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REVIEW OF THE FOURTH SYMPOSIUM ON
THE PHYSICS AND TECHNOLOGY OF COMPACT TOROIDS

R. F. Post

Hosted by the Lawrence Livermore National Laboratory, the Fourth

Symposium on the Physics and Technology of Compact Toroids took place on the

27-29 October 1981. Attendees, numbering 80, heard 10 review papers in three

morning plenary sessions, and interacted in two afternoon poster sessions

where some 45 contributions were presented. There were 7 participants from

overseas, including 6 scientists from Japan, and 1 from West Germany.

Immediately following the Symposium, a two-day Joint U.S./Japan workshop on

compact toroid research was held.

The review papers were chosen by the Program Committee with two

objectives in mind: First, to inform the attendees of the state of the

compact torus art, in experiment and in theory, in the two mainline approaches

to compact torus research—the field-reversed theta pinch and the spheromak

configuration. Second, to provide in-depth reviews by acknowledged experts of

related fields (e.g. the reversed-field Z pinch) and/or common concerns (for

example, particle transport) of interest to compact torus researchers.

In the first category, review papers by M. Tuszewski (LANL) and by

D. Schnack (LANL) covered experiments and theory, respectively, in

reversed-field theta pinch research. Of particular interest in these studies

is the elucidation of the long-duration, grossly-stable regimes there

encountered, the existence of which is in apparent disagreement with the

predictions of fluid (MHD) theory. The entities that we refer to here might

be described as "elongated Hill's vortices," reversed-field configurations

characterized by the total absence of toroidal field components. Finite orbit

effects may be able to explain both the existence of these grossly stable

regimes, and aspects of their behavior at termination, when the plasma

typically exhibits a rapidly-growing elliptical (m = 2) rotational mode.

Probably related also is the observation of non-classical rates of cross-field

transport, apparently explainable in terms of the so-called "lower hybrid"
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mode, driven by steep field gradients near the separatrices, the steepness of

the gradient being associated with the small size of the present experimental

plasmas.

Again in the first category, the review papers by G. Goldenbaum

(U. Maryland), J. Hammer (LLNL), and S. Jardin (PPPL) covered experimental

(G. G.) and theoretical (J. H. and S. J.) work to date on spheromak plasmas.

Here the good news is that the configurations achieved are seen to adhere

closely to the (favorable) predictions of the theory of so-called "Taylor

minimum-energy states," exhibiting remarkable and controllable grossly stable

behavior, both in their formation and their subsequent gross behavior. The

bad news is that in apparently every such experiment electron temperatures are

Tow (10 to 20 eV), being dominated by impurity radiation losses. As a

consequence, magnetic field energy decay lifetimes (some hundreds of

microseconds) are severely limited. This conclusion was verified by direct

measurement of radiation losses, and by correlations with preliminary measures

(discharge charging) aimed at reducing the impurity levels.

A review paper was also given (T. Watanabe) covering compact torus

research in Japan. It was evident from this paper that this field of fusion

research is growing rapidly in Japan, with results coming already from new

experiments. Of particular interest was the report of the merging of compact

torus plasmas, a technique which could possibly lead to a means for

continuously maintaining such entities.

In the second category of review papers, subjects of general interest,

the four papers given included: A review of reversed-field Z-pinch work

(J. DiMarco, LANL); a review of the application of particle beams to compact

torus research (S. Robertson, Irvine); a general discussion of impurity

radiation issues (D. Post, PPPL); and a review of the theory of anomalous

transport in toroidal devices (N. Krall, Jayccr).

(J. DiMarco) In that they seek a minimum-energy state, reversed-field

Z-pinches, such as the ZT-40 at LANL, share physics with spheromaks; in that

their plasmas are large aspect ratio entities of toroidal rather than

spherical topology, they do not. Nevertheless, the transport processes

involved in each may turn out to be similar. Determining whether or not this

is the case, however, we must await the impurity clean-up of spheromak

plasmas, a condition now adequately achieved in ZT-40 at LANL, greatly aided



by the circumstances that, relative to impurity radiation rates, heating

energy inputs are much higher than is presently the case in spheromak plasmas.

(S. Robertson) Particle beams have played a role in fusion research

since its earliest days. Their earliest entry into the subject of

field-reversed plasmas come through work on the ASTRON concept of

Christofilos. Since those early experiments new techniaues have appeared, in

particular high current electron and ion diode aenerators, that benefit both

the ASTRON concept and newer ones. In the Cornell experiment of Fleischmann

and co-workers, field-reversing ASTRON-type electron rings, recently

translated and maanetically compressed, have been studied. Most recently it

has been found possible to embed these rings in a background plasma within

which diamagnetic currents have been induced, leading to field-reversed

entities that consist of a mixture of circulating high energy electrons and of

currents carried in the background plasma. Attention is also being given to

the possibility of creating such hybrid particle ring-plasma entities with

energetic ions derived from pulsed diode generators. In work at Irvine it has

been shown that very high current ion beams can be transported across a

magnetic field (and, presumably, into a field-reversed confiouration). The

technigue, involving the presence of space-charge neutralizing electrons and

the production of a transverse electric field by polarization, may become

important for the creatino and/or sustaining of field-reversed plasma entities.

(D. Post) Owing in large part to interest in the subject stimulated by

impurity problems in tokamaks, the physics of impurity radiation is hy now

well understood. Computer codes are now available to model almost any

situation of interest in fusion research. These codes, applied to compact

torus experiments, provide additional confirmation that their present

performance is limited by power losses to impurity radiation, which is

clamping the electron temperature and thereby shortening the magnetic field

decay time through attendant ohmic losses in the plasma.

(N. Krai 1) A central issue for all toroidal confinement systems is that

of cross-field transport, known to be anomalous in virtually all such

systems. A starting point, for the theoretical treatment of anomalous

transport is the ouasi-linear theory. In the context of field-reversed

systems, this formalism has betn applied with success to the c.se of the

reversed-field theta pinch. Here the unstable wave during the transport is

taken to be the lower hybrid wave. As shown by Linford and Hamasaki, the
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2
analysis yields a scaling for confinement times varying as R ,'a^, plasma

radius (to max density) squared, divided by mean ion gyroradius. This scaling

seems to fit the experimental results well, over a range of 40 _< R /a

<_ 120 cm (25 £ T £ 65 ps). Whether this scaling will continue to longer

values of the scaling parameters, allowing thereby much larger x values, is

of course not yet known.

In the regimes one expects other sources of anomalous transport to

occur, such as resistive interchanges, and trapped electron modes may have

relevance. These have, of course, been studied extensively in connection with

tokamak theory. How they will apply to compact toroids is not at this time

clear. What is clear, however, is that one cannot a priori assume that

anomalous transport will necessarily be negligible in such systems. It is,

therefore, fortunate that one need not achieve anything approaching classical

transport rates to achieve adequate confinement for fusion purposes in a

compact torus system: There is a "margin of safety."

In the poster sessions the papers submitted spanned the spectrum of

compact torus research. A random selection includes:

• Studies of the onset time of rotational instabilities in a FRC

plasma (T. Nogi et al., Ninon University, Japan).

• Initial operation of FRX-C (the new LANL compact torus facility)

(W. T. Armstrong, et al., LANL).

• Analytic model of radiation-dominated decay of a compact toroid

(S. Auerbach, LLNL).

t Spheromak experiments in Proto. S-1C (M. Yamada et al., PPPL).

• Particle transport in field-reversed configurations (M. Tuszewski,

LANL).

Considering the totality of the poster papers, and comparing them

broadly with the work reported in the previous (Third) Symposium, some evident

advances can be seen, both in experiment and in theory. In spheromak

experiments a much better understanding of the tilting and shifting

instabilities and their control has been gained. At the same time the

essential role played by impurity radiation losses in limiting lifetimes has

been made clear, and has been confirmed by theory and by computer code

calculations. In field-reversed theta-pinch research new facilities have been

brought into operation, and a better experimental understanding has been

gained of the limits on lifetime of the plasma entities, including plausible
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theoretical scaling laws. More generally, it appears that the ground work has

now been laid for the next round of improvements in the performance of compact

torus systems, improvements that could include a major increase in the

electron temperature and, presumably therefore, the lifetime of spheromak

plasmas.

As noted earlier, the Symposium was followed by a Joint U.S./Japan

Workshop on Compact Torus research. The mode of the workshop was, by

definition, less structured leaving more time for detailed discussion.

Highlights from the workshop included:

• A discussion of the very interesting Japanese work on the merging of

two spheromak configurations

• Recent Cornell work on hybrid electron ring-plasma field-reversed

configurations, including experiments on inducing circulating

currents in the plasma.

Summarizing the week's activities, it can be fairly said that compact

torus research has, in its newer areas, graduated from a purely exploratory

phase to one of more clearly defined goals, with progress toward those goals

already being made. In the older approaches, such as that of particle rings

and the reversed-field theta pinch, new facilities are appearing, and with

them, improved understanding of the physics issues involved. Specifically,

the stability of particle ring-plasma hybrids is being explored both

theoretically and experimentally (Cornell); the radial transport and

rotational instability of reversed-field theta pinches is being explored, both

in the U.S. (LANL and Math Sciences N.W) and in Japan (Nihon University).

Perhaps of greatest significance is the fact that it is now being widely

recognized that MHD stable field-reversed configurations of a variety of forms

can exist and that these configurations could have a very important role to

play in the development of fusion power, particularly -ith respect to their

intrinsic size advantage and their potential with respect to fusion systems

employing advanced fuels.
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An Integral Poloidal Flux Squared Invariant Model
of the Relaxation of a Field Reversed Theta Pinch*

John Brandenburg
Lawrence Livermore National Laboratory
University of California, P.O. Box 5511

Livermore, CA 94550

The formation of a Field Reversed Theta Pinch (FRTP) has several
distinct stages^. The plasma first forms a radial equilibrium after an
initial radial shock. It is then observed to reconnect at the ends
vormlng a closed field line configuration and then shock axially as it
contracts to a final equilibrium length. A quiescent period then
follows, lasting several hundred sound transit times. In this paper a
model called the "Sonic Bath" is proposed, wherein the closed field line
plasma is assumed to form an unstable intermediate equilibrium after the
axial contraction. This intermediate equilibrium relaxes through shear
Alfven turbulence driven by micro-tearing modes that saturate. The
closed field line plasma then relaxes to a state of minimum magnetic
energy, subject to a constraining invariant, whereas the thermodynamic
energy of the plasma is constant due to the non-compressional
turbulence. The shear alfven waves couple to magneto-sonic waves, which
can freely leave the closed field lines, which in turn are absorbed in a
bath of plasma assumed present on the open field lines during tne
relaxation period, thus removing the excess energy. A near perfectly
conducting, adiabatic plasma without toroidal field is assumed to exist
inside a perfectly conducting chamber. Small energy changes and flux
losses and weak turbulence are assumed for this model.

According to Drake et a.1.2, micro-tearing modes in shear free
systems will saturate at a level that depends on geometric factors only:

where 3, the plasma Beta, is near one and y is a constant not
depending on magnetic field strength, and where a is a scale length of
resistivity gradients in the plasma.

Assuming that the shear Alfven waves are converted to magneto-sonic
waves at some singular surface and lost, we can write the total energy
loss as:

SR2

AW s ~ C 27ra£r (1.2)
oil S

* Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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where Cs is the sound speed and where x is the duration of the bath:

1 (1.3)

a sound transit time. Therefore, using our saturation scaling we obtain

# 2 I 22 ^
So we obtain an approximately fractional energy loss:

Wf = eWi ' If = °

where W^ and W-j are the magnetic energies of the intermediate and
final equilibrium.

Assuming near perfect conductivity, non-compressional turbulence, and
the axisymmetry of the intermediate state, plus the assumption of Taylor
that resistivity will destroy all but one global MHD invariant of the
plasma we obtain the Lagrange multiplier minimization problem for the
magnetic energy:

3W + X 51 = 0 (1.6)

with the invariant:

I = f $N dx (1.7)

where N can be any number. By using the condition that d$ vanish on a
conducting wall, we obtain the equation for the relaxed field. We can
integrate this equation by parts and with a vanishing surface term on the
seperatrix and obtain:

Wf = X I (1.8)

as the magnetic energy on closed field lines in the relaxed state.
Therefore, the relaxation process with invariant I takes the system to a
final state where the energy is just the invariant times some constant of
the process. However, the scaling of the invariant with the flux is not
known, we will now use the fractional energy loss scaling to uniquely
specify the invariant.

It is always possible to define:

Wi = A0I (1.9)

Since energy change:; are small we can write the relaxation as a linear
transformation in some variable: a.

Wf - (Xo - 6a) I : (1.10)

20



Now this linear transformation must have the property that it leaves
I unchanged and also the total system energy, H, unchanged. That is:
the relaxation process only redistributes the total system energy but
does not change it. Therefore, a is a symmetry variable for H:

IS = w = o (i.n)
do oil

and so we have:

a ) •
3e _ . 3 / 1 \ _ * 3
3H " &a 3H [IT) " to 3H

Therefore, I must scale as Wj f with H.

I = f $2 dx3 (1.13)

This invariant was first suggested by Leaf Turner^ for turbulence
in incompressible conducting fluids, on the basis that it might be
"rugged".

We then have fr- the relaxed magnetic field equation:

1= 2X$ (1.14)

This is just the Grad-Shafronov equation for P = a$2.

The solution to Grad-Shafronov equation for our relaxed magnetic
field has been worked out generally (Wietzner^) and consists of Coulomb
wave functions. In the FRTP experiments the resulting plasmas are long
and thin so that we may neglect the variation in z. In this limit we
have:

2
* = $ sin(iT —s ) (1.15)

The Sonic Bath model, because it does not have large energy changes,
does not involve large flux losses. In order to compare.the parameters
of the Sonic Bath derived equilibrium we must assume that large flux
losses observed in experiments occur during the radial implosion period
preceding the sonic bath relaxation. Since experiments with small ratios
of bias to final field have the largest flux losses and because for total
flux loss:

*, B.



where <PW and $-,• are the flux at the wall and flux lost respectively.

The experiment with the largest flux losses and smallest ratio of
Bt> to Bf was done at NRL', where Bh/Bf = .07. For an intermediate
equilibrium theory flux losses will be insensitive to the ratio of vortex
radius to wall radius, rv/rw. Therefore, we can write:

(1.17)

and plot a curve of values from our infinite length solution and from
experiments.

We also can add a gauge transform to the theory and find a new
invariant to give finite pressure on the separatrix. A density profile,
assuming uniform temperature, is given for the gauge transformed
invariant model. Both models give similar curves of rv/ry versus
$b/$w. Elsewhere in this proceedings this invariant model is
generalized to include toroidal fields.

I would like to thank Steve Auerbach, Leaf Turner, Jim Hammer and
Herb Berk for many helpful discussions and suggestions. I would also
like to thank Richard F. Post for his encouragement of the research.
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ROTATIONAL INSTABILITIES IN THE FRC:

RESULTS OF HYBRID SIMULATIONS

Douglas S. Harned*

Electronics Research Laboratory

University of California, Berkeley

Berkeley, CA 94720

Simulations of rotational instabilities in the Field Reversed

Configuration (FRC) using our quasineutral hybrid simulation code,

AQUARIUS, have shown that m = 2 instabilities can occur for levels of ion

rotation well below thresholds predicted by previous theory. •

AQUARIUS is a fully nonlinecr, two-dimensional simulation code. No

axial variation is allowed (i.e., kg = 0). Ions are treated as particles

and electrons are considered to be a massless fluid. The electric and

magnetic fields are described by the Darwin (nonradiative) version of

Maxwell's equations. Square conducting wall boundaries are used. We

assume that the plasma is initially in a rotating rigid rotor equilibrium,

with parameters similar to those of FRC experiments after ion spin-up has

occurred. Any unstable mode will be naturally excited by the thermal noise

in the initial equilibrium.

We define fij. to be the mean ion rotation frequency, fie to be the mean

electron rotation frequency, and J2* = fie - Si^ to be the relative drift

frequency. As in previous papers, J» 2 we use the parameter a = - ft^/ft* and

the parameter 6Q, the "beta-on-axis," defined by 3Q = STT^OT^/B^. Ti is

the ion temperature, T^ = mjv^/2, and BQ is the external magnetic field.

For nonreversed theta pinch equilibria our simulations show similar

behavior to that predicted by finite Larraor radius (FLR) theory.1 No

instabilities have been observed for a < 1.0 and for larger values of a

*Current address: Los Alamos National Laboratory, Los Alamos, New Mexico

87545
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growth rates are comparable to those predicted by Freidberg and Pearlstein1

and by Seyler.2

For reversed (FRC) equilibria we find unstable m = 2 modes in a range

previously thought to be stable, a < 1.0. Figure 1 shows growth rates for

the m = 2 mode as a function of a. For the results of Fig. 1, fiA = 0.05

wcl and field-reversal is 60%, i.e., |BZ(O)/BO| = 0.6. For a = 0.0, in

this case, 60% field-reversal corresponds to 3Q = 0.65. We fix |BZ(O)/BO|

rather than 3Q because this is consistent with measurements in the P1ACE

experiment at Osaka3 in which |B2(O)/BOI does not change significantly

during the plasma lifetime, indicating that 3Q decreases as spin-up occurs.

