a
Zorze balanze calculation inside the straight coil and between plane
surfaces at the midplane and beyend one end of the FRO. 4) The previous
properties lead to an mpproximate oxpression for the poloidal #lux (2
times the magnetic strean function at the magnetic null),
- ¥

b ¥ B/, [10]
which is a good approximation for *reasonable® equilibria. The particle
inventory (total number of ions inside the separatrix) is approximately

M“TEQS

where [ndz is the integrated density across the diameter at the ridplane,
whick is routinely measured by interferometric techniques. The plasma
elergy is

18
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These simplified expressions have facilitated both the measurement of
global transport (see Sec. ¥) and the construction of several one
divensional ( r ) approximations of the equilibrium which have bees very
useful in transport modeling.

In addition to the above approximate properties, there are exact
analytical expressions of equilibria. The most widely used is the Hill’s

vortex equilibrium, for which the magnetic stresm function is given by,

: |
Y= T[l -5 1‘3-] [13]

which holds inside of the elliptical separatrix, (r/r )2 + (2:/2 ) =1. An
analytical description of rotating FRC equilibria has also been used
(Clemente, 1983) which reduces to the Hill's vortex in the limit, I - O.

A nunmber of numerical computations of FRC equilibriun have been

reported. These represent sclutions to the Grad-Shafranov equation; in the
FRC case (no toroidal field) this is

2088 .5t

These computations have served mainly to confirm the analytical properties
described earlier. In addition some specialized effects have been
examined, including special coil shapes, auxiliary coils, compression, low-
elongation, and the influence of the edge-layer plasma. One paper in
particular has made n comparismon between computation and experimental
observations of equilibria (Spencer, 1085),

17

B. Translation of FRCs

Translation studies have been reported from the 0CT and FRX-C/T
devices (Rej, 1988). In these experiments, mn FRC is formed in a theta
pinch, and launched into a steady state axial "guide field". The launching
is accomplished by means of a slight taper in the theta pinch coil or by 2
mirror coil at one end of the main coil. Two-dimension MAD computations
have been helpful in interpreting the experimental observations on such
matters as the translational speed of the FRC, the kinetic energy lost in
becuncing off a mirror, structural distortions in bouncing off the mirror,
and the viscous behavior of the plasas (Rei, 1988).

18



IV. MACROSTABILITY

Since the favorable results from the landmark experiment at Garchirg
(Eberhagen, 1871) resistivs instabilities, such as tearing modes, have nct
been regarded as a major problem in FRCs. Indeed, it appears tiat such
modes are easily stabiliged by a conducting wall (Berk, 1982). This
section therefore focuses on nonresistive modes. Two macroscopic modes
have been particularly important in FRC research, the rotational

instability and the internal tilt instability.

A. Rotational Instebility

The common trademark of FRC plasmas from the earliest days has been
the rotational instability. In typical experiments, the FRC repains more
or less axisymmetric for times ranging from 15 to 70 us (the so-called
"stable time"}, after which a rotating elliptical distortion appears, as
viewed from the end. The distortion grows rapidly into a highly distended
propeller-like figure which rubs against the wall and disrupts the
confinement. There are instances in which the mode doesn’t appear, e.g.
in some rapidly-decaying FRCs, and unpredictably on other occasions. *

However, it is safe to say that the mode is essentially universal in FRCs
of interest.

Considerable attention was devoted to understanding two issyes: 1)
the cause of the spinup, and 2) the rotational stability threshcld. The
earliest spinup mechanism to be suggested (Eberhagen, 1971} is that
particles lost at the separatrix have a preferential angular momentum.

This led to the prediction that the instebility would appear on a timescale
comparable to the particle confinement time, 7y (Barnes, 1970}. Luter
another mechanism was investigated (Steinhauer, 1681). The edge-luyer
plasma is rotated by the shorting of the radial electric fields in:the sane
way as with ordinary theta pinches. Subsequently, by shear viscosity, the

plasma inside the separatrix is also caused to rotate. Subsequent
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experimerts (Aso, 1982) and theory (Harned, 1984) suggested that both
wechanises contribute to the spinup, although the relative role of each has
oot been well characterized.