The entire range of a shown in Fig. 1 is predicted to be stable by FLR

theory. These new results, with low unstable values of a, are consistent

with measurements of carbon impurity rotation in FRX-B."4 The maximum radial

perturbation in the unstable modes of our FRC simulations has been found to

occur near the field null, where resonant Ion effects would be strongest.

This is In contrast to the nonreversed case where the maximum perturbation

is near the plasma edge. Our results are an indication that, as in other

configurations,^ the destabilizing contribution of resonant ions^ may

prevent absolute finite Larraor radius stabilization from occurring.

An example of a long simulation run showing nonlinear behavior is shown

in Fig. 2. At long times both the real part of the frequency and the

growth rate are found to decrease. These observations are consistent with

both the PIACE and FRX-B experiments.

We have varied 6Q to see the effect of profiles that are more sharply

peaked near the field null. Simulations show that decreasing 0Q (I.e.,

reduced compression) increases the growth rate of the m = 2 mode for a

fixed value of ct. However, this result should not imply shorter lifetimes

for reduced compression cases since as 3Q is reduced it should take longer

for spin-up to reach a given value of a. Simulations have also shown that

for low values of 3n there exist unstable modes with m > 2.

?5



The most recent results from AQUARIUS have been with Increased values

of S = R/pif where R Is the major radius and pt is the ion Larmor radius In

the external magnetic field. Our FRX-B simulations used S ~ 10. For cases

where S = 31, similar to FRX-C, we find much lower growth rates. This Is

presumed to be due to a reduction in the destabilizing resonant ion

effects. For a case with a = 1.0, |B Z(0)/BQ| = 0.82, and H* = 0.005 u>ci,

the m = 2 growth rate is found to be y = 0.0026 u>ci and the m = 3 growth

rate y = 0.0072 uci. These are approximately a factor of ten lower than

for FRX-B parameters. These results indicate that the plasma lifetime

should Increase for larger values of S, not only because of the expected

reduction in spin-up, but also because of a reduction in the growth rates

of rotational Instabilities.
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lUILIBRIUM AND POWER BALANCE CONSTRAINTS ON A QUASI-STATIC,
j OHMICALLY-HEATED FRC

K. F. McKenna, D. J. Rej and M. Tuszewski
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

I. Introduction
In present experiments, FRC's (field-reversed configurations) are generated

on "dynamic" time scales, using pulsed high-power theta-pinch technology * which
does not easily extrapolate to reactor-size devices. The attractiveness of FRC
reactor scenarios would be enhanced by the development of quasi-static
(i. e. formation time » Alfven time) formation techniques requiring moderate
power levels. In this report the quasi-static formation of FRC plasmas is
analytically investigated.2'-^ The set of equations which yield the time
evolution of the ohmically-heated-plasma parameters, under the constraints of
radial equilibrium and plasma energy losses, are presented. Subject to the
simplifying assumptions used in the model, this equation s~t is completely
general and would apply to any ohmically-heated FRC. A sample calculation is
presented in which the FRC azimuthal current, Ig, is generated by the
rotating-magnetic-field (RMF) technique.

II. Governing Equations
An infinitely long, ohmically-heated FRC is considered. The electron and

ion energy balance equations for a unit volume of the plasma are,

•> A 2 3 (Te - Tt) T e

I = T}JQ - P r a d - — nk[ -—] (la)
L eq Ee

eq lEi (lb)

where the resistivity, n, is assumed classical. p
ra(j = n(t)^Fzn(0)L , is the

radiation power due to the initial fraction Fz of impurity element z with the
cooling rate, Lz> as computed by Post, et. al. . T is the electron-ion
equilibration time. TEi and TEe are the ion and electron thermal energy
confinement times respectively, with T£. = £ .T. .(rw/2pj)

2 where, ?. = 1 for
classical conduction losses and ?. < 1 for losses greater than classical, T ^ is
the species self-collision time, ?w is the wall radius, and p.= is the gyroradius
at the separatrix.

The radial distribution of particle density, n, and azimuthal current
density, jg, are specified by assuming rigid-rotor profiles, n = n m a x sech

2 K
[(r/rQ) - 1] where rQ is the magnetic axis, and jg = neuir. It is further
assumed that the FRC is contained within a flux-conserving wall of radius r , so
that rg = rw, where rs = ^2v0 is the separatrix radius. Taking K - 2,
conservation of particles yields n m a x - 2n0 where n^ is the initial fill
density. The radial equilibrium constraint requires

nmax k< Te + Ti) = \^2%> (2)

where the magnetic field at the wall, Bw, is constrained through Ampere's law by
the FRC azimuthal current, • •

u o r rwBw = T Jo J8dr- (3)



Ohmic dissipation results in FRC heating on relatively long time scales.
This presents the possibility of "puff-gas injection" during the heating
process. In anticipation of the example calculation given in section III, the
fill density, nQ> is allowed to increase uniformly with temperature as,

no(t) = no(0)[(Te + Tp/TgCO)]
1^ 2^^ , (4)

where Y > 0, Tg(0) and no(0) are the electron temperature and density at time
t = 0, and 1^(0) = 0. Temperature is assumed to be independent of radius. The
equations which result from integrating Eqs. la and Ib over the plasma volume,
using the above expressions, can be solved to yield the time evolution of the
plasma parameters for a given rw, y, and the initial equilibrium conditions,
Te(0),no(0) and je(0)-

III. Example Numerical Calculation ; FRC's Formed by the RMF Technique
Figure 1 illustrates the RMF generation of an FRC. This technique has been

successfully demonstrated in small-scale devices. »"»' According to Blevin and
Thonemann,^ the electrons are tied to the rotating field lines, of magnitude BQ,
resulting in a rigid-rotor current density distribution (jg = neur) when, wce >
w > ">ci and vei/o)ce < 1, where o> is the rotating-field frequency, u c e and uCjt
are the electron and ion cyclotron frequencies (with respect to BQ) and vgi is
the electron-ion collision frequency.

Integrating jg over radius yields, Ig a uno for the total equilibrium
current. This current can be maintained by programming in time the
rotating-field frequency, u>, and/or nQ through puff-gas injection. Allowing oi a
n Y, the radial equilibrium constraints require that n (t) vary with temperature*
as shown in Eq. 4, and so

o)(O)[(Te + T^/T^O)]^
2 1^ 1) , (5)

where u(0) is the value of w at t = 0. Note that as Y > °°, nQ(t) •»• nQ(0) (i.e.,
no gas injection) and w a (T + T i ) ^ 2 .

The numerical results or Hugrass and Grimm,^ show that the rotating field
can penetrate and be sustained within the plasma if the penetration condition is
satisfied, ve-^rw/o>ce6 < 1, where S is the classical skin depth. Taking, from
past experimental results,6 UJ = 5u>c± which sets an upper bound on BQ, and using
Eqs. 4 and 5 it can be shown2 that the penetration condition has the functional
form,

v 4 r
-£--j- = F{no(0), w(0), Te(0), rw, (1 + Ti/Te)/(Te/Te(O))

X} (6)
ce

where X = [(Y/2 - l)/(2y + 1)] + 3/4. If F < 1 at t = 0, then for Y > 1/8 the
penetration condition is satisfied for all time t. Thus, the bounds on y are
1/8 < y < °°. The initial rotating field frequency, u(0), is obtained from the
combination of the Eqs. 2 and 3 evaluated at t = 0, and can be written as,

1/2 r>
<o(O) = Cl [Te(0)/no(0)] /rw

2, (7)

where Cj is a constant. Substuting Eq. 7 into Eq. 6, evaluated at t = 0,
yields,2 for the initial fill density,

2 4/5o 4/5
nQ(0) = C2 [Te(0)/rw

2] , (8)

where C2 is a constant.



For the initial conditions Tg(0) = 2 eV, 1^(0) = 0 and r™ = 40 cm, Eqs. 7
and 8 give u>(0) = 1.3 * 105 rad/sec and nQ(0) = 1.5 x 10

12 cm 3 respectively.
The solution of Eqs. la and lb for y = " (constant fill density) and Y = 1/8
(maximum rate of gas injection), for the above set of conditions, is plotted in
Fig. 2. Radiation and transport losses have been neglected so these curves give
the upper bounds on T and T^, assuming classical resistivity. The
corresponding nQ(t) and w(t) for this case are shown in Fig. 3. Although gas
injection results in a somewhat lower TgJ it is technologically advantageous in
view of the significantly smaller increase in rotating field frequency, u, than
required without gas injection. The effect of impurity radiation is shown in
Fig. 4, where T is given for y = 1/8 and oxygen impurity fractions, ranging
from 0 to 15% of the initial fill density. The relatively weak effect of
radiation on the temperature time history is attributable to rhe low initial
density no(0). The scaling of Te with wall radius is displayed in Fig. 5 for
various times. As can be seen, the time required to ohmically heat
quasi-statically formed FRC's to temperatures of fusion interest increases with
the device radius squared. Figures 6 and 7 show the effects of cross-field
thermal conduction on the electron temperature time-history for rw = 40 cm,
Y = 1/8, and 2% oxygen impurity. Electron thermal conduction losses many times
faster than classical can be tolerated (Fig. 6.). However, ion thermal
transport (Fig. 7.) only about a fa. or of two greater than classical is
sufficient to clamp T at uninteresting vH ues; a 1-D model is required to
adequately investigate this effect. For i> ? y = °° (constant density) case, ion
energy transport is unimportant since the low initial density results in a
characteristic electron-ion equilibration time that greatly exceeds the olimic
heating time (see Fig. 2).
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IABATIC SCATTERING AND TRANSPORT AT THE SPINDLE CUSP

R. W. Moses and D. W. Hewett

Los Alamos National Laboratory

Los Alamos, New Mexico 875A5

When magnetohydrodynamics is used to describe plasma flow across a

separatrix to open field lines, the transport is modeled by a diffusion

equation with a sink for particles on the open lines. In that case, it is

assumed that plasma is carried to and from the separatrix by diffusive

processes. The purpose of this note is to discuss the nonadiabatic

processes occurring at a spindle cusp to transfer plasma across a

separatrix. After an ion is delivered to the vicinity of the separatrix by

diffusion it enters the spindle cusp and will skip back and forth across

the separatrix, producing a structured transport not seen with MHD.

To illustrate the motion of ions across a separatrix, let us consider a

cylindrical magnetic field of the form

r 3r (1)

The magnetic flux passing through any circle concentric with the axis and

having radius r is

i|> = 2TT rAg ( r, z )

Since B z changes sign at z = 0, i|> must also have odd parity at z = 0 and is

defined by

i|» > 0 for z < 0 and r > 0 ,
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i|> = 0 for z = 0 and/or r = 0 ,

i|i < 0 for z > 0 and r > 0 . (2N

Therefore, a simplified spindle separatrix is defined by the z axis and

z = 0 plane. The Lagrangian of a particle in this field with an

azitnuthally symmetric electrostatic potential, (j>, is

L = _ mvz - q<t> + qAQve . (3)

The canonical angular momentum i s

pfl = mr26 + qrA,, (4)

3 L
We note that pfi is a constant of the motion since —— = 0. Let us define

the ijj value for any particle as f(r z ) where the guiding center moves on

a surface (r ,zg) as long as the magnetic moment, p = T^/B, is preserved in

adiabatic motion.

After some brief manipulations one can express pQ as a function of \|)

and \i for particles in adiabatic motion near the axis

~ f u > z < 0

W * + ?

Eq. (5) is consistent with the simultaneous invariance of pg, ty, and u

away from the spindle point, r = z = 0. However, only pg is invariant in

the vicinity of the spindle point. Equations (2) and (5) lead to the

following restrictions on pg
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P6 > -— U M for z < 0

pe < - P M for z > 0 . (6)

where y^ is the maximum magnetic moment that can be anticipated for

particles of given kinetic: energy. Consequently there is a range of flux

surfaces between which particles may freely scatter at the spindle cusp

2irm 2im) ,,,.
— 2 - p M < t < -^2- u M . (7)

For example, an ion coming From the left, z < 0, with \)> satisfying Eq. (7)

may cross the separatrix and move along the positive z axis or be deflected

away from the axis near the z = 0 plane. In time the same ion may be

mirrored back to the spindle cusp and repeat the "scattering" as long as

Eq. (7) is satisfied.

In conclusion, we have identified a collisionless process that can

trannsfer ions and electrons across a separatrix at a spindle cusp. This

"scattering" has a limited range of penetration into the plasma, given by

Eq. (7) in flux coordinates. Since the range in \|j is proportional to the

particle irass, ions will be scattered over a much wider region than

electrons. Electron transport will be governed primarily by standard

diffusive processes but a significant new factor has been added to ion

transport in a spindle cusp.

Computer codes are being written to elucidate thi , nonadiabatic

particle behavior near the spindle cusp. We expect to extend these

concepts of particle scattering across the cusp plane by using a more

realistic flux profile. We can then realistically quantify the scattering

process by actually following individual particle orbits through the static

cusp region. Particle and angular momentum transport probabilities through

the cusp region can be determined in this way.
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ION KINETIC EFFECTS ON THE TILT MODE IN FRCs

J. L. Schwarsmeier, Los Alamos National Laboratory,

C. E. Seyler, Cornell University

D. C. Barnes, Institute for Fusion Studies, University of Texas

Theory1"3 and simulations3"1* have shown that field reversed

configurations (FRC's) should be unstable magnetohydrodynamically to the

tilting mode, yet tilting seldom is seen in the experiments. Profile

effects (within MHD) and ion finite larmor radius (FLR) effects have been

proposed to explain the observed stability of FRC's. The present work

seeks to test both of these effects.

I. Model

Here we employ the dispersion functional5 form of the Vlasov-fluid

model, and then expand In two small quantities: a.) e = rT/a << 1 (small

larmor radius) and b) 6 = a/b « 1 (highly elongated equilibria). The

two-dimensional nature of the equilibrium is retained exactly, and to

leading order in c and 6 we retain FLR effects, parallel kinetic effects,

and resonant particles.

The linearized equations of motion have the form6

A(l*,|) = -26W + 2i»2K + uF - R(OJ) = 0 , (1)

where 6W is the incompressible MHD potential energy, K Is the Vlasov-fluid

kinetic energy, F is the FLR term, and R(w) contains the parallel kinetic

effects and resonant particles. In the Vlasov-fluid model the displacement

i has two components: C = CgCs,if>)0 + £n(s,i|i)n, where n = 6 x b, b = B/B, i|/

is the poloidal flux function, and s is the arclength along a flux contour.

A significant: reduction in the dimensionality of the problem to be solved

Is accomplished by a) requiring that the largest term in R(w) be made to

vanish, and b) using the result from MHD3 that 6W is minimized by an axial

shift, ?z(ij0, for highly elongated elliptical equilibria. These

observations lead to the forms

(2)

and



5e(s,i|0 - lr
2Br(s,«|05z'(<|0/n , (3)

where Br(s,i|O - sin o » n*zf and the integer n in Eq. (3) is the toroidal

mode number. The only unknown in Eq. (2) and Eq. (3) is the function

5z(¥0. This is a vast simplification over the original problem.

The result of substituting Eq. (2) and Eq. (3) in Eq. (1) is

where both dj and d2 are of the form

, i ( / ) . (5)

The form Eq. (4) results when we take into account the leading order

contribution of the parallel kinetic effects In R(w), but drop the resonant

particle terms in R(u>). The variation of A in Eq. (4) leads to the

ordinary differential equation

(6)

where iji Is the Independent variable.

II. MHD Results

Magnetohydrodynamic simulations show that the tilt mode is internal,

5z(^sep) « 0. Therefore, we only require equilibrium solutions that are

realistic inside the separatrix. Convenient control over equilibrium

profiles is provided by the Berk, Hammer, Weitzner7 solution for ip(r,E).

These solutions are designed so that the "flatness" of the flux contours

can be adjusted by a parameter p, where

lim
z+o

2 is a Hill's vortex and p » 1 is a race track-like equilibrium.

The MHD portion of our code has been benchmarkod against the linear MHD
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simulation code of Shestakov. For a particular run of Shestakov,8 we have

the following comparison of the e-folding time of an unstable tilt mode:

V 1 • 2psec (Shestakov)

Y~* » 2.3psec (present work)

The main effect to be studied in an MHD context is how the flatness of

the flux contours affects the growth of the tilt mode. Figure 1 shows the

growth rate from MHD versus the flatness parameter p of the Berk, Hammer,

Weitzner solution. The conclusion is the stability of the tilt mode is

enhanced significantly by making the equilibrium more race track-like.

Additional runs have to be made for larger p, and verification of the

current results have to be performed to determine whether or not the tilt

mode can be stabilized by profile effects alone.