Lilbewise the rotational instability threshold received considerable
attention. Early work based on a finite-Larmor-radius (FLR) expansion
pred.cted that the stability threshold for 0 is comparable to the
diapagnetic drift frequency, ﬂD S Vpi/ranﬂ, which jig the case for ordipary
theta pinches. However, the FLR expansion is not strictly valid in a FRC
because the Larmor radius becomes very large near the magnetic field null.
A hybrid zomputaticn (kinetic ions and fluid electrons) showed that while
lower 0 reduces the growth rate, it is unstable for any nonsero rotation
(3arned, 1983).

Howaver, an achievement in 1982 rendered moot much of the discussion
about spisup mechanism and stability threshold. It was demonstrated on the
PIACE experiment that the rotational mode is stabilized by the application
o a modest multipole magnetic fisld (Ohi, 1983). Within one year, thia
inportant result was confirmed on the TRX-1 and FRX-C experiments. Later
an MHD theory was developed (Ishimura, 1084), yielding the following
stability threshold for quadrupoles,

2 1
By/2 2 («" 72) oz [15)

Wtere Bq is the peak quadrupole field magnitude at the separatrix.

Since then detailed comparisons have been made between (16) and
experinental observed thresholds. It has been found that the observed
thresaold for Bq is a factor of 1.6 to 4 lowar than predicted by theory.
8ince kinetic (non fluid-like) phenomena should affect the stability, a
hybrid computation (kinetie lons, cold fluid electrons) has bean done.
Figure 6 ahows both hybrid theory and experimental observations of the
rotational mode (Rej, 19868). Qualitative agreement is clearly seen: for
low Bq {or the corresponding quadrupole current) the strength of the
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instability is unaffected. However at a certain level, the mode is quite
abruptly suppressed. Hidden in Fig. 8 (since different quantities, B_ and
Iq, are used to measure the quadrupole strenght), is the fact that a factor
of two discrepancy remaine. This, however, is an improvement over the MAD
model which iz a factor of four too high in this instance. The camme of

the remaining discrepancy is not known.

B. Internal Tilt Instability

The single area of FRC research receiving the most astention in
recent years is the internal tilt instability. This is azalogous tc the
effect by which a current-carrying ring immersed in an externally-generated
magnstic field tends to turn over if the ring current field opposes the
external field. The tilt instability first came to promizence as s result
of a landmark paper (Rosembluth, 1978). Although this paper dealt with
spheromaks, its conclusions were later confirmed to apply o FRCs as well.
One of the conclusions was that an elongated configuratioa is unstakle to
an internal tilt mode, i.e. the normal component of the displacement
vector field, E, vanishes at the separatrix. Consequently, the tilt mode
in an elongated configuration cannot be stabilized by a closely-fisting
conducting wall.

Since the original paper, meveral analyses of the internal tilt mode
have been made. For example, Schwarsmeier (1983) presented the results of
two methods, a trial function approach and an initial valus problem
(linearized MHD). Results from the initial value problem approach
indicated that the eigenfunction, ?(;), has the following properties: 1)
the displacement vectors are primarily axial in elongated configurations;
2} not only is the normal component of E small at the separatrix, but the
magnitude of E is small on the entire § = 0 surface (including the
separatrix and the main axis); mnd 3) the dimplacement function is
incompressible, V-E =0, so that compressibility effects are unimportant.
A range of equilibria were considered, from "elliptical® (Hill’s vortex
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like) to "racetrack" (relatively straight internal magnetic fields except
very nesr the ends). From these calculations, one can infer the form of
the internal tilt growth rate,

Teile = Z fom o172 ( (18]

s ﬂminJ

vhere B, is the external field. The growth rate im very rapid; I/Ttilt
sanges from 1 to b gm in typical experiments. The nonlinear growth of the
internal tilt was expected to produce localised antiparallel fields near
“he ends of the FRC (with associated high current densities). In a finite
Tesistivity plasma, this would almost certainly lead to a tearing
~ostability, opening up the internal field lines and causing the loss of

confinement.

However, the remarkable fact is that there is no unambiguous
experimental evidence for the internal tilt. Indeed, there are many
exagples where the configuration lifetime is in the range of 5O to 200
times IITtilt' This stands in marked contrast to spheromak experience
vhere the tilt is predicted by theory and clearly observed in experiment.
Three explanations have been offered to resclve this intriguing anomaly.
First, ion kinetic effecta (finite orbit sise) can have a strong
etabiliging effect. It has been argued that if the growth rate is reduced
¢nough, then prement configuration lifetimes (met by the transport rates)
are too short for inatability growth to large magnitude. Second, the mcde
zay be nonlinearly stabilised producing s static or dynaric equilibrium
that is only moderately tilted. Third, stabilisation may result from
rotation (gyroscopic stabilisation) or some other unidentified effect.

The second pomsibility was examinsd in recent coaputations with a
fully oonlinesr 3D-MED code (Milroy, 1987). The results for one example
xre shown in Fig. 7. Evidently the internal tilt mode grows to large
Froportions without evidence of stabilisation. At t = §O pa, the tilt is
wrinally 00 degrees, producing a highly distorted internal magnetic
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i i i r open
gtructurs. Given finite resistivity, this configuration should tear op

and lose confinement.

The discussions that follow address the other two suggested

explanations for the nonobservance of tilting.
1. Kinetic effects on the internal tilting node

Present day FRCs are highly kinetic, i.e. the ion orbit size is
comparable to the minor radius. A parameter, s, has been defined to

measure the importance of kinetic effects,

_ Prdr ~ 78 R (7
e

where p. is the local ion gyroradius and p;  is the gyroradiu:lnajed i; the
external field, Be. In effect, 5 measures the num?er of real ( o:a
gyroradii between the magnetic pull and the separatrix. As s:ﬂ'ﬂ the
behavior becomes MHD like {except in an increasingly small neighberhood of
the field null), whereas it is highly kipetic for s of order ?n;ty or
Jess. Present experipents, for which 0.5 < s < 2, are clearly in the

regime where kinetic effects are important.

Although there are several approaches the kipetic stability problem,
the most work has been done using the Vlasov-fluid model (Barnes, 108?).
This describes the ion species as collisionless and the electron spec1e§ as
a cold, massless fiuid. A dispersion function was derived in which fluid
and kinetic contributions wers distinguished. The kinetic porticn? w?re
calculated by a Monte Carlo method following a sample of the eqnilxbrl?n
orbits. The results reported to date have employed the MHD eigenfunctfon
as a trial function (found earlier by an jnitial value code, Schwarzmeier,
1983). Ongoing work is attempting to find the self-consistent
eigenfunction. Figure 8 shows the results of the ¥lasov-fluid appreach to
date: the growth rate is normalized to the MHD (s —®) limit. Tor present
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experiments the growth rate is predicted to be reduced by a factor of ten
or more.

Bne of the features of the Viasov-fluid model is that it affects the
growth rates but not the marginal stability conditions. Thus, if the
internal tilt mode is MHD-unstable, the Vliasov-fluid model will likewise
predict instability, albeit with a lower growth rata. 0f course the
7lasov-fluid description does not include flows (such as ion rotation)},
finite electron pressure effects, or nonfluid like electric fields. It

cannot be ruled out that a less restrictive kinetic model may reach full
stabil:zation under some conditions.

Figure 8 illustrates one motivation for the LSX experiment, presently

under construction at Spectra Techmology. LSX, a large theta pinch (see

Tab. II), is projected to achieve s = 8, for which kinetic stabiligation

effects will be much weaker. DBased on transport estimates, s = 30 is
needed for a FRC fusion reactor.

2. Dther stabilisation mechanisms

Kinetic effects alone probably cannot explain the observed

stadility. First, FRC formation in field-reversed theta pinches involves

kigily dynasic radial and axial motions. These produce mignificant

asyometries during formation, which have a tilt-like component.
Nevertheless, the plasmas are observed to recover and settle into &

quiescent state that appears to be axisymmetric. This suggests the

existerce of a "restoring force® that overcomes the usual overturning
force. Second, even with the reduced growth rates predicted by Ylasov-
fluid theors, there are a number of instances where the observed
configiratisn lifetime is five to thirty times 1/7514+ In view of the

dynanical nature of the formation few growth times should be needed in
order to reach disruption.



A restoring force may arise as a result of nonstandard MHD effects,
such as rotation. A trial function approach indicated that if the FRC were
rotating rigidly with a drift speed (at the separatrix) of about 1.6 times
the speed of sound, the tilt would be stabilized (Clemente, 15B3).
Recently, two-fluid effects (separate electron and ion displacenest
functions) were suggested to influence tilt stability (Ishidal, 1987). The
discussion that follows is a recent analysis in which the effects of
rotation and two-fluids mre clearly separated.