III. FLR Effects

With MHD regularity conditions in the current model, the FLR term in

Eq. (1) diverges at the vortex due to a breakdown in the assumption that

E « 1. For instance,, near the field null the ion orbits are no longer

cycloidal with flcl » fid, where fid is the (cross field) azimuthal drift

frequency. The model is being ammended to make the transition from

cycloidal to betatron orbits, and soon we will be able to investigate more

correctly the effect of FLR.
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QUASISTATIC EVOLUTION OF COMPACT TOROIDS

A. G. Sgro, R. L. Spencer, and C. Lilliequist

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

We should like to present some results of our simulations of the post

formation evolution of compact toroids. The simulations were performed

with a 1-1/2 D transport code. Such a code makes explicit use of the fact

that the shapes of the flux surfaces in the plasma change much more slowly

than do the profiles of the physical variables across the flux surfaces.

Consequently, assuming that the thermodynamic variables are always

equilibrated on a flux surface, one may calculate the time evolution of

these profiles es a function of a single variable that labels the flux

surfaces. Occasionally, during the calculation these profiles are used to

invert the equilibrium equation to update the shapes' of the flux

surfaces. In turn, these shapes imply certain geometric cofficients, such

as A = <l/r2>, which contain the geometric information required by the 1-D

equations.

Compact toroids have the feature that the separatrix touches the axis

of symmetry, which implies that some of the geometric cofficients are

singular. Thus, the transport equations and the surface averaged

equilibrium equation are singular PDEs and ODEs. We have expressed these

equations in terms of nonsingular variables that are appropriate

combinations of the singular variables and other variables which go to zero

at the separatrix. We made two checks of the accuracy of our

algorithm. First, we inverted the equilibrium equations on a 129 x 1A5 grid

on which we resolved 40 flux contours. An analytic solution for ty(r,z) was

available and we found that the numerical flux surface variables agreed

with those derived from the analytic solution to better than 0.1%. Also, we

compared the results of a 21 cell 1-D diffusion calculation with an

analytic solution and found agreement to better than 32.
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A certain fraction of the gun-injected compact toroid shots (up to 50%)

show an oscillation about the minimum energy force-free state. In Fig. 1,

the toroidal field on the axial midplane at r • .6*R and the poloidal field

at the midplane on the major axis are plotted as functions of time. The

solid lines are the experimental results. We also plot the ratio of these

fields and indicate, by a dotted line, the value this ratio would have in

the minimum energy force-free state. At early times this ratio oscillates

on the rapid MHD timescale of a few us. At about 50 us, it settles down to

the minimum energy value and then evolves away from this value on the

resistive timescale (50-100 us). This resistive evolution is terminated by

MHD activity that drives this ratio back to the value in the minimum energy

state. Afterwards, it again evolves on the resistive timescale.

We simulate the resistive timescale evolution of the experiment. The

observed temperature is about 10 eV, which implies that the experimental

beta is low. Therefore, the computations were done for a beta of zero. We

initialize the code with the (analytically known) minimum energy

configuration, indicated by the leftmost x in the three plots of Fig. 1.

The computational results at various times are indicated by the subsequent

x's. The computations follow the experiment reasonably well. Of course, the

code does not follow the MHD relaxation, so we stopped plotting the x's

when the experiment relaxed.

In Fig. 2 we plot the computed radial profiles of toroidal and poloidal

field at the axial midplane at various times. These plots show that the

plasma evolves resistively away from the minimum energy state towards one

in which the toroidal field and the toroidal current are peaked on the

magnetic axis. The relaxation occurs between 50 and 100 us.

In conclusion, the computational algorithm consistently handles the

singularities due to the separatrlx touching the major axis. We find that

in a certain fraction of the shots, the plasma evolves at low beta toward a

state in which the toroidal field and toroidal current are peaked on the

major axis. It then relaxes back to the minimum energy state on a

hydrodynamic timescale.
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MULTIPLE SOLUTIONS OF A FREE BOUNDARY
FRC EQUILIBRIUM PROBLEM IN A METAL CYLINDER

' Ross L. Spencer and Dennis W. Hewett
University of California

Los Alamos National Laboratory
Los Alamos, NM 87545

I. INTRODUCTION
Field reversed theta pinch experiments routinely produce very prolate plasma

equilibria; magnetohydrodynamic equilibrium codes do not. Since the experimental
plasmas seem to be stable against the tilting-instability that is predicted for
moderately elongated equilibria, it has been conjectured that the observed
stability is due to exaggerated elongation. It has been difficult to test this
hypothesis because long equilibria have been difficult to compute. Previous
calculations have indicated that such equilibria might exist*"**, but none of these
computed equilibria has been completely satisfactory.

We present a new approach to the computation of FRC equilibria that avoids the
previously encountered difficulties. For arbitrary pressure profiles it is
computationally expensive, but for one special pressure profile the problem is
simple enough to require only minutes of Cray time; it is this problem that we
have solved. We solve the Grad-Shafranov equation, A JJ = -r2p'(i|i), in an
infinitely long flux conserving cylinder of radius a with the boundary conditions
that 4>(a,z) = -ipw and that 3\|>/3z * 0 as |z| approaches infinity. The pressure
profile is p'(iji) = cH(\|>) where c is a constant and where H(x) is the Heaviside
function. We have found four solutions to this problem: Ther? is a purely vacuum
state, two z-independent plasma solutions, and an r-z-dependent plasma state.
These last three solutions are obtained only if the constant c is greater than a
certain critical value; for c smaller than this lower limit the three plasma solu-
tions cease to exist. At the critical value of c the two z-independent solutions
coalesce, and at a slightly higher value of c the two-dimensional solution and one
of the z-independent solutions coalesce. It is near this second value of c that
elongated equilibria are obtained. This means that the elongated equilibria are
found near a bifurcation point of the solution set, a notoriously difficult region
in which to compute. This probably explains why elongated solutions have been so
difficult to find.

II. ONE-DIMENSIONAL SOLUTIONS
Except for the trivial vacuum solution, i|> •= -i|»wr

2/a2, the z-independent solu-
tions are the simplest to find. An elementary calculation yields

f £r*( b - xcr* :

+ d, r
seP

where b = i£l [ 1 ± ( 1 - O^L )W2 ], (2)

and where d » 2b2/c and ty * 0 at rg «= 2/b/c. Note that there are two possible
solutions; those two solutions are realized only if b is real, i.e. only if
c _> 32i}iw/a

1'. Figure 1 displays the ty • 0 radius as a function of c. The upper
solution in this figure is a high trapped flux solution that compresses the vacuum
flux against the wall as c becomes large. The lower solution in this figure is a
low trapped flux solution that is squeezed to the axis by the vacuum flux as c
becomes large. The presence of a value of c below which no equilibria exist is
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explained by noting that the toroidal current density is given by j^ * -crH(i|i).
If c is too small, there is not enough current density to produce field reversal,
and no solutions of the model problem are possible. This same argument should
apply to any two-dimensional solutions as well, so we expect in any family of
equilibria parameterized by c tc encounter a lower limit in c below which no equi-
libria exist.

III. ' A TWO-DIMENSIONAL SOLUTION
From studies of Hill's vortex equilibria done by us (and independently by John

Boyd), we know there is at least one two-dimensional family of solutions
parametrized by c. With -ty given by the Hill's vortex formula inside the
separatrix, a matching vacuum field outside the separatrix may be constructed by
means of ellipsoidal coordinates. For both prolate and oblate Hill's vortices,
the matching vacuum field has mirror coils at infinity, but for the spherical
Hill's vortex, the field lines at infinity are straight. This spherical solution
is given by

r2+,2

where pQ = /l5BQ/2c and where BQ is the uniform magnetic field at infinity. This
solution will be obtained in the model problem when the plasma radius becomes very
small so that the cylindrical wall is effectively very far away, i.e., when c is
very large. This means there exists a two-dimensional family of solutions whose
large c limit is given by Eq. (3) (BQ is replaced by ?i|)w/a

2). As c is decreased,
the equilibria should become larger and finally approach a final state at some
critical value of c.

We tried to compute these larger equilibria by finite difference methods on a
mesh, but ran into difficulties. We conjecture that the sharp-edged current
distribution and the free-boundary non-linearity in the problem were what caused
our iteration methods to converge to states that were not in fact equilibria. To
overcome these difficulties we completely reformulated the problem. Using the
Green's theorem for A , the Grad-Shafranov equation may be inverted to obtain the
equation

r'dr'dz' + ̂ L / ^ 1^. (4)

-
function is given by the expression
where G satisfies A*G * r5(r-r')6(z-z') and G * 0 if r,r' * a. The Green's

v K a / ^ , 2 t o * r \O

T 1 7 ^ j,2(L^££2) (5)
1

Formulating the problem this way has the advantage that it is not necessary to
compute finite differences across the separatrix where the current density may be
discontinuous; the integration is taken over the region where there is current and
the Green's function takes care of the vacuum field. Doing the integrations
accurately requires a fine mesh; if a general pressure profile were used,
iteration would be necessary to find ij> inside the separatrix, and this method
might be very expensive. But for our model problem, there is no i)> dependence on
the right-hand side of Eq. (A) except for the shape of the separatrix. Since the
separatrix is given by ip • 0, Eq. (4) can be used to obtain the following
non-linear equation for the separatrix.
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, r2
c/nG r'dr'dz' + * w -ij- = 0 (6)

where JJ is the region in the r'-z' plane bounded by the separatrix. We do the
integrations in spherical coordinates and represent the separatrix as an expansion
in even-order Legendre polynomials as follows.

p(x) « r«=1 anP2n(x) (7)

where p(x) is the spherical radius of the separatrix at the polar angle
6 * cos-1(x). The problem is solved when the ans are determined.

When Eq. (6) is solved for very large c the small radius spherical solution is
recovered. As c is decreased the solutions remain practically spherical until the
radius of the solution at z=0 becomes greater than about ,6a; as c is decreased
further, the solutions become prolate and racetrack-like in shape. As c
approaches the value 36^/a1*, the elongation becomes infinite, and the two-dimen-
sional solution branch connects with the one-dimensional high-trapped-flux
solution branch. The significance of this value of c is that the only
one-dimensional solution that satisfies the average-beta condition of Barnes^ is
the high-trapped-flux solution at c » 36^/a1*. Figure 2 shows the separatrix
shapes for a sequence of values of c approaching the critical value, Fig. 3 shows
the elongation of the solutions as a function of c, and Fig. 4 shows the flux plot
of a long equilibrium. Note that the elongation is sharply singular at the
critical value of c; only in a narrow region in c are long equilibria obtained.
Since these elongated equilibria lie near a bifurcation point, it should be a very
delicate matter to compute them by standard numerical methods.

We have found up to four solutions of our model problem given a value of c.
There may be other solution branches, but this two-dimensional branch contains
elongated racetrack equilibria of the type observed in experiments.

This work was performed under the auspices of the U.S.D.O.E.
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FIGURE CAPTIONS

Fig. 1 The i)i=0 radius is displayed as a function of c for the one-dimensional
solution of the model problem. The dot on the upper branch locates the
point where the two-dimensional solutions connect with the one-dimensiona
solutions.

Fig. .2 The separatrix shapes for a sequence of values of ca"*/\Ji are shown:
(a) 60, (b) 40, (c) 36.4, (d) 36.07.

Fig. 3 The elongation, z
s e p / r s e p , is displayed as a function of c.

Fig. 4 A flux plot for the case caV^ w = 36.07 is shown.
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PLASMA TRANSPORT MODELLING OF A
FIELD-REVERSED THETA PINCH

by

Loren C. Steinhauer, Richard D. Milroy, and Alan L. Hoffman
Mathematical Sciences Northwest, Inc.

I. Introduction

Although most of the work on fiel'd-reversed theta pinches has emphasized
plasma formation and stability, increased attention has been focussed lately
on transport processes. On the FRX-A and -E experiments,-'- the observed particle
confinement times, T^ = 30 - 50 ysec, are somewhat lower than expected for classi-
cal resistivity. Therefore turbulent mechanisms, in particular the lower
hybrid drift (LHD) instability, have been identified as possible causes of the
anomalous transport. Theoretical calculations^>3 based on an estimated particle
diffusivity for the LHD mode predict TJJ consistent with the experiment.
However, the decay of the magnetic configuration, represented by the loss of
poloidal magnetic flux, has not been adequately addressed. Previous calculations
either ignored flux loss or assumed classical resistivity at the magnetic
axis since the LHD diffusivity vanishes at that point.

We have considered the loss of poloidal flux, <J>p, that can be inferred
from experiment. Although 4>p cannot be measured directly, it^ and the ion
inventory inside the separatrix, N, can be inferred from external loop measure-
ments and single chord interferometry if a two dimensional equilibrium is assumed.
Figure 1 shows the time histories of (f)p and N from the TRX-1 experiment described
in paper A2. Clearly T^ and T̂ j are comparable, suggesting that flux loss is also
anomalous.

Figure 1. Time Histories of Inferred
Ion Inventory and Poloidal
Flux on TRX-1 Shot 1867
(15 mTorr Fill Pressure)

II. Plasma Model
a z>
z _j
UJ <

> •
- 6
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20
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We have developed a plasma formulation
which describes both particle and flux loss and
thus serves as an interpretive tool in
determining the actual resistivity. The
plasma is assumed to be in equilibrium in both
the radial (radial pressure balance) and axial^
( 6 = 1 - x2/2) directions. It is elongated,
axisymmetric, and uniform in the axial direction
in the region between two "sharp" ends (Figure 2). The radial profile is "two-
dimensional" in that the pressure is constant on a flux surface. Uniform
temperature is assumed. Finally, on open field lines, endloss is represented
as a particle sink -n/Ts where Ts is the end streaming time.

Given these assumptions, it is possible to solve the transport problem on
a reduced domain in radius, R < r. The effect of both particle inventory and
diffusion in the inner region, 0 ̂  r < R is accounted for by a correction factor
applied in the diffusion velocity in the outer closed line region, R ̂  r ̂  rs.

sc
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Figure 2. Magnetic Field
Configuration C0IL

OPEN FIELD LINE

-SEPARATRiX

OUTER BRANCH-

INNER BRANC

A. Quasi-rteady profile model.
The "simplest" solution is found by
assuming a quasi steady radial profile.
This allows time dependent bulk para-
meters, e.g., vacuum magnetic field,
separatrix radius, and length, but .; •

 tu

assumes a nearly constant normalized MIDPLANE
radial structure. Then the diffusion
equation reduces, by a separation of
variables procedure, to an ordinary second order differential equation. The
open field line region is solved analytically by assuming strictly steady behavior
in that region: that result is applied as a boundary condition at rs. The
earlier method of Tuszewski and Linfcrd3 is similar except that they assumed a
strictly steady radial profile (constant rs, magnetic field) and thus ruled out
flux loss a priori. This method calculates the instantaneous decay times T^
and T N .

B. Time-dependent calculation. A second approach is to numerically
solve the tint'; dependent equations in a magnetic flux coordinate system. The
same numerical procedure is applied to both open and closed field line regions.
The problem is initialized using a pre-specified initial profile (usually rigid
rotor) . The profile then evolves in time as the configuration decays. The time
history of global parameters ((jw N, rs, SL, and excluded flux) are followed
as a function of time for comparison with experimental data. The quasi-steady
and time-dependent methods were compared to determine the accuracy of the quasi-
steady assumption. The decay times were quite, close, within 10 percent, even
for a rapidly decaying plasma.

III. Interpretation of Recent Experiments

We calculate the transport for plasma conditions. Table I, comparable
to those in the FRX-B and TRX-1 experiments. The resistivity is the sum of
classical, rj , and LHD (wave energy
bound), na# each multiplied by Table I
adjustable factors, fc and f =. _, ., _ _ .

J ' c a Bulk Parameters Relevant to
FRX-B and TRX-1

For a radius appropriate to
FRX-B (R = 3.7 cm) and fc = fa = 1, —• — —
the calculated particle loss time parameters:

vacuum magnetic field = 0.55 T
is close to experiment, TN = 40 ysec,
but TA = 600 )Jsec which is far too
long (T(j) = 50 ysec was inferred from ion temperature = 200 eV
external loop data). Thus the simple -
„ . , T ,„,. . . . ., , ., electron temperature = 110 eV
classical plus LHD resistivity fails
to match the experiment. Increasing rc = 12.5 cm
the anomalous coefficient, fa, has „
little effect on T^. and in fact - 75 cm
increases it. However, increasing
fc causes Tj> to drop rapidly: for :

fc = 5, T* = 45 ysec and TN = 28 ysec, in much better agreement with experiment.
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This is evidence for an anomalous mechanism in addition to the LHD mode (which
causes no anomalous flux loss).

Figure 3 shows radial profiles for a combination which gives good agreement
with both T(j) and TJJ. Note that the drift parameter Vp/v^ is depressed substantiall
near the magnetic axis in contrast to rigid rotor like profiles. The consequent
flattening of VB is characteristic of race track like equilibria.