Both ion and electron displacements, -{. and Ea' are iacluded in a two
fluid model. The normal mode form of the displacement appropriate for the
tilt (azimuthal mode number of unity) is E = f(r Yexp[i(f-wt)], with an

analogous form for f Adopting a Lagrangian description, the equation of
motion becomes,

-

B [ -(w-0)? of - 2(-M0n & X if + Br TV (af)] - F(E€) =C [18]

where 0IZ is the angnlar velocity vector and F is the force density. The
three terms in brackets are inertia effects, which reduce to ithe standard
MHD inertia in the limit (I = 0. The force density is given by

-

FEE) = ¥ [E% + w9l - (£8) T, - w7 (E-)]
~?x.§v—.(§ﬂ+-j-)([?x[ge)(i)]-en§¥[E--E:J [16]

Terms containing (E—Ee)’ or _{.e in place of -E-. represent two-fluid effects.

It can be shown that minimising the following functional ie
equivalent to solving the equation of motion (Ishida, 1987},

1
I = 16 (a-0) (00 - 20,0 - ppu ) + (636, + 6,62 (u-0) mpw

+ lﬁel'[qz - (w-0) #’”ci] f20]

Here the ion and electron displacements are mssumed to have the forms, E =
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Gi; and E; = Eiﬁ; where O, and §, are complex scalar constants, and i is
the trial function. Aleo, 1 and g wre integrals of the equilibrium etate
taken over the separatrix volume (for an internal mode); To is the tilt
growth rate for standard MHD (E;EE, 0=0), which also depends on the
equil-brium, and Wy eB‘/ni is the ion cyclotron frequency based on the
reference magnetic field (B, = Be)' Variations with respect to both 61 and
6, lead to the dispersion relaticn,

(w—ﬂ) - 2(w-9) -2——%—-—-—- + pln] + 'r [1 + M] = 0 [21]

Adopting a trial function similar to that found in previous studies
and a particular equilibrium (Hill's vortex) allows one to calculate the
integ-als that comprise the factors By B and Tor and to find the growth
rate. Figure O shows the growth rates for one and two fluid models: v, =
E.“/(I;min)l/2 in the Alfven spesd. The one fluid case corresponds to the
limit 8_—+®. Here 8 = r'/(c/wpi) measures the radisl plasma sise (which
is comparable to R/Pio)' Observe that accounting for two fluids results in
2 new stability regime for large elongation. Also shown in Fig. 9 is the
effecs of rotation, which is measured by the parameter, A = ﬂr./vA.
Bvideatly a rotational drift speed at the separatrix equal to the Alfven
speed does not appreciably alter the stability.

Pigurs 10 shows the predicted marginal stability conditions. The lurge
stabls region on the right is the consequence of two-fluid effects, while
that oo the left results from the stabilization of the internal mode that
eccurs as low elongation. Also shown are points from long-lived
experigental plasmas. Although these plasmas showed no apparent
ipstability, most of them are well within the regime predicted to be
anstable. Of course the theory is for s particular equilibrium which
contmins uprealistic slements: clearly more general equilibria need to be

considered. In the meantime an explanstion for the observed stability
remains elusive.
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Y. TRANSPORT

Once equilibrium and stability have been assured, the important issue
becomes confinement of the plasma, poloidal magnetic flux, and energy, =11
of which are governed by the transport propertiez. There are two
complementary approaches to confinement, as illustrated in Fig. 11. The
plasma behavior can be described on both the macroscopic and microscopic
scale. On the macroscopic scale is the global behavior of the
configuration (sometimes called "global transport"). This includes the
plasma, poloidal flux, and energy confinement times, and the self-
consistent temperature and density profiles. The confinement times can be
inferred in experiments by measuring the time dependence of certain
quantities (separatrix radius and length, external magnetic field, and
average density at the midplane) and using the formulas, (10-12)
characteristic of elongated equilibria. These measurements have been
performed more or less routinely on several FRC devices. On the
microscopic scale are the mechanisms which cause the tramsport; collisions,
microturbulence, etc. This includes microstability, i.e. stability on the
scale of an ion gyroradius or less. Experimental measurements of
microtransport are more difficult and have only been attempted in two
instances. Note that microtransport and global transpert are closely
interconnected. On the one hand microscopic transport determines the
global transport properties of the plasma. 0Un the other global transport,
by setting the profiles, affects the transport, especially if gradient-
driven microinstabilities are important.