Figure 3. Radial Profiles for Parameters
of Table I with R = 3.7 cm;
Resistivity is 4 x classical +
1/2 x LHD; and the Endloss Rate
on Open Field Lines is Reduced
by 1/2. For these assumptions,
T^ = 54 psec, T = 40 ysec.

Suppose the same resistivity as
assumed in Figure 3 is applied in a larger
radius example relevant to plasmas
produced in TRX-1, R = 4.7 cm. Then TN

increases by a factor of 3.6 (to 145 ysec)
and T^ increases by 1.6 (to 90 ysec).
However, inspection of Figure 1 shows that
the decay times are actually much shorter.
Evidently, the resistivity combination of
Figure 3 is not universal. In fact, fc
must be raised to about 8 and fa to 1 to
produce the T<j), T̂ j shown in Figure 1.
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Another resistivity form with classical plus LHD plus a "bump" localized
near the magnetic axis was applied using the time-dependent model. This simulates
turbulence localized near the field null which was conjectured to be an alternative
explanation for the rapid flux loss. For an 8 x classical bump, VB was dramatically
flattened near R, driving T<j, rapidly toward large values. In view of this un-
realistic behavior localized turbulence near the magnetic axis seems to be
ruled out.

Finally, an alternative axial structure to that of Figure 2 was considered
using the time-dependent model. The closed flux lines were assumed to have equal
elongation (length ^ radial width) rather than equal length. This resembles a
Hill's vortex, in contrast to the equal length case which is closer to a race track.
The alteration had little effect on TN but doubled TA as a result of a more
extreme depression of VB near R. This seems less realistic because reduced VB
is characteristic of a race track and not a Hill's vortex.

IV. Conclusions

Two plasma transport models have been devised to interpret the decay of
field-reversed configurations. The quasi-steady profile and the time-dependent
computation a?1-er quite closely. A resistivity form of classical plus LHD
grossly underestimates the poloidal flux loss rate. The "classical" contribution
must be enchanced by a factor of 4 to 8 to get the proper TA. This indicates the
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presence of additional non LHD turbulence. The radial profiles exhibited
a flattening of VB near the magnetic axis, a feature characteristic of
race track equilibria. A resistivity form adding a spatial "bump" near the
magnetic axis was also studied in order to simulate localized turbulence in
that region. This form predicted very long TA and thus was regarded as un-
realistic. Finally, an alternative axial profile closer to that of Hill's
vortex equilibria was considered. This change produced even more VB flattening
n_-ar the magnetic axis. This is inconsistent with Hill's vortex equilibria
(no VB flattening) and suggests that the plasma naturally seeks out race track
like equilibria.

Acknowledgements This work was supported by USDOE Contract No. DE-AC06-80ER53098
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Particle Transport in Field Reversed Configurations

M. Tusze'wski, R. K. Linford, J. Lipson and A. G. Sgro

1. Introduction
A field reversed configuration (FRC) is a compact toroid that contains no

toroidal field. These plasmas are observed to be grossly stable1 for about
10-100 psec. The lifetimes appear limited by an n = 2 rotational instability
which may be caused by particle loss.2 Particle transport is therefore; an
important issue for these configurations. We investigate particle loss with a
steady-state, 1-D model which approximates the experimental observation1 of
elongated FRC equilibrium with about constant separatrix radius.

2. Steady-state particle transport model
We consider an FRC with a 2-D (r,z) elongated equilibrium confined inside

a straight cylindrical conducting wall. The balance between plasma and
magnetic field pressures in this geometry imposes1

<e> = i - I X 2 , CD

where <3> is the average 3 = P/(B^/2uo) over the separatrix volume. BQ is the
external magnetic field and x is the ratio of separatrix to conducting wall
radius. The constraint of Eq. (1) applies to any axial (z) position on the
elongated portion of the FRC. We neglect end effects and consider a 1-D model
where 2-D effects are included by using Eq. (1) as a condition on the radial
profile. We assume a steady state where particle loss across the separatrix is
balanced by a source of particles from axial contraction. We assume uniform
temperatures Tg and T^, as suggested by the experimental data.1 We further
assume complete MHD stability and neglect self-consistent radial electric
fields as well as flux annihilation at the field null. The steady-state radial
diffusion equation is given by

\° . (2)
|, r > rg

where T^ is the time constant of the axial contraction and T^ is the particle
confinement time on open field lines. We take TH = £/2vg, where vc, is the
sound speed and Z is the length of the FRC to model present experiments where
particles steadily flow along open field lines, without any end-plugging. We
assume, from experimental observation,* that % is about 70% of the coil length.
In addition to Eq. (1), the second constraint on the radial profile comes from
matching at the separatrix the particle fluxes from the closed and open field
line regions. To satisfy this boundary condition, it is useful to introduce an
auxiliary variable w with

[dS/dr]r = -Ss/wpi0 , (3)
s

where f5g is the plasma 3 on the separatrix. The quantity w is just the ratio
of the gradient length at the separatrix to the vacuum ion gyroradius p^ . The
condition rr(rg-) = rT(r +) determines, the value of w. The particle
confinement time T is defined as N/2irr r , where N is the number of particles
per unit axial length within the separatrix and 2irr r is the radial flux of
particles at the separatrix, per second and per unit axial length.

We take rT = (rT)c + (rr)LHD where (rT)c is the classical (Spitzer)
particle flux and (rO-yjp corresponds to anomalous transport from the Lower
Hybrid Drift (LHD) instability saturated by wave energy bound.3 A
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quantitatively similar saturation level is obtained from electron resonance
broadening.1* Other saturation mechanisms such as ion trapping5 yield higher
saturation levels for the cases of interest in this work. It is found that
typical FRC radial profiles have a classical core near the field null (r = R)
and an anomalous region in the vicinity of the separatrix. The particle
confinement times T, determined by LHD transport, will be shown to be in good
agreement with the experimental data.1 On the other hand, classical transport
yields lifetimes which do not fit the experimental data. Integrating Eq. (2)
from r = o to r = rg, and using Eq. (3), one obtains

1 / 2 - R )3/2<B> -
! • S • w3 (4)w3

where S = R/p^Q. Integrating Eq. (2) from r = rg to r = rw, assuming an
exponential tail for the pressure profile on open field lines, using Eq. (4)
and particle flux continuity at the separatrix, one obtains

wA = (*s/8 rs) • (Trme/m±)
1/2 • (1 + T e / T ± )

1 / 2 1 (1 - B s )
3 / 2 . (5)

For given n^/n^, Tfi, T±, B , r , t, xs, and for a given choice of w,
Eq. (2) is integrated numerically for r < r with the constraints of Eqs. (1)
and (3). This determines the value of B , which in turn determines w with
Eq. (5). By iterative procedure, the self-consistent values of w and 3 are
found and the confinement time T is obtained from Eq• (4). The details of this
calculation are contained in Reference 6.

3. Confinement times for FRXi-B and FRX-C parameters
We consider recent experimental data of the FRX-B device,7 and the FRX-C

parameters as projected from a scaling code.8 Those parameters and the.
theoretical values of T, Bg and w are given in Table I for each case. The
values of T are also "lotted in Fig. 1 as function of the variable R /p. . We
observe from Fig. 1 that the theoretical values of T for the FRX-B device are
comparable to the experimental values of the stable periods which are also
indicated in Fig. 1. This is consistent with the theoretical picture of plasma
spin-up linked to particle transport.2 The empirical scaling x((jsec) ~ 0.6
R /plo derived from the FRX-B results9 is also indicated on Fig. 1. The
theoretical points are in good agreement with this scaling, perhaps suggesting
a somewhat stronger scaling x ~ 0.8 R /p^o« Within the uncertainties of the
experimental data and of the transport theory, there is good agreement between
experiment, the LHD theory in this paper, and the numerical results of
Hamasaki,9 who first suggested the R /p* scaling. We observe from Fig. 1 that
this scaling appears to approximately fit the projected performance of the
FRX-C device. One should also note that this scaling only applies for
deuterium ions. For other ion species, Eq. (4) shows a scaling of T as m.
rather than the m.̂ ""1'2 dependence suggested by the R /pio scaling.

4. Scaling of the LHD transport
We investigate the scaling of T with the three parameters, S, x , and w,

that control the radial 6 profiles. These parameters usually vary
simultaneously, but in order to test the sensitivity of x to each of them, we
vary only one parameter on a given scaling, keeping the other two constant.

The scaling with S corresponds approximately to the cases of Table I and
Fig. 1 since, for these data, the variations of x , w, and BQ are small. The
numerical results suggest x ~ R 2 / P 1 O ; which is the empirical scaling discussed
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may

in the previous section. In addition to this observed R /piQ scaling, the
model predicts increased confinement time with increases in the values of x
and w.

It may be desirable to form FRC's with values of x closer to unity in
order to minimize pressure gradients, as suggested by Eq. (1). We consider the
FRX-C cases of Table I and vary xg from 0.45 to 0.8, while keeping rw, S, w,
Te, and T^ constant. The results of this scaling, given in Fig. 2, yield the
approximate scaling T ~ x , so that an increase in T up to a factor of seven
may be obtained.

It is conceivable to improve the open field line confinement T„ by some
end-plugging technique or by plasma injection. A corresponding increase in w
y be obtained. We vary w for the FRX-C cases of Table I, at constant S and

s. The results, given in Fig. 3, suggest T ~ w and an increase of w from 1
to 3 yields about a factor of 6 increase in t. Furthermore, increasing w
decreases the value of the drift parameter v,/vj at the separatrix. This may
greatly reduce anomalous transport if a different saturation mechanism such as
ion trapping5 is relevant in the weak drift parameter regime.

5. Comparison of various boundary conditions at the separatrix.
It has been shown above that the determination of the radial profile at

the separatrix is crucial to the FRC confinement scaling. The detailed physics
of this profile may involve two-fluid, electric field, electron temperature
gradient and finite-orbit effects. In particular, it is of interest to
evaluate the contribution to the pressure on open field lines of guiding
centers inside the separatrix which are assumed not to suffer end loss. A 1-D
transport code9 is being used to compare various loss rates on open field lines
that estimate this guiding center contribution. First, 3n/3t = n/x^ is used,
where T^ = £/2vg. This corresponds to the free streaming model of this paper.
Second, an ad hoc reduction in loss rate is used with
3n/3t = (n/xn) • {l - exp[-(r - rg)

2/pi
 2]}. Third, the contribution of

guiding centers inside the separatrix is calculated, and the loss rate on open
field lines is decreased accordingly. This work is in progress.
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II. FIELD REVERSED THETA PINCH EXPERIMENT
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I n i t i a l Operation of FRX-C*

W. T. Armstrong, R. R. Bartsch, J . C. Cochrane, R. W.SKe'wish,
M. Haworth**, R. K. Unford , J . Lipson, K. F. McKenna,

D. J. Rej, E. G. Sherwood, R. E. Siemon, and M. Tuszewski
Los Alamos National Laboratory

Los Alamos, NM 87545

Introduction
FRX-C is a field-reversed theta pinch recently placed into operation. It

is designed to increase the stable lifetime of the field-reversed configuration
(FRC) by increasing the size a factor of two (eight in volume) over the
previous FRX-A & B experiments.1 The near term objectives include: 1) determine
the scaling of the FRC with size and clarify the tnechanism(s) that limit
confinement of an FRC, 2) investigate the MHD stability of FRCs with larger
size relative to an ion gyro radius, and 3) generate FRCs with temperatures in
the 0.1 to 1.0 keV range and densities in the range of 1015 to 10*6 cm"3. The
machine was placed into operation on September 2, 1981. Preliminary results
are given below based on a limited number of plasma discharges (42).

Description of the FRX-C Experiment2*3

The FRX-C theta-pinch coil has a 45-cm diameter and 2-m length. The main
bank that generates the fast-rising field for implosion heating and FRC
formation uses Scyllac technology. The capacitors are connected to the coil at
two feed slots so that twice the dc charge voltage is applied to the coil. At
maximum main-bank dc charge voltage (55 kV) the amplitude of the fast rising
field is ~ 15 kG with a quarter period of 5 ps. The e-folding decay time of
the crowbarred waveform following the peak of the magnetic field is ~ 300 ys,
as required to study expected confinement times of 100 ps or more. An initial
slow-rising reversed-bias field is applied before preionization and application
of the main bank. In initial experiments the bias has typically been about
2 kG, but studies are planned with various bias levels up to about 5 kG. A
vacuum magnetic field waveform typical of the initial operation is shown in
Fig. 1. Electrical parameters of the experimental hardware are listed in Table
I and a detailed description is contained in Ref. 2. The vacuum system has a
base pressure of 2xl0~° torr and consists of a 40-cm diameter, 3.6-m long
quartz discharge tube, stainless steel vacuum hardware, and two cryo pumps.

The initial experiments have utilized a ringing theta pinch to generate
the PI plasma as was done on earlier experiments.* The PI discharge occurs
approximately 20 ps prior to the main bank and is preceeded by two low-level rf
discharges (~ 35 MHz) that provide seed electrons. A z-pinch preionization
system is also planned to permit flexibility in the experiment. Passive
mirrors are used at each end of the theta-pinch coil to aid the reconnection
process. At present an on-axis mirror ratio of 6% results from a 5% reduction
in coil radius that extends 16 cm at each end.

FRC Parameters
The present limited parameter set is compared with the predictions of a

semi-empirical FRC scaling code3 (used in the design of FRX-C) in Fig. 2. The
good agreement of predicted and observed parameters supports the code
predictions of parameters at other operating conditions. The data obtained for

*

**
Work supported by the U.S. Department of Energy.

Present address: Auburn University, Auburn, Alabama.
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the single operating condition presently studied are summarized in Table II.
The inferred ratio of major radius to ion gyro-radius is ~ 26 (referenced to
the external field). The achievement of an increase in this quantity over past
smaller experiments (the device FRX-B achieved values in the range of 7-18) is
important in assessing the scaling of FRC stability and transport properties.

The diagnostics presently incorporated on FRX-C include an axial array of
compensated field probes to determine the separatrix profile, a side-on 3.4-pm
interferometer, a C-V Doppler broadening measurement for T., and an end-on
framing camera. Early azimuthal asymmetry in the FRC formation, associated
with the theta-pinch preionizer and the radial implosion, is indicated by
end-on framing photographs. However, the FRC is observed to regain azimuthal
symmetry in ~ 10 ps after main bank firing. More serious axial asymmetries
associated with reconnection and axial contraction are observed in the
separatrix profile data. The data suggest shot-to-shot variation in FRC length
(50 to 150 cm) and axial position. Short, displaced FRCs may result in
less-than-optimum lifetimes. Changes in the mirror configuration and initial
plasma conditions are planned to further aid symmetric, reproducible
reconnection.

Additional diagnostics are being developed for future operation.
Single-point Thomson scattering for T is being installed. Neutron and proton
yield measurements are planned for T., as well as 0-VII Doppler broadening
measurements for T.. The redundant temperature measurements will aid
interpretation of C-V and 0-VII impurity radiation measurements (dependent on
equilibration with deuterium) and clarify interpretation of nuclear yield
measurements (sensitive to the tail of the ion distribution function).
Detailed density measurements are planned through a multipoint, nonspectrally-
resolved Thomson scattering diagnostic, an end-on cine-holographic inter-
ferometer, and additional side-on interferometry. The Thomson scattering
diagnostic will provide an axial density profile to be used in identifying
internal tearing, as well as the ellipticity of the flux surfaces. The
holographic interferometer will provide radial density profiles needed to
ascertain FRC transport and equilibrium properties. Collective scattering
measurements of CO™ laser light from plasma fluctuations in the separatrix
region are also planned in the study of anomalous radial transport.4

Critical Issues
The principal objectives of the FRX-C experiment are to establish the

scalings of FRC stability and transport with increased plasma and coil size.
Previous theoretical work indicated a large rotational velocity must be
exceeded to induce the rotational instability.5 Recent theoretical work
suggests instability may occur at lower rotational velocities but with slow
growth rates consistent with experimental quiescent periods.6 Past experimental
evidence1 has supported a possible causality between particle transport and
rotational acceleration. More recent experimental work has shown some
contribution of end-shorting to rotational acceleration.7 Finally, continuing
analysis of particle transport dominated by the lower-hybrid-drift instability
suggests improvement in confinement with increased plasma radius.8

These various issues will be initially addressed on FRX-C by varying the
particle inventory and closed flux to ascertain the basic confinement and
stability scaling with respect to smaller devices. The present FRX-C data Is
too limited to impact on these issues. However, without optimized operation,
FRCs formed on FRX-C have stable periods, which are substantially longer (~ 2
times longer) than FRCs formed on the smaller FRX-B device with similar
densities, temperatures, and fields.1
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Fig. 1. The FRX-C vacuum magnetic field waveform (10 ys per division),
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TABLE I: FRX-C MACHINE PARAMETERS

Coil Dimensions
Diameter
Length
End Mirror Ratio
Magnetic Field
Typical Amplitude
Risetime (t.i.)
Decay (L/R) 1^
Main Capacitor Bank
No. of Capacitors (2.8 uf)
Stored Energy (55 kV)
Bias Bank
No. of Capacitors (170 uf)
Stored Energy (10 kV)
Maximum Field
Theta Preionization Bank
No. of Capacitors (0.7 uf)
Stored Energy (50 kV)
Typical Field
Frequency

.45 m
2.0 m
1.06

10 kG
5 ys

300 us
•

140
600 kj

60
500 kJ
5 kG

16
14 kJ

1.9 kG
200 kHz

TABLE II: FRC PARAMETER SUMMARY

Fill Pressure
Main Bank Charge Voltage
Bias Field

Plasma Parameters at t ~ 30
Equilibrium field
Separatrix Radius
FRC Length
Trapped Flux Fraction
Density (interferometry)
T
e+Tj (pressure balance)
T± (Carbon V)

Stable Lifetime

20 mtorr
42 kV
1.5 kG

lisec:

7.4 kG
~12 cm

-100 cm
-252

-4 x 1015 cm"3

-400 eV
-200-300 eV

70-100 us
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A comparison of codes predicted
FRC parameters (lines) with
FRX-C data (points). Error
bars represent shot-to-shot
variations.
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COMPACT TOROID FORMATION
USING BARRIER FIELDS AND CONTROLLED RECONNECTION

IN THE TRX-1 FIELD REVERSED THETA PINCH

Alan L. Hoffman and W.T. Armstrong
Mathematical Sciences Northwest, Inc.

TRX-1 is a new 20 cm diameter, 1-tn long field reversed theta pinch
with a magnetic field swing of 10 kG in 3 ysec. It employs z discharge pre-
ionization and octopole barrier fields to maximize flux trapping on first half
cycle operation. Cusp coils are used at the theta pinch ends to delay reconnec-
tion and fast mirror coils are used to trigger reconnection at a time designed to
maximize axial heating efficiency and toroid lifetime. These controls are
designed to study toroid formation methods which are claimed to be especially
efficient by Russian experimenters.1 Studies have been conducted on flux
trapping efficiency, triggered reconnection, and equilibrium and lifetime.

1. Flux Trapping

Most experiments have been carried out using a low axial discharge current
of 15 kA in a varistor damped half cycle lasting 5 ysec. In the presence of a
bias field, plus mirror fields at the ends to direct the discharge along the
tube walls, an annular discharge is formed which produces a very low preioni-
zation level and no measurable impurities. Figure 1 shows a calculation of the
ionization level before and during a theta pinch implosion.

Figure 1. Flux Trapping Calculation
for Low Annular Preionization

Cross tube interferometry and end-on
visible photography confirm this
qualitative behavior. Only a 25 percent
ionization level is produced in a 2 cm
annulus, and full ionization does not occur
until the radial implosion reaches the axis.
Neve-theless, reasonable flux trapping
and nearly complete sweep-up is measured.
At a 2.4 kG bias level about 40 percent
of the initial flux remains at the external
field zero crossing point, and 20 percent
after a toroid is formed in axial
equilibrium.

The above values can be increased
by 50 percent by doubling the preioni-
zation current. Figure 2 shows measure-
ments at a 30 kA axial discharge current
of the reverse flux at the zero crossing
point, and of the diamagnetic signal once
radial equilibration occurs. Data is shown
with and without barrier fields of about
a 2 kG level at the tube walls. The barrier fields only increase flux trapping
at the highest initial reverse bias flux levels. They also increase flux
trapping for the large flux values produced by second half cycle operation, they
significantly reduce the level of carbon impurities, and they tend to broaden
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the imploding sheath and eliminate radial bouncing,
same effects noted by the Kurtmullaev group.•'•

These are exactly the

Figure 2. Flux Trapping Measurements
at High Preionization
Current

140C

12X

2. Triggered Reconnection

It has been found that
experimentally measured date on the
reconnection time could be exactly
duplicated by MHD calculations2 if the
level of internal flux were correctly
accounted for. Through the use of
the cusp fields, reconnection could be
delayed for about 6 ysec at a 2.4 kG
reverse bias level. Figure 3 shows
diamagnetic signal profiles both with
and without triggered reconnection.
Triggered reconnection occurs about
2 jJsec after triggering the end mirrors,
which also have 3 ysec risetimes but produce
at least 50 percent higher field than the
theta pinch. Early triggering results in an axial implosion occurring near peak
field, and large diamagnetic signals. Imploding area waves and large radial
excursions on central impact are predicted by MHD calculations, and are clearly
seen in the experimental measurements.

16C I M.R=O=S TftGGE^ED AT

Figure 3. Experimental Diamagnetism uo^use: ^
Profiles During Triggering
and Implosion

1 2

REVERSE BIAS FIELD (kG'

1 usg: _
3 - ;

Careful Temperature measurements have not
yet been made, but the ion temperature is
about 150 eV before the axial implosion
and about 200 eV afterward. These
temperatures are considerably higher
than would be produced by a non
reversed theta pinch implosion and
adiabatic compression.

s<
a

20

0

16C
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TRIGGEDE:
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Natural reconnection generally
does not occur as symmetrically as
shown on Figure 3, and almost always results
in toroid ejection out one end. The axial
implosion is weaker due to the lower
magnetic field present after crowbarring the
theta pinch capacitor bank. Reconnection can
only be held off for the length of time shown if
barrier fields are employed. Withovt barrier

fields, tearing occurs well away from the theta pinch ends. The reconnection or
tearing time can be characterized by the time at which the peak central
diamagnetic signal occurs. This time is shown on Figure 4 as a function
of initial reverse bias field for cases where the mirror coils are not

NATURAL
RECONNECTION

-20 0 20
AXIAL POSITION (cm)
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energized. Internal field probes show that the peak axial implosion
occurs about 3 |Jsec after full reconnection at the ends. Natural
reconnection is seen to occur earlier as the internal flux is increased, in
agreement with simple MHD modeling of plasma driven out of the reconnection
region by 3 x f forces. The effects of barrier fields on reducing internal
tearing tendencies is most likely due to a broader current sheet profile,
but residual azimuthal field components could also be a factor.

Figure 4. Natural Reconnection
Time Dependence on
Internal Flux

o 10

NO BARRIER FIELDSV

p 0 = 15 mTo"

•AXiAu CONTHACTION DUE TO INTERNAL

TEARING AWAY FROW COIL ENDS

3. Equilibrium and Lifetime

Once the dynamic phases of
radial and axial compression are
complete, the resultant toroid will
seek an equilibrium governed by
radial and axial force balance, and
flux conservation. For elongated
field reversed configurations (FRC)
the plasma shape will be determined
by the ratio of internal to external "
flux, and the total plasma energy.
This shape is only weakly dependent on exact profiles; the separatrix radius
rs, and length, £s, scale approximately as

\ /-BARRIER
\ FIELDS ON

1 2 3 4

REVERSE BIAS FIELD (kG:

r «=

rev
BV5) (2)

where N is the total number of ions, T is the average temperature, <J>rev is
the internal flux and B is the external field. Loss of internal flux then
results in a decreased radius and increased length. Loss of particles results
in decreasing length with no change in radius. In TRX-1, B does not change
greatly during the life of the FRC.

Figure 5 shows measured diamagnetic signal profiles during the decay
phase of a field reversed configuration. Figure 6 shows time dependent details
of the diamagnetic signal, external field, 2271 & CV radiation, and chordwise
integrated electron density at the center of the theta pinch. The separatrix
radius rs ~ E^/TTB is also plotted, and can be compared with the effective
coil radius or 12.5 cm. Before -a rotating m=2 instability destroys the con-
figuration at 45 Psec, the most noticeable decay is in diamagnetic signal, rather
than FRC length. This implies that internal flux loss is at least as important
a loss mechanism as particle lo=s. Based on the data in Figures 5 and 6,
plus Equations (1) and (2) assuming constant temperature, the flux loss time is

r 1
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50 Psec and particle loss time is 55 )isec. The implications of this with
to the radial extent of anomalous resistivity is discussed in paper B19.

Figure 5. Equilibrium Measurements

Figure 6. Central Flux, Density
and Radiation Measurements
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ONSET TIME OF n=2 ROTATIONAL INSTABILITY OF FRC PLASMA

Y.Nogi, S.Shimamura, Y.Osanai, K.Saito, K.Yokoyama, S.Shiina, S.Hamada and
H.Yoshimura
College of Science and Technology, Nihon University, Tokyo

* **
Y.Aso, Ch.Wu, S.Himeno and K.Hirano
Institute of Plasma Physics, Nagoya University, Nagoya

T.Minato, M.Tanjyo, S.Okada, Y.Ito, S.Ohi, S.Goto, T.Ishimura and H.Ito
Plasma Physics Laboratory, Osaka University, Osaka

§ 1 Introduction

Confinement time of a field reversed configuration (FRC) plasma produced
by a theta pinch has been prolonged till nearly 100 psec.^ At the end of the
confinement phase almost FRC plasmas excite a n=2 rotational instability and
touch a vacuum tube wall. Although Freidberg and Pearlstein determined the
stability threshold for fi/fi^ ( ft is the angular frequency of the rotation and
fift is the ion diamagnetic frequency ) 2 , the cause of the rotation is understood
poorly. '•" There are two most promising mechanisms of the rotation in recent
time. One is that the carrying away of angular momentum from the plasma due
to ion diffusion across the separatrix causes the remaining plasma to rotate
in the proper direction.3 Computer simulations of a one-dimensional transport
model of Hamasaki, where the quasi-linear diffusion coefficient for the lower
hybrid drift instability is used, have indicated a scaling law concerning to
the particle loss.** The half-life time for particle containment in a fixed
coil radius has such a scale as

T S(N/2) - i

where R is the major radius and p. is the ion gyroradius at the separatrix.
Past experimental works of FRX-A and B at Los Alamos National Laboratory ap-
peared to be consistent with his scaling law.5 On the other hand, Steinhauei:
proposed another mechanism, that is^end shorting effect on open field lines.(>

The plasma is spun up by viscous force associated with the rotation of the
open field lines plasmas which are driven by end shorting currents. He derive'.d
a scaling law of the stable time which depends sensitively on aspect ratio.
For low aspect ratio regime in which almost present experiments are included,
the stable time is

xo(end) - L N T . / B V
s 1 e p

where L is the distance between the end walls, N is the ion line density, B
is the external field and ¥ is the poloidal flux. Some experiments showed
good tendency to the parameters in the scaling law. Azitnuthal magnetic field
inferred from this axial shorting current has been observed by Thomas and
Ekdahl.7"^ These experiments, however, are standard theta pincheS-Wbich..have
no reversed bias field.

Many experimental data will be needed to clear the mechanism of the rota-
tion. Present paper shows recent results of FRC plasma experiments at three

* On leave from the Institute of Physics, Academia Sinica, Peking, China
** On leave from Energy Conversion Research- institute, Hokkaido University
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laboratories in Japan; Nihon University, Nagoya University and Osaka University.
After discussions of our data with their scaling laws, we propose a new one,
which is suitable to account for the stable times cf many FRC plasmas.

§ 2 Experimental Apparatus

The machine parameters are shown in Table 1. We describe briefly the
remarkable points of each machine. In NUCTE (Nihon University), FRC is pro-
duced by a standard 6-pinch method except the preheating, which is used z-cur-
rent ringing in the bias field.9 In STP-L (Nagoya University), the preionized
plasma is injected by two small coaxial guns and the preheating is done by
standard 0-discharge. The machine has quasi-static guide field (GF) of 2.7 m
long at both ends of the main coil.10 In PIACE (Osaka University), two theta
pinch guns which are located close to both ends of a main coil are used to gen-
erate counter streaming plasmas in the guide field.11 The fully ionized plasma
is compressed by the main coil in the reversed bias mode. Ion temperature of
the produced plasma is very high (~1 keV).

Table 1

Nihon Univ.

Nagoya Univ.

Osaka Univ.

NUCTE-I

NUCTE-II

STP-L

PIACE-1

PIACE-II

Coil
L

( m )

2

1.5

1

R
(cm)

8

6

5

7.5

Tube
R

(cm)
5.7

6.9

5.1

4

6

Main

Bmax
(kG)

to

10

20

14

Field
T

(}JS)

40

27

45

75

Bias
Field
(kG)

-0.7

-0.5

-3.2

-2.0

§ 3 Measurement Methods

The ion temperature of the plasma T. is inferred from the Doppler broad-
ening of the CV 2271 1 line. The electron temperature T is measured by
Thomson scattering of a ruby laser. The average electron density n is obtain-
ed by /nedr/2rs, where rg is a separatrix radius in the axial midplane. The

d le s g

rs and the plasma length
An image converter camera
plasma.

are obtained from the excluded flux loop signals,
is used to observe the macroscopic behavior of the

§ 4 Experimental Data and Discussions

All experimental data are listed in Table 2. The blanks in the Table
mean that the values are not gotten at present.

Since the Hamasaki's scaling law is given in a fixed coil radius, it is-
not correct to compare with the different size machine data together. So only
NUCTE is suitable to discuss the correlation with it. Although the R2/pi law
has been confirmed by varing the bank energy and the filling pressure of the
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deuterium gas at LANL, we are trying to investigate it by means of different
approaches, which are to know mass and R2 dependences. For this purpose deu-
terium and hydrogen gases are prepared in NUCTE I, and the discharge tube in
NUCTE I is replaced by a 20% larger bore tube in NUCTE II. The experimental
results show T(D2)/T(H^)=~1.4 as shown in Table 2. However, the ratio of R2/pi
calculated from T-̂ , R(~rs//2) and B is T(D^)/T(H2)=~0.6. The difference sug-
gests that mass dependence is included in the proportional coefficient of the
scaling law. The R effect is now under investigation.

NUCTE-I
••

NUCTE -11

STP-L(without GF)

( with GF )

PIACE-I

PlACE-IKHi^i Comp.)

( Low Comp.)

Gas

H2

D,

D2

o2

D2

D,

Ti
(keV)

0.08

0.13

0.35

0.45

1.0

0.8

0.4

Te
( e V )

110

••

100

uo

200-250

(1015 cm3)

2.5

2.0-2.5

5

••

6

5.5

2.5

IP
(cm)

80-120
••

40-80
••

30-40

••

60

rs
( c m )

2.5

••

2.7-3.0

1.8

••

1.5

3.1

3.7

• diamag
(JJS)

40-45

50-60

60-70

20

30

15-25

30-35

45

' 'stable
( ) J S )

20-25

30-35

35-40

20

30

8-10
15-18

15-25

Table 2

The Steinhauer's scaling has many parameters. Some of them are easy to
measure experimentally and some are not. Especially, the poloidal flux in the
plasma is the most difficult to observe. It seems to be a future problem to
discuss the experimental data with this scaling law.

We have tried to create a new scaling law to be able to explain all our
data. So the parameters which contribute greately to T S is picked out. Since
the experimental values have broadenings due to experimental error, reproduc-
ibilty and temporal transition of the plasma in the stable time, their average
are used. For example, ne=2.3xl0

15crn"% Up=100 cm and rs=2.5 cm in NUCTE I(D2).
The fittest scaling law is

as shown in Fig.l. As Rc (coil radius) is seemed to be proportional to rs,
this relation can be transformed into x =C2NeL/Rc, where Ne is a total electron
number included in the separatrix and w R c is an aspect ratio of the main coil.
The remarkable points of this scaling law are that T S does not depend on the
temperature and the magnetic field strength. This scaling law suggests that
the slender machine is preferable to the FRC plasma, provided the volume of the
machine is constant. Mass dependence may be included in Cj. As there are few
experiments using hydrogen gas, we can not assert how function of m is suitable.

Next work is to mark other experimental data down in Fig.l. Eberhagen and
Grossmann's experiment agrees well with our scaling law, where Ts=20usec,
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rs=1.75 cm, ne=2xl0lbcnT , £p=35 cm (estimated value) and L=70 cm.12 However,
Es'kov's experiment is not on the extended line of our scaling law to 100 usec.1

As we don't know a set of the data in order to calculate Yfer"gTp on FRX-A and B,
their points are not plotted in the figure.

50

40

30
t stable

20

10

0

NUCTE II

NUCTE I

PI ACE [1 I Eberhagen and Grossmann
(LowComp)l if , S T P L

II
PIACE !I (HighComp)

I
PIACE I

0.2 0.4 0.6 0.8 1.0 1.2 1.4

(Arbitrary Unit )

HeTslpL

Fig. 1 Scaling of FRC Plasmas
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RECONNECTION STUDIES IN A LOW-COMPRESSION THETA PINCH

E. Sevillano, F.L. Ribe, and H. Meuth
Aerospace and Energetics Research Program

University of Washington
Seattle, Washington 98195

Introduction

Compact Toroids (CT) are produced in the High Beta Q Machine (HBQM) with
lifetimes that depend on the time the separatrix closes on axis. At low
filling pressures when this closure occurs during the first 5 usec of the
discharge, the excluded-flux radius is nearly constant for 30-40 ysec. At
higher pressures when reconnection occurs after approximately 10 usec the
excluded flux decays exponentially in 25-35 psec. In the latter case an open
field line configuration persists longer and end-loss is more important. The
discharge can operate reproducibly in either regime.