Experimental FRCs have properties (density, temperature, size)
similar to that found in theta pinch plasmas. In view of these
sipilarities, it was natural that research into FRC transport would focus
on microtransport mechanisms familiar in theta pinch lore. Comsequently, a
three-part picture of FRC confinement emerged. First, inside the
separatrix the governing process is cross-field diffusion. The mechanisr
wag believed to be turbulence generated by the lower-hybrid-drift (LHD)

instability, as appears to be the case for ordinary theta pinches. Secand,
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the dissipation of poloidal magnetic flux was expected to be governed by
classical (Spitzer) resistivity at the magnetic null point since theory
predicte that LHD turbulence is stabilised as B— 0. Fipally, in the edge
layer, the transport would be a combination of LHD diffusion coupled with
axial "endloss" at the thermal spesd. Observe that each of these

statements identify particular microtransport processes.

One of the most interesting sagas of FRC ressarch has been the
process whereby the elements in the above picture of FRC confinement have
proved to be faulty. The discussion that follows highlights this process.

A. Global Transport Modeling and Observations

In a global transport model, any microtransport mechanism can be
assumed. This is done by using appropriate formulas for the local
rasissivity and thermal diffusivities. Once the melf-consistent profiles
are calculated, the confinement times for poloidal flux and particles are
easily found. With a one-dimensjonal model these are given by

¢ -1
o= B 22
s = 2(B) [22]
ar
W= 2 (23]

Here v is the local radial diffusion velocity given by

. a8
I T:i = [24]

wiere B is the axial field (1D model), and thermcelectric effects are
ignored. Note that the flux confinement time is determined by the
resietivisy at field null ( r = B ) and the particle confinement is
determined by the resistivity at the separatrix (¢ = T, ).
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The first large computations of FRC transport were done nearly ten
years ago. These included one-dimensional time-dependent models, and so-
called "1-1/2D" models, i.e. 2D (r,s) equilibrium with tine—depcndenz-lD
(flux-surface-averaged) transport. The first easy-to-use analysis was a 1D
particle transport model (Tuszewski, 1982). At that time the actual
confinement dats base from experiments consisted of only ome point, which
in fact was consistent with the resistivity predicted by LED theory.
Subsequently s related model was develcped accounting for both particle and
poloidal flux loss (Steinhauer, 1985). The model was based on a self-

similarity assumption,

n(r,t) = nm(t) ?\'(u), u = —;— -1 [25)

where n, is the density at the field null. The model was applied for a
large number of cases and the results used to write approximate expressions
for u*(rg) and f(R) in terms of NG Ty etc. In this form the model can be
used as an interpretive tool to infer the resistivity from experimertal

observations.

The first use of this model was to show that the T¢ inferred in
experiments requires f(R) to be several times larger than classical
(Hoffman, 1882) Later it was applied to a substantial body of confirement
data from the TRX device, as shown in Fig. 12. The dashed line is the
classical resistivity for a 100 eV deuterium plasma. Electron temperatures
for the experimental examples shown are believed to be 100 e¥ or mere, so
that the dashed line represents an upper bound on the classical
resistivity. It is difficult to explain this anomaly on the basis cf LHD

turbulence, which is predicted to be stabilized near r = R .

This model as well as time-depandent 1D computations (Slough, 1984)
were used to analyse the particle loss as well. Figure 13 shows the
conparison between experimentally observed particle confinement time and
that predicted by theory. The shaded region marked "nonlinear mode-
coupling theory® represents the best theory to date on LAD-driver
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tramsport. Evidently LHD theory predicts neither the right magnitude for
Ty: mor its correct scaling with temperaturs.

One of the most intriguing and peculisr results of the study has to
do with the inferred resistivity profile. The gross resistivity protile,
ﬂ(R)IqL(r’), is plotted against x, £ r'/rc in Fig. 14. The resistivity
peaks at the magnetic null ( r = R ) for small %, and is peaked at the
separasrix (r = T, } for large X, The explanation for the correlation of
profile with x, is unknown.