Experiment

The HBQM has been described elsewhere;* however, a few modifications have
been made. For the sequence of experiments reported here the 2-meter central
section of the 3-meter coil is used in order to achieve higher confining
fields. In this configuration the risetime of the main field is 400 ns when
plasma is present and the L/R decay time is -40 us. The preionization is a
ringing theta discharge with a frequency of 330 kHz. Bias fields Bf> from
-390 G to -510 G are used. The filling pressure is p» = 5 mTorr for early CT
formation and p 0 = 10 mTorr for later formation. A CAMAC based computerized
data acquisition system is also available. The discharge coil is very close to
the discharge tube and therefore passive mirrors cannot be used. Reconnection
without mirrors will be reported here.

The diagnostics include a single chord He-Ne (X = 6328A) quadrature
interferometer for density measures, axial arrays of internal and external mag-
netic field probes and a one-turn loop around the discharge tube measuring the
total flux <j>. The external probes are positioned at z = -70, -60, 0, 60,
70 cm, where z = 0 is the center of the theta pinch coil. They are used with
the $ loop to give the excluded flux radius r^

defined from BQTTr|. = /(B0-B(r))2nrdr,
o

where r^ is the loop radius and BQ the external field. It is easily shown that
if the pressure on open field lines is neglected, r.. measures the separatrix
radius rs. (Pressure on open field lines can be tatcen into account to estimate
the error in r^. ) The internal probes are enclosed in a 1 cm O.D. quartz
sheath that reaches 30 cm into the theta pinch coil. The 3 internal probes
used can be moved axially and the whole assembly can be positioned at various
radii.
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Results

Earlier experiments in bias flux trapping in the 3m machine with large
initial bias (-1.5 kG) have been reported. ' In those experiments only open
field line configurations were observed. The main field did not rise to
a sufficiently high value to force the separatrix close to the axis and produce
reconnection. This behavior was also predicted by two-dimensional MHD
codes. '°

In order to get unaided reconnection the bias level was reduced and the
main compression field increased by using a shorter coil. It was expected that
these changes would induce early reconnection; however, it was not observed.
Radial scans of the internal magnetic field showed a large fraction (40%) of
the flux being trapped even at the end of the coil. The preionization voltage
was subsequently lowered by a factor of 0.6 and reconnection was then observed.

Formation of a CT is indicated by several diagnostics. The internal mag-
netic field on axis near the end of the coil should change sign as the separa-
trix moves axially across the probe position. Figure 1 shows this field at 2
different axial positions, z = 70 cm and z = 100 cm (edge of coil) for p 0 = 5
and 10 mTorr. The feature at t = 0 is noise pickup by the probe when the main
discharge is triggered.

The main difference between the two pressures used is the time of separa-
trix closure on axis. In the case of 5 mTorr, the change of sign occurs early
in the discharge for tse z = 100 cm position. This is an indication of recon-
nection at the end of the coil. The later change of sign at z = 70 cm
indicates an axially contracting CT; this observation has been confirmed by
measurements at z = 90 cm. For 10 mTorr at z = 100 cm separatrix closure on
axis occurs after approximately 10 psec and is later observed at the 70 cm
position. An open field line configuration persists for about twice as long as
in the 5 mTorr discharges; this delay changes the characteristics of the exclu-
ded flux as will be discussed below.

Figure 2 shows the excluded flux radius r., at z = 0 and 60 cm for the two
filling pressures used. The 10 mTorr signal snows an exponential decay,
similar to that of an ordinary theta pinch. The radius rA, is essentially the
same at the two axial positions. In the 5 mTorr case at z = 0, rA, remains
nearly constant for approximately 38 psec, dropping rapidly after this time.
It is not yet known what causes this sudden decrease. A possible cause is the
m = 2 rotational instability observed in other experiments. At z = 60 cm r.,
decreases rapidly after -5 usec. This observation is also consistent with
axial contraction. Some axial asymmetry in the excluded flux radius has been
observed but only two discharges show an FRC leaving the coil axially. The
axial contraction is not very strong in our case as evidenced by the lack of a
large increase in rA, at the center. Having less drastic axial motion might
explain why the FRC nas little tendency to escape axially.

Figure 3 shows internal magnetic field profiles as functions of radius
taken at z = 70 cm. Four different times are displayed for each pressure, the
magnetic axis position (radius of zero magnetic field) at 25.6 psec is differ-
ent for the two; radial motion is slower for the 10 mTorr fill. At 5 psec only
a small percentage (6%) of the initial flux is left for the 5 mTorr case;
presumably most of it has been swept toward the central plane by the axial
contraction. For 10 mTorr 50% of the initial flux is still present at this
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time. No negative field is observed at any raaial position for 5 mTorr at
20 ysec whereas 10 mTorr still retains some.

When making the radial scans it was observed that as the probe was removed
to the outside (less in contact with the plasma) the excluded flux signal
lasted for longer times, up to 50 psec. It appears that the probe is affectigg
the lifetime of the configuration. This has been observed by other groups.'»°
Axial density measures also show signals of axial contraction but so far have
not given indications of rotation. More analysis of these data is required.

Conclusions

Field reversed configurations with open or closed field lines are created
reliably depending on the filling pressure, bias field, and preionization.

Compact tcroids with lifetimes of 30-40 psec are observed. It is not
known yet whether the m = 2 instability is responsible for their termination.
The internal magnetic-field probe affects the lifetime of the compact toroids
and their time of formation. However, excluded-flux data without the probe are
similar to those with it.
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Analytic Model of the Radiation-Dominated Decay of a Compact Toroid*

Steven P. Auerbach
Lawrence Livermore National Laboratory, University of California

Livermore, California 94550

The coaxial-gun, compact-torus experiments at LLNL and LASNL are believed
to be radiation-dominated,'»' in the sense that most or all of the input
energy is lost by impurity radiation. This paper presents a simple analytic
model of the radiation-dominated decay of a compact torus, and demonstrates
that several striking features of the experiment (finite lifetime, linear
current decay, insensitivity of the lifetime to density or stored magnetic
energy) may also be explained by the hypothesis that impurity radiation
dominates the energy loss. The model incorporates the essential features of
the more elaborate 1 1/2-D simulations of Shumaker et al.,3 yet is simple
enough tc be solved exactly. Based on the analytic results, a simple criterion
is given for the maximum tolerable impurity density.

The model assumes that power flow in the compact torus decay is dominated
by the following processes: magnetic energy is transferred to the electrons
by ohmic heating; the electrons then lose their energy by radiation. Other
loss channels, such as electron-ion equilibration, electron cross-field heat
conduction and ion cross-field heat conduction are assumed to be negligible.
Given the observed temperatures and densities, neglecting these other loss
channels is readily shown to be justified. The power flow, equations are then

B

dt~ = ~ PQH

'OH rRAD u '

where Wg is the magnetic energy, Wj e the electron thermal energy, PQH the
ohmic heating power, and P ^ Q is the radiated power. Model expressions for wB,
PQH and P R A 0 will be discussed next.

The plasma is in MHD equilibrium inside the flux conserver. The
equilibrium will be modeled by the spherical force-free Spheromak equilibrium
of Morikawa,4 and Rosenbluth and Bussac.^ Essentially identical results
would be obtained if the force-free cylindrical equilibria of Bondeson et al.6
were i.sed. For tne Spheromak equilibrium, the magnetic energy is W3 = bl-R
where b = constant, I = total toroidal current, R = separatrix radius. For
this equilibrium, the current is parallel to the magnetic field. Thus, using
the Spitzer parallel resistivity,

P0H a Y \ i j2d3)C = \ f^*3* <3>
*Work performed under the auspices of the U.S. DOE by the Lawrence Livermore
National Laboratory under contract number W-7405-ENG-48.
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where nu is an average parallel resistance. For the Spheromak equilibrium, .̂
is then P Q H = aI

2/(RT3/") where a = constant, T = electron temperature. If I is
measured in amperes, R in cm, T in eV, then the constants are a = .6, b = 1.8 x
10-9.

The radiated power will be modeled by a power law fit to the coronal
equilibrium radiation calculations of D. E. Post et al. Thus, the radiated
power is taken to be PRAD = cnpniVTk where c and k are constants, ne and nj
are the electron and impurity densities, respectively, and V is the plasma
volume. As an example, for oxygen radiation in the range 5 < T < 20 eV, a
decent fit to the coronal equilibrium calculations is c = 4.2" x T0~2°, k = 1.92
(if PRAD is measured in watts, V in cnr, and T in eV). For carbon, the
appropriate values are c = 7 x 10~28, k = 2.55 for 3 < T < 10 eV. Similar
parameterizations are also reasonable above the radiaTion~barriers. For
example, for oxygen in the temperature range 30 5 T <_ 100 eV, c = 4.5 x 10~^ ,
k = -3.8 provides a reasonable fit. However, for these higher temperatures
the neijiect of cross-field ion heat transport may not be correct, so these
temperature ranges will not be discussed further.

To derive soluble equations, three further assumptions will be made: (1)
the separatrix radius R is constant. This is indeec approximately true for the
decay of plasma in a flux conserver, for which R~flux conserver radius, (2)
n e, nj are constant during the discharge. This is certainly true classically,
since the particle loss rate is of order & times the field decay rate (3 =
8ITP/B2), and (3) PQ^ = PRAD- This is reasonable because, in a low beta plasma,
the electron heat capacity is so small that the electron energy sources and
sinks must very closely balance. All of these assumptions agree well with the
results of numerical simulations.

As a result of these assumptions, Eqs. (1) and (2) become, respectively
.T2 T2

KB ™1 - " ™ * '•*
UK TC— ~ TTT [HJ

Equation (5), the electron power balance equation, determines the electron
temperature:

(6)

where a = 3/(3 + 2 k). Combining Eqs. (4) and (6) and solving the resulting
equation, the result is

I(t) - 1(0) p -j-j (7)
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where the "extinction time" t£ is

E Y (8)

Y = ̂ (~V~)
The magnetic field components will also obey an equation like Eq. (7) because,
for fixed k, the fields are proportional to the current I. Equations (7) and
(8) have the following consequences:

A.) Finite lifetime—Obviously, the currents and fields are extin-
guished in a finite time t£.

B.) Lifetime scaling—Since Wg = bI2R, the extinction time scales as

(R) 2~ 5 a

(9)

For oxygen, a = .44, and so t^ is only weakly sensitive to
the magnetic energy, the impurity level or the radius (2 - 5 a
= -.19).

C.) Essentially linear current decay--For oxygen, l/2a = 1.14, so

K t ) = I(0)(l - ~ - ) U U

which is almost indistinguishable from linear decay.

These results are in good qualitative agreement with the experiments
which indeed exhibit finite lifetimes, apparently linear current decay, and
insensitivity to WR. The impurity levels in the experiment are not known; thus
detailed comparisons with the theory are difficult.

The analytic results are in good quantitative agreement with a I 1/2-D
simulation performed by Shumaker et al.^ The parameters of this simulation
are R ~ 38 cm, the average electron density was ~ .6 x 10 ^ cm" , the oxygen
impurity density was nj = 10 ^ cm"^, and the poloidal field at the geometric
center of the plasma (r = z = 0) was Bc = 3.1 kG. For the spheromak
equilibrium, B c = 1.398 IR (if B c is measured in Gauss, I in amperes). Using
this relation Eqs. (12) and (14) become, for oxygen impurity radiation

T = .70 C—^ ?) eV (10)
4 2 8 ^ /

(Bc measured in Gauss)

^ n sec. (11)
(4.28 x 10 n enj)'

4 4
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For the parameters of the simulation, this gives T = 6.9 eV, tc = 180 usec.
The simulation finds T = 6.1 eV at the 0 point, after the electron temperature
equilibrates, i.e., after T adjusts so that P^Q = PQH- The analytical and
simulation results for T are in reasonable agreement. In the simulation, the
current does decay roughly linearly, but it does not decay to zero at 180 usec.
This is probably because the power law fit overestimates PR/\Q at these low
temperatures ( T ~ 3.5 eV at 180 usec). However, the current decay time at
t = 20 ysec, when the electrons are first equilibrated is

, ( 200 usec, simulation

j ( 2at£ = 160 usec, theory

The overall agreement between theory and simulation appears to be good.

The results of this analysis demonstrate that several features of the
coaxial-gun CT experiments at LLNL and LASNL, viz., finite lifetime, linear
decay, and insensitivity to magnetic stored energy and to density, may be
simply explained by impurity radiation. This andlys>s thus gives support to
the hope that the performance of these devices will improve if the impurity
level is decreased sufficiently, with this in mind, it is useful to derive a
criterion for the tolerable impurity density. Clearly, the plasma will burn
through the peak of the oxygen radiation curve a t ~ 20 eV if the equilibrated
electron temperature is greater than 20 eV, i.e., Tf the temperature derived
from Eq. (10) exceeds 20 eV. This requires

B 2

(where Bhere B c is the field at the geometric center r = z = 0, measured in Gauss,
is the separdLrix radius in uii, and n is measured in cm"-}. As an example

for rip = 2 x 10'4 cm"3, Bc = 5 kG, R = 40 cm, which is typical of the low
density higher current Beta-II experiments, burn through requires nj < 2 x
10^2 ^ i.e., less than 1% oxygen is required. Burning through the carbon

l ^ *

R
for

g q g g
peak at ~ 10 eV requires n en c a rb O n < 3.6 x lO^BVR*-. Caramana and
Perkins have derived a similar criterion.^
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A Theory of the Relaxation of Finite Beta Toroidal Plasmas*

John Brandenburg
Lawrence Livermore National Laboratory
University of California, P.O. Box 5511

Livermore, CA 94550

In a previous paper (Brandenburg') and elsewhere om these
proceedings a model of the relaxation of a toroidal plasma without
toroidal field is proposed wherein the plasma relaxes in the presence of
plasma on open field lines. This model is called the "Sonic Bath" model.

In this paper a summary of the generalization of the Sonic Bath Model
to include toroidal fields is presented. The principal results being
that the closed field line magnetic field relaxes with the constraint of
two flux invariants, A,B and the i|r invariant seen in the absence of
toroidal field. As in previous studies a near perfectly conducting,
adiabatic plasma relaxes in a rigid, perfectly conducting chamber. The
plasma, containing both poloidal and toroidal magnetic fields relaxes
from an unstable intermediate equilibrium through saturated shear-Alfven
turbulence that couples to compressional magnetic-sonic waves. The
compressional waves leave the closed field lines and deposit their energy
in a bath of plasma that is assumed to exist for a few sound transit
times on the open field lines. Alternatively, the bath of plasma could
be in the limiter "scrape off region" of a Reversed Field Pinch (RFP).

Small energy changes and flux losses and weak turbulence are assumed
for this model.

Assuming a saturation scaling similar to that given by Drake et
cil. will hold and that the plasma Beta, 3, will be insensitive to
energy, and using a simple model for the coupling of the shear-Alfven
turbulence to magneto-sonic waves, we obtain an approximately fractional
energy loss during the relaxation. That is, the energy of the magnetic
field of the intermediate state is relaxed to the final state magnetic
energy by a coefficient that is itself independent of energy. This is
the simplest energy scaling and also one that fits results of experiments.

Wf = eW, , |f = 0 (1.1)

where w^ and Wf are the magnetic energies of the intermediate and
final equilibrium.

Assuming near perfect conductivity, non-compressional turbulence, and
the axisymmetry of the intermediate state, plus the assmption of
TaylorJ that resistivity will destroy all but one global MHD invariant
of each type, we obtain the Lagrange multiplier minimization problem for
the magnetic energy:

* Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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6W + X <5I + u 6K = 0 (1.2)

with the invariants:

I = f/ dt (1.3)

which we will call the "Laminativity", because it leads to a flux surface
that is "Laminar" in analogy to hydrodynamics. This invariant was first
suggested by Leaf Turner4 for turbulence in near-perfectly conducting,
incompressible fluids.

We also have the invariant used by Taylor:

K = / A • B dx3 (1.4)

Whereas Taylor's invariant can be understood as being the topological
property of "Flux Linking" of the magnetic field, the Laminativity may be
understood as another topological property of the magnetic field that
must be conserved as it relaxes (with presen <tion of volume). This
topological property is the ordered nesting of the flux surfaces to which
magnetic field lines are bound at finite Beta. (See figures.) Since it
is only in the presence of finite pressure gradients that each flux
surface can be labeled and oriented, it is natural that this invariant
leads to finite Bet? equilibria.