B. Microtransport Theory and Observations

The important transport mechanisms includes both cross-field
diffision and, in the edge layer, the endloss mechanism.

1. Diffusion processes.

The previous discussion dealt with the inability of LHD theory to
explain the loss of particles and poloidal #lux. This was corroborated in
& rezent experiment in which the expected density fluctuations from the LED
turbilence were not observed (Carlson, 1987). Recently, several "low-
freqiency” modes have been proposed to explain the transport (Krall,

19874. These modes are well-known in low-f configurations such as a
tokazsk but have never been applied to conditions relevant to a FRC,

e.g. high-f, no magnetic shear, and (in scnme regions) strong magnetic
curvature. The likely modes include the following. 1) The high-£ version
of tie drift dissipative mode is expected to be unstable in the moderate-f
rougily straight field iine regions in elongated FRCs. 2) The dissipative
trapzed ion mode is expected to be upstable in the strong-curvaturs regions
near the ends of the FRC. 3) The dismsipative trapped electron mode, is
expected to be unstable in the high-# straight field line regions. The
conf.nement time scaling with key plasas paraaeters (density, temperature,
redins) for particles, poloidal flux, and energy has been estimated
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{Boffman, 1988). A preliminary investigation found these scalings to be

roughly consistent with experimental obssrvations.
2. Bodloss processes.

Ideally, one might expect that the global lifetimes are determinec
solely by cross-field diffusion timescales, e.g. 7, = R2/4<U;?- For
example then, one would expect TNRT . However, the endloss time in thke
edge layer, T should be much less than 7, . Two consequences follow: 1)
the edge layer is relatively thin (comparable to an ion gyroradius); and 2}

Ty depends on both 7, and 7.

This brings us to the next unexpected observation. Given an
experimental measurement of Twe and the assumption that T, equals the
thermal endloss time (/2 divided by the thermal speed), then the global
transport model allows one to calculate the thickness of the edge layer.
Gn. However, a survey of experimental measurements of Gn indicaes thas it
is several times larger than calculated in this way (Steinhauer, 1886).
This corresponds to a Ty which is three to five times larger than the
thermal endloss time. Several possible causes of this and related
anomalies were axamined. The only reasonable explanation seems =o be tie
presence of an electrostatic potential "hill", located near the x-points at
the ends of the FRC. Such a potential hill would retard the ion loss,
affect the energy spectrum of the escaping ions, and make the coafinemeat
time, uy independent of 25. All of these tendencies were detected in :zhe
experimental results. Interestingly, some of these phenomena ar:
characteristic of mirror or tandem mirror plasmas. Collisionless mirror
physics were not expected in FRC edge layers because they were ticught to

be too dense and collisional.
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PLASMA PARAMETERS

n - 1-5x 101

T, - 100-1000 aV
Te ~ 100-200 eV

¢ - 0.9

PLASMA SIZE AND SHAPE

T, - 5-10 ca

Qs -~ 30-150 cm

g /2r, - 3-10 ca

CONPINENENT

™ - 40-150 us

Table I
TYPICAL PRC PARAMBTERS IN CURRENT RXPERIMENIS

3

cm

density
ion temperatura

ealectron temperature

separatrix radius

separatrix length

x> - 6-10 nals

nTp - 1-4 X 10

11 cn-s -a

A

slongation

particle confinement time

thermal diffusivity



rotational stabilizatien,

translation
ratational stabilization,

formaticn, translation
stability, transport
diagnostics development
formation

diagnostics development
compressian heating

EMPHASIS

formation

B(kG)
{8
(planned}
1-4

CHAMBER

TRANSLATION

rc(cn)
20

8.5-15

Table II
PARAMETRES OF ACTIVE THETA PINCH FRC EXPERIMENTS
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3
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7
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Figure 2. Magnetic field plots during FRC formation in a field-
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Figure 5. Heating intrinsic to FRC formation in TRX-2.
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Figure 12. Anomalous flux loss in FRCs.

Figure 11. Confinement description approachess.
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Figure 14. Inferred resistivity profile.

Figure 13. Cooparison of particle confinement on TRX-1 with lower-
hybrid drift theory.