By using the condition that dip vanish on a conducting wall, we
obtain the equation for the relaxed field. We can integrate this
equation by parts and with a vanishing surface term on the separatrix and
obtain:

Wf = k I + u K (1.5)

as the magnetic energy on closed field lines in the relaxed state.
Therefore, the relaxation takes the closed field line system to final
state where che energy in the relaxed magnetic field is just a linear
combination of the two invariants.

Assuming only small energy changes of both invariants can be verified
by considering the relaxation as a linear transformation between two
states in two independent variables, a and c,. Since energy total is
conserved by the process the variables are independent of energy H.

|f = 0, | = 0 (1.6)

where we also must have:
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because I and K are the invariants of the process. We can always write:

Wi = XQ I + M Q K (1.8)

and then:

Wf = (AQ + 6a)I + (uQ + 6;)K . (1.9)

Using our fractional energy loss for this process we then find:

32Wf 32Wi

JldH = E IT9H * 0-10)

However, we also have:

32W, 32W. 3Xn

3T3H ~ "3T3H ~W U - I U

so that the quantities must be zero. From which it can be shown that
both I and K must scale quadratically with the flux as do W-j and Wf.

We then have for the relaxed magnetic field equation:

V • ^ = -2X4, - 2»f (1.12)

This is just the Grad-Shafronov equation for P = at2 and rBQ = Bip.

The solution to Grad-Shafronov equation for our relaxed magnetic
field has been worked out generally (Weitzner^) and consists of Coulomb
wave functions. In most compact torus experiments Beta is very low so
that w can find a pressure-density profile (assuming uniform temperature)
as a perturbation on a Taylor state:

P = a [r J^r)] 2 (1.13)

This results in a characteristically peaked density profile for the
compact torus.

To simplify stability analysis and also to apply the theory to the
large aspect ratio RFP we go to the limit of a cylindrical
stabilized-pinch.

In this limit of infinite aspect ratio the Laminativity becomes:
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I = fs\\ dx3 . (1.14)

The Sonic Bath Model then yields the field equations:

J = X A + u B , (1.15)

JQ = y B9 .

This set of equations was first derived by Montgomery and Turner6.
Using a two-dimensional model of turbulent cascades in incompressible,
near perfectly conducting fluids they were able to show that A • B and
A| would be preferentially conserved. These equations lead to a
modified Bessel function model with finite Beta, field reversing
equilibria. However, field reversal now occurs at a pinch parameter 0
that is enhanced over the Taylor value:

6 = 1.2 /TTJ^ (1.17)

where tig is the central Beta of the pinch. Using the Suydam
criterion for stability it is found that the core will be unstable
because of insufficient shear. Thus, one is led to a compound
equilibrium with what is "Laminar" in the outer regions but has a
force-free, non-laminar core that may be turbulent. Such models as a
Suydam turbulent core have been porposed elsewhere on the basis of
transpoi i "onsiderations^. The central Beta of this compound model is
limited by flattening of the pressure profile to approximately .05,

I would like to thank Steve Auerbach, Leaf Turner, and George
Goldenbaum for their suggestions and discussions. I would also like to
thank Richard F. Post for his encouragement of this research.
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Compressible MHD Fluctuations

Eliezer Hameiri
Courant I n s t i t u t e of Mathematical Sciences
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Harvey A. Rose
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Introduction

The typical compact torus plasma, being confined by toroidal and
poloidal magnetic fields of comparable magnitude and without the strong and
externally maintained toroidal field of the tokamak configuration, is
expected to exhibit large fluctuations in the equilibrium state quantities.
Such fluctuations in fact are the underlying mechanism for self reversal of
the magnetic field in the toroidal pinch, the phenomenon which gave rise to
the concept of the compact torus itself. Fluctuations could be a source for
enhanced transport and, indeed, have proven to be of enormous consequence in
the case of two dimensional gas dynamics because of the long time tails of
correlation functions (decaying as 1/t"'^) which are inconsistent with a
hydrodynamic description of transport.

In this paper we study a model of fluctuating magnetohydrodynamic plasma
near thermal equilibrium. Such a model exists in the literature^ ano is
based on adding small "noise" terms into the usual equations whi ;h are then
linearized. In contrast, our approach does not involve extra terms and is
fully non-linear. The two models agree in the limit of small fluctuations.
Students of K-aichman's absolute equilibrium approach to turbulent
relaxation will recognize our model as following a similar line but, even in
that context, the treatment of compressible plasmas is new and unexpected.

The Model

We treat a plasma described by the ideal MHD equations and, for
simplicity, occupying a 3-diraensional cube of length 2TT with periodic
boundary conditions. In order to facilitate a statistical treatment, it is
necessary to dtscretize the equations and replace them by a large, but
finite, number of particle-like equations. Because of the truncation
involved, not all representations of plasma variables are equivalent. We use
variables common in shock theory, thus guaranteeing conservation of mass,
momentum, energy and magnetic fluxes even under truncation. The equations
are

p + div m - 0, B,. + curl (B x m/p) = 0
t ~

mc + div (mm/p - BB) + grad (p + B
2/2) = 0 (1)

t + div p'-^mCe + p + B2/2) - m«BB] =0

where m ib the momentum, replacing pv, and e is the total energy density. We
use the equation of state for polytropic gases



p = (-Y-lHe - I B2 - Im2/p) (2)

with y the adiabatic constant. Eq. (2) replaces the usual equation of state
p = (Y-l)apYexp(cs) , with some constants c,a and with s the specific
entropy. The most common way of discretizing system (1) is by expanding
every variable in Fourier series and truncating the high wave numbers.
Athough we will not pursue this approach here, we show how the use of the
conservation law variables implies the existence of a Liouville theorem for
this truncated system. This easy proof should replace other proofs for other
models, usually given on a case by case basis. Every conservation law
equation is of the form dv/dt + div f(v,w) = 0, where w indicates all
variables other than v . It reduces to

~ + iK.f!S(v,w) = 0 , where v(x,t) = Z vE(t) e^'S . (3)
dt ~ ~ <

Evaluate 3fk/3v , with k being, say, the x component of K. This derivative
equals

-Lfk(v+Aeikx,w)l = (27T)-1 ± JVikxf(v+Aeikx,w)dx|
dX fX=0 dA o |X=0

which equals (3f/3v)°. We have
o •L* 3 f. o

and when the sum is extended over K and - K , the last term in (4) cancels
and the flow in the phase space of~Fourier coefficients is incompressible.

Difference Equations

We replace system (1) by its finite-difference approximation over an
equally spaced grid of length A = 2ir/N, with N some odd integer, N = 2K+1.
The variables are now the 8N^ ,:ime-dependent grid values of the original
plasma variables, for which we have a system of ordinary differential
equations in time. This approach corresponds to the numerical "method of
•'•'.nes"̂ . To approximate a spatial derlvatine, we use any centered difference

roximation. Thus, if D is the approximation to d/dx, we have

= |=_L
 a*fJ+* • a* = ~ a-* ( 5 )

where j denotes any componetit of the lattice point j. A frequently used
numerical approximation has 1, a^ = - a_j = 1/(2A). Each equation has the
form

Jt Vi +
slx

 {»sf~sh = 0 . (6)
Since all points on the lattice were treated equally, it is clear that the
approximation for an integral is / v(x)dx - (27r/N)3 £v. , and the
conservation form (6) guarantees that (d7dt) Z Vj = 0 For all 8 quantities.
Also, since the second term of (6) does not invorve values at the site ^, we
have the Liouville theorem

t 3V./3V, = 0 . (7)
1 •* J

An additional constant of the motion of the discrete system corresponds
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to the magnetic helicity and can be defined most easily by introducing the
useful lautice-Fourier representation for lattice-valued functions. We
define v!S such that for all j

v. = Ev!£ e.xp (iAK.j) , - K < K S < K , s = 1,2,3 . (8)

Notice that the lattice functions exp (iAie>̂ ) are the periodic eigenfunctions
of the numerical gradient operator, with eigenvalues

L , x

X| = 2i E at sin (AKSZ). (9)

We now expand the magnetic field B. in Fourier series and define

AS = X2 x B£/|X!S|2 (K * 0) , A0 = 0 . (10)

It can be shown that the helicity 2A!5»B~~ corresponding to £A-»B- is a
constant of the motion. Employing the previous results we use trce Gibbs
distribution functions to describe plasma fluctuations (assuming zero total
momentum and magnetic fluxes)

P(£,p,m,B) = Z"1 exp - {—) I (aei + gp i + SA^B,) (11)
~ ~ N i J A ~A ~A

where Z is a normalizing factor and a,8,6 are constants to be found by
imposing known expected values for total mass, energy and helicity. In
physical plasma flows p > 0 and S > o = const., where p = (y-l)Sp^. We
impose these restrictions on the domain ̂ f voliality of (11), and for
convenience substitute E = — B 2 + —m2/p J- Sp^ , thus obtaining

2 "* 2~
P(S,p,m,B) = Z (Jj p^) exp - {—) X [<*(— B? +—m^ /p^ + S^p^) +

+ gp, + SA.'B.l, p, > 0, S. > a, \!£«B!S = 0. (12)
A ~A ~A A A ~ ~

The measure of integration is the product of dSdpdmdB for each grid point j.

Magnetic Fluctuations

The magnetic part of (12) decouples from all other variables and, in
terms of the Fourier coefficients, can be written as

o
P(B) = 2T1 exp - (2it)3 £ (ia|B£| + 6AS-B"£). (13)

This is the same expression as in~incompressible plasma and differs from
familiar results'* in that X~ replaces itc in the definition of A£. We get

1 * 2 1 . 26 s 2
<i |BiS I > = : , where D(<) = 1 - (. • ) . (14)
2 " (2it)3a D(K) ~ o|X!S|

Note that normalizability of the distribution function requires a > 0,
D(ic) > 0. The last condition implies that 16|/a should be small enough to
accommodate the longest wave length (smallest |K|) for which |X?.| + 0 as N->-<».
Indeed, X~ ~ IK for |K|/K « 1, which can be obtained from (9) after
observing that the operator D commonly gives the exact derivative for the
function f = x, i.e., (Df). = 1 for f̂  = jA. It is interesting to note that
we can obtain exactly the familiar result by defining the operator D such
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that X~ = IK . A change of representation from Fourier coefficients to
lattice functions will yield the a^ in (5), with L=K.

While for long wave lengths, predictions by the finite-difference and
Fourier methods agree, they can be very different for short wave lengths.
Indeed, the sinusoidal behaviour of A~ implies that it peaks at some finite
|K| and becomes small again near K. This discrepancy may be due to the fact
that a wave requires at least 4 grid points for a reasonable approximation,
so only prediction for |K| < K/2 can be trusted.

Fluid-Dynamical Fluctuation

Integrating out m and S in (12), we get

P(p) = Z"1 p 3/ 2 exp - (a'apY + S'p) , 0 <i p < ~ (15)

at each grid point, and fluctuation at different grid points are
uncorrelated. a' = (2ir/N)3a, B' = (2TT/N)3P. The limit of small fluctuations
can be found by taking a' + °°, 3' -»• - °°, such that a'/3' is constant. In
this case the distribution function (15) is concentrated at p = p Q, where

g 1/(Y1)
Po = f—-) • (16)

In t h i s l imit one can use Laplace 's asymptotic method to evaluate moments of
(15) . We find

<(5p)2> 5 <(p - <p» 2> = y{y-l)apl/a' + 0(l/a'2) . (17)

To leading order in oc',(Y-l)op^ is the expected value of the pressure, and,
recalling that the speed of sound c is given by c2 = YP/P > we have to leading
order <(6p)2> •= (N/2TT)3 <pc2>/a. This result is identical to Landau's result
in the linear approximation*

<6p(xj) 6p(x2)> = pc
2T5(x2 - xj) (18)

a f t e r we ident i fy a with the inverse temperature T. Thus, oxe may view our
treatment as the non-l inear extension to Landau's method.
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CURRENT DRIVE, HEATING AND FUELING BY COMPACT TORUS INJECTION*

James H. Hammer and Charles W. Hartman
Lawrence Livermore National Laboratory, University of California

Livermore, California 94550

We consider here ».ne possibility of injecting small compact-torus (CT)
plasma rings into magnetic fusion devices. This discussion concentrates on a
proposed new method for efficient current drive in Tokamaks and other toroidal
devices in which the magnetic flux in the CT acts to excite the current. In
addition to this aspect, CTs may be selectively loaded with matter or energetic
particles, or may be accelerated to high kinetic energy' (0.1 - 1 MeV/ion) to
provide fuel or auxiliary heating for low-density fusion devices including
tandem mirrors. The potential exists for high-Q (~]Q0) Tokamak operation as
well as penetration to distances well beyond those available by neutral beams
or fuel particles.

We examine current drive by noting that the plasma current in a Tokamak
provides a twist, or net helicity to the magnetic^f^eld lines. Current drive
mechanisms resupply the magnetic helicity, K = J A-B dV, which would decay on
the L/R time scale (L = inductance, R = plasma resistance) in the absence of a
drive.

For simplicity we assume that the plasma is surrounded by a conducting
shell which preserves toroidal flux. In this case K is an approximate, aa-
ditive constant of the motion for times short compared to the L/R time, i.e.,
K is preserved even in the presence of MHD or tearing-type activity. If
another helicity-containing entity, i.e., a CT, is inserted inside the con-
ducting shell and merged with the Tokamak plasma on a rapid time scale, then
we nave tne possibility of a current drive-~helicity has been added.

From the point of view of J. B. Taylor's minimum energy theory,2 the
merging process is automatic: the plasma relaxes to the state of minimum
magnetic energy consistent with the conservation of K and toroidal flux. If
the Tokamak is axisymmetric before the CT is added, then it again approaches
axisymmetry but with a larger circulating current. A possible drawback of
this approach is that the relaxation may be sufficiently turbulent to cause
unacceptable energy losses. In the following we develop a detailed picture of
the merging without making any strong turbulence assumptions.

The first consideration is the availability of helicity containing CTs.
Coaxial plasma gun experiments at LLNL-' and elsewhere4'^ have successfully
produced CTs containing >50% of the helicity injected at the gun breech. The
final state of these toroids is close to that predicted by the Taylor theory.

Secondly, we must be able to move the CT from the region of formation
into the Tokamak, i.e., across the equilibrium magnetic field. To see how

*Work performed under the auspices of the U.S. DOE by the Lawrence Livermore
National Laboratory under contract number W-7405-ENG-48.
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this is possible, consider a CT in a conducting channel, e.g., a rectangular
wave guide, where the axis of the CT and the confining field are perpendicular
to the direction along the channel, x' (see Fig. 1). If the cross section and
the magnetic flux frozen into tha ̂ hannel are independent of x, then the CT is
neutrally stable to motion in the x direction (this is fairly obvious on the
grounds of translational invariance, but can be verified from the ideal MHD
energy principle). The CT may then be accelerated along the channel by es-
tablishing a field gradient. This technique allows us to transport tne CT
from the formation region into the Tokamak.

Tokamak

Formation
\ region

Vacuum
field

1. Injection of a CT across
the ambient magnetic field.

rig. c. t\ ui c u m lyurdu iun T o i i o w m y
a 180° tilt in an applied
field.

An experimentally confirmed feature of CTs is the tendency to tilt 180°
in an applied field^*^ (see Fig. 2 ) . Once tilting occurs, field line
reconnection rapidly annihilates the CT. During the propagation phase, tilt
stability must be insured by placing the conducting channel walls close enough
to the plasma ring to force an oblate shaped CT.& After arriving at the
Tokamak, however, tilting and annihilation work to our advantage. The
poloidal field of the ring reconnects with the predominantly toroidal field of
the Tokamak (see Fig. 2 again). The toroidal flux contained by the CT is
approximately poloiaal with respect to the Tokamak and is spilled out of the
ring by the reconnection process. If the CT has penetrated to the magnetic
axis, this represents a direct refluxing or EMF at the magnetic axis (tne most
crucial point for current drive). If the CT releases its flux at an outer
surface , the flux pulse must diffuse inward just as the EMF from a trans-
former must penetrate to the magnetic axis by current diffusion (for a large
enough flux pulse, a resistive kinfc mode may be driven tnat moves the added
flux to the magnetic axis more rapidly').
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Solution of the flux diffusion problem gives roughly the same answer as a
straightforward application of the Taylor theory: the poloidal flux is
increased by a fraction of the order of Krjng/KTokamak- Balancing the rate of
injection of CTs with the resistive decay rate of the Tokamak to achieve steady
state allows the calculation of the thermonuclear Q = Pfusion/^current drive*

Given an efficiency o F ring production, <?, and neglecting the kinetic
energy of the ring we can estimate the Q (assuming 15 keV temperature and no
bootstrap current):

B 2 e 4 B 2 R2 g Jc
Q = 7.5 X10~

1 0 — *-^ K - ^ 1 (!)

"3 Zeff

where rr-jng is the ring radiub, R is the major radius, Bn is the poloidal B»
e the inverse aspect ratio and q the safety factor. Taking some typical
reactor parameters: 0p = 2, e = 1/3, q = 2, Zeff = 1.3, R = 600 cm,
By = 5 x 104 G; and taking &- 0.5, JQ Uoi r0/rp) = °-5

so large rings are advantageous. Taking rr-jng/R = 0.1 gives a Q of 80.

As a final remark, note that CT reactors may have easier accessibility
than Tokamaks (injection along the symmetry axis is possible in principle)
allowing for larger rings and higher Q's.
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A NEW TYPE OF COLLECTIVE ACCELERATOR

Charles W. Hartman and James H. Hammer
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

ABSTRACT

We describe here a collective accelerator based on magnetically confined

plasma rings. Typical rings which have been produced and which have 10 kJ

magnetic energy and O.I to 10 coulombs of nuclei are predicted to be

accelerated magnetically to 10 MJ or higher in acceleration lengths of 100 m
12if the final power delivered to the ring is 10 W. Applications are

discussed of current drive in Tokamak fusion reactors, fueling and heating

magnetic fusion reactors, transuranic element synthesis, and, for focused

rings, a high energy density driver for inertia! confinement fusion.
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This paper describes a new type of collective accelerator and discusses

possible applications. The accelerator is based on plasma rings, confined

magnetically in a nearly force-free field configuration consisting of a

dipole-like poloidal field with an entrapped toroidal field. The rings, which

are considered to be accelerated magnetically, have very high magnetic moment
Q

per unit of mass ( 10 greater than superconducting pellets) and, on the

other hand, may have a coulomb or more of total ion charge—greatly in excess

of previous electrostatic, collective accelerators-

Considering rings which have been produced experimentally, we anticipate

acceleration over reasonable lengths up to kinetic energies in the 10 MJ range,

and for low ion mass rings up to 1 to 10 MeV kinetic energy per nucleon. Among

possible applications we discuss here are current drive, fueling, and heating

of a conventional Tokamak or other fusion reactor, transuranic element

synthesis, and, for focused rings, a high energy, high energy density drive

for inertia! confinement systems.

Magnetically confined p'iasma rings have been studied for some time as

possible controlled thermonuclear fusion devices. Ring formation was first

demonstrated at low energy by Alfven and co-workers in the 1950's. More
2 3recently, plasma gun experiments, ' shown in Fig. 1, have produced rings

1 g
having typically 10 kJ magnetic energy, 10 to 20 cm major radius, 10 to

20 2

10 total number of ions, and a 10 eV plasma having a 8 = p/(B /2uo) of order

0.01. Two important aspects for the considerations here are that the lifetime

of the rings is adequately lonq for acceleration, typically 100 ys or :;o, and

that the rings are highly resilient, undergoing large departures from symmetry

with only minor changes in lifetime.

In consequence of the resiliency of the rings we assume that an

accelerating force can be applied which is comparable to the force,'''

F • - U t'c^' n e c e s s a r y t0 maintain radial equilibrium. Letting
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F = KF = M . Z, and assuming the ring remains unchanged in size, field

strength, and number of particles during acceleration, quantities of interest

are,

"kinetic _ r KL _ (2G)1/2 _ . nl/2
U T ~ G = " A ~ ~ i S V ( 2G)

magnetic

r KL _ (2G) _ . n
G = R" ' Acceleration ~ ~ i S • Vring " ( 2 G ) o_

P . = F V . = (2G)x '1 (2 Uring ace ring magnetic

and

E - "magnetic v

nucleon Q

Here L is the accelerator length, Q = eM r i n /ITL, and

/U \ 1 / 2

o / magnetic ] 1

is the Alfven wave t rans i t frequency of the r ing . The basic dynamical

equations^ of course, describe the plasma as a magnetized f l u i d which, because

of charge neut ra l i ty , constrains the ions to move with the- highly magnetized

electron component of the plasma. Of various scaling laws which may be

formulated from the above, i f high u j . e t i C or l j i
n u c i e o n i's desired, a l imi t ing

quantity fo r a given accelerator length is the power which can be delivered to

the r ing . In terms of P r-jnq the scaling becomes,

U a Q l / 3 p2/3 L2/3 - Q 1 / ?
Uk W Kr ing L ' Tacc ^ T

p2/3 2/3

E « r1 'n9 »
nucleon 12/3
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and

*U . . Q P
magnetic ring

R L l /3

Setting P r i n q = 10 W, the above quantities vs accelerator length L are

shown in Fig. 2. The range of M • = (Q/e) ITL corresponds to rings which have

been produced recently with ̂ ons/% = 1 - 1 0 . However, further significant

variations in this parameter appear quite possible. Note also in Fig. 2 that

K U . . /R falls in the range of rings which have been produced providedmagnetic
K - 0.01 - 1. For all parameters shown, T „ < 100 ys—less than the observed

ace

lifetime.

Several embodiments of the ring accelerator are possible, we consider two

in this note. First, since the basic field structure of the ring is dipolar, a

traveling magnetic mirror field exerts a force F = - u VB t p r n ai in the

usual manner. Stability of the ring is important, particularly against a 180°

tilting of the ring. One method of stabilizing against tilt is to spin the

ring at near Alfven speed. A second method of acceleration is to extend the

coaxial gun electrodes and accelerate the ring by toroidal field injected by

capacitor banks fed through insulating breaks in the outer electrode (Fig. 3).

This configuration, a "super gun" or coaxial rail gun, appears in preliminary

estimates to avoid the tilt instability.

Having accelerated the ring to large Ukinetic
/Umagnetic' a P° t e n t i a l ly

useful aspect is that it can be focused to a small size by arranging to direct

radially inward a force on the order of F___. A simple possibility is to pass

the ring into an appropriately shaped conducting funnel. As viewed by the

ring, the funnel appears as a compressing liner where scaling laws and

numerical calculations indicate that the ring compression (even if tilted)

should be self-similar, i.e., radial focusing is accompanied by axial
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contraction. A detailed study of the focusing limits has not yet been made,

however rough estimates suggest radius/axial compression ratios of 10 to 100

may be possible. Roughly, the focal distance is L- c - (2&) ' R for an

inward force of 2F , where R is the initial ring radius and 6 » 1.

Next, we consider applications of accelerated rings, progressing from

low to high kinetic energy. The first application is in employing the ring

magnetic field as a "flux-pump"-like drive to maintain a Tokamak reactor

current in steady state. This application is discussed in another paper of

this Symposium ' ' along with the possibility of injecting fuel, such as

tritium, or injecting energetic ions. Rings formed with predominantly high

energy electrons (0.1 to 1 MeV) may provide a means of forming hot electron

mirror cells without high frequency ECR heating.

At high kinetic energy (10 MJ or so) and with focusing, it appears

possible to concentrate very high power density, short pulses of ion

bombardment for purposes of driving an inertial fusion pellet. Consider for
l ft

example a ring hewing RQ = 10 cm, N = 6 x 10 ions, u
m a a n e4-- c

 = 10 KJ

(B = 10 KG) accelerated to U, . . . =10 MJ. During compression in the

focusing funnel, U . . * 1/R (magnetic f lux *C = constant on the short time

scales) and, i f the conventional MHD s tab i l i t y l im i t B „ - 0.1 holds and is

l imited by enhanced electron thermal conduction rather than plasma loss,

focusing to R, = 0.2 cm increases U . . to 500 kJ « U. . . . (U ,
3 f magnetic kinetic plasma

is small) and increases B a 1/R to 25 MG. Since the compression is

se l f -s imi lar , the ring length is reduced to L - 0.? cm. The ring velocity
o

depends on the mass, however taking V . * 10 cm/s, the focused ring could
2

potentially deliver 10 MJ to a 0.1 cm target in 2 ns. The ion current density

at this level is 5 x 109 A/cm.2

If, instead of maximizing the total kinetic energy of the ring, high
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energy per nucleon is desired, a low mass ring is required. From Fig. 2 for

10 < L < 100 m and Q = O.I, proton kinetic energies in the range 1 to 10 MeV

are predicted. For purposes of creating transuranic nuclei, several percent

of mass 100 to 200 amu nuclei could be added which would be accelerated along

with the ring to the same kinetic energy per nucleon as the protons.

In summary, we have considered a new type of collective accelerator which

potentially can bridge the many orders of magnitude gap between conventional

particle accelerator;, and accelerated solid pellets. At high power input with

reasonable accelerator lengths, presently achievable plasma rings that are

accelerated and focused may provide access to particle fluxes and pulsed power

levels not here-to-for available under controlled laboratory conditions.

3864r/ls
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FIGURE CAPTIONS

Fig. 1. The Beta II plasma gun experiment shown schematically. The

initial field is established, D 2 gas if puffed in, and the gun is

fired. Plasma with embedded acceleration gun-field emerges from the

gun stretching the initial field into the flux conserver.

Reconnection of the field produces an isolated trapped ring.

Fig. 2. Ring kinetic energy Uk, energy per nucleon Ef. = U"k/Q, and ring

magnetic energy divided by radius KU /R VS accelerator length L

for several values of Q. Here the maximum power delivered to the

ring is held constant at Pri-nq = 10 W, and Q = eM . /m . The

quantities < and Pr--n_ are defined in the text.

Fig. 3. An extended gun accelerator. Here a ring is produced as described

in Fig. 1 and accelerated by B- field injected behind the ring

by successively firing accelerator banks 1, 2, etc.
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Hartman, Hammer - Fig. 2
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MHD Simulation and the Implication in Reactor

Concept of Merging Spheromaks

M. Katsurai and K. Katayama

Dept. of Electronic Engr. University of Tokyo
Bunkyo-ku, Tokyo 113, Japan.

T. Sato

Institute for Fusion Theory, Hiroshima University
Hirosh._,na 730, Japan

ABSTRACT Application of merging process to enlarge a spheromak plasma
in a reactor chamber is studied. The possibility of the poloidal flux
enhancement is investigated using MHD computor simulations.

1. Introduction
Successful production; of spheromak configuration have been experi-

mentally demonstrated by making use of a coaxial-gun or a toroidal flux-
core [1] . They have motivated us to carry out reactor studies with the
expectation that advantages in coufigurational simplicity of spheromak
plasmas enable us to come up with more practical reactor systems than
those based upon other conventional confinement schemes.

It should be noticed, however, that in the spheromak plasma the
major portion of magnetic field is produced by the plasma current and
the magnetic energy stored in plasma is as large in amount as the thermal •
energy of plasma devided by the average beta value <i3>. This energy
should be supplied into plasma at the initial start-up phase within a
time scale of the energy confinement time . Therefore, the technological
problems associated with the large power handling system of a spheromak
reactor seem to be the greatest concern contrasting with the huge super-
conducting magnet system of tokamak reactors. The reasonable design of
spheromak reactor should be provided with practical power suppling systems,
and in this connection, possibilities of applying merging effects of
spheromak plasmas are discussed following the previous studies[2,3].

2. Reactor configurations
Generally, the application of merging effect is conceivable not only

for spheromak plasmas but also for other sorts of toroidal plasmas so far
classified as compact toruses such as the reversed field mirror (RK4) and
the reversed field theta pinches. Examples of common reactor configura-
tion utilizing the merging effect of compact toruses are shown in Fig.l,
where G is a generator and D is a divertor. The fundamental operational
principle is shown in Fig.2 where multi-stage injectors with repetitive
operation are installed to feed sufficient numbers of compact toruses in
a reaction chamber. The utilization of such start-up scheme may allow us
to use generators cf a moderate size with a practical rating power.
Steady state operation is foreseeable by the use of repetitive injections
of compact toruses which supply the same amount of magnetic fluxes lost
from the main plasma by the resistive, diffusion 'J\.ring each cycle.

In the concept above mentioned, it is populated that the merging
could augment, both toroidal and poloidal fluxes. Otherwise, we could
not figure out such a simple scenario for the production of a reactor
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grade spheromak plasma without using alternative current driving methods such
as NBI and RF drivings. It is discussed in the following section whether the
flux enhancement is actually expected.

3. The MHD simulation and the flux conditions
Fig.3 shows the merging processes calculated by the 2-D MHD simulation

code[4], where two similar spheromak plasmas are initially produced separately
by the toroidal flux-cores, and then they are driven into the center region by
decreasing the vertical field there.

The flux conditions are obtained as follows. In Fig.4 which shows the
merging process, the plasmas along two closed contours in poloidal and toroidal
directions, Cpe and Cto, behave like short-circuiting conductors. Therefore,
the total amounts of.fluxes interlinking with these loops should be conserved.

These conditions are consistent with the results of the MHD simulation, and
particularly, the maintenance of initial poloidal flux is easily confirmed
in Fig.3. Eq.(2) discourages us from employing the merging effect to enlarge
the poloidal flux of spheromak plasmas.

4. The application of Taylor's theory
The conservation of the helicity(K) introduced by Taylor[5] is written as

Y r (3)

for a moving surface S on which B-Tl-0 and i- = 0 (fig.4(al). Various anoma-
lous effects may occur during merging process unless the merging is made
quasi-statically stable by the control of external magnetic field. Along with
the Taylor's theory for the force-free plasmas, relaxation of energy is much
faster than that of the helicity during anomalous transformation of plasma
configuration, and the total helicity inside the surface S is to be conserved.

Spheromak plasmas are not entirely surrounded, by a conducting wall, and
the plasmas along Cpe and C t 0 do not necessarily behave like perfect conductors
during anomalous phases of the merging , So that, Eqs.(l) and (2) are no longer
necessary conditions. It is hoped that some artificial geometrical constraints
for the plasma boundary can allow the poloidal flux to be enhanced unlike the
result of the MHD simulation.

Based upon the simplified model for the spheromak equilibrium condition
in the uniform vertical field B. [2] , the following relations are obtained.

K - (KR* 6/ - It p
where R is the major radius, a_ is the minor radius, and the term containing
[ln(8R/a)-l] is assumed to be a constant. Special selections of geometrical
relation between R and a_ can increase $t an^- *p v'hen K is increased by mergings.
Two cases are suggested~here;
1) Constant aspect ratio: R/a=const.

f

2) Constant inner-bore of plasma: R-a=const.
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Another expectation can be made of the possibility of automatic adjust-
ment of the aspect ratio through the mechanism investigated by Lindberg[6].
Equation(5) leads to a relation R/a - ®p/*t- Asmergings go on, R/a becomes
smaller according to Eqs.(l) and (2) untill R/a approaches unity where the
screw type instability may begin due to the current concentration along the
center axis which is supposed to enhance the poloidal flux in increasing the
aspect ratio. THis speculation needs future experimental investigation
because the MHD simulation will not be capable of handling such problem.

5. Concluding remarks
The simple merging process based upon the MHD theory does not lead to

the enhancement of poloidal flux, therefore, its application to reactor
concept requests auxiliary current driving installations when the enlarge-
ment of plasma is considered. However, there is every reason to expect that
some helicity conserving processes may enhance poloidal flux during merging.
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RESISTIVE MHD STABILITY CALCULATIONS OF
FORCE-FREE SPHEROMAK CONFIGURATIONS*

A.I. Shestakov and N.J. O'Neill
National MFE Computer Center

Lawrence Livermore National Laboratory
Livermore, California 94550

The linear resistive stability code RIPPLE VI is used to study a family
of SPHEROMAK equilibria. The code solves a linearized model of the
resistive incompressible MHD equations :

at.
i - - 1 V x (n V x £,) + V x (v\ x $Q) , (1)

S

- — ( V ^ ) = V x V x ((So -7) Sj + (^ • V) tQ) , (2)

where v^, E"j, $Q and n respectively denote the perturbed velocity, magnetic
fields, equilibrium fields and zero order resistivity. Time is normalized
to the Alfve"n time and S is the magnetic Reynolds number. Cylindrical
coordinates are used. The equilibria, BQ =§Q(r,z), while the perturbations
vary as fj(r,z,t)exp(in9). In this paper we consider only n = 1.

The domain of interest consists of a rectangle: 0 < r < Rw, - Z ^ ^ < z <
^max* ^ e Perturbations satisfy symmetric boundary conditions along r = 0
and conducting wall boundary conditions along the other sides.

The plasma torus is surrounded by a vacuum- In this region we solve a
different set of equations:

•*• _ M n i g 1 n

3t ~ S 1 » Y
n
 = cons t . , — >1 , (3)

3 v i -s-
V x V x — - = - \ > V x V x v 1 , v = c o n s t . > 0 , ( 4 )

Equation (3) models the vacuum property, V x &j = 0, while Equation (4)
dampens the velocity fields.

Although the model does not have any beta limitations, the equilibria
under consideration are all force-free. The resistivity profile, n, is
inversely proportional to the toroidal equilibrium current. We neglect

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-74O5-ENG—48•
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effects of resistivity gradients and truncate n at some large value near the
plasma limiter. Beyond the limiter, n is replaced by the plateau value Yn«
Both the resistivity cut-off and Y_ are chosen large enough so that further
increases do not affect the results*

We study a collection of five SPHEROMAK equilibria3 categorized by the
following parameters:

NAME RMAX ZMAX CHARAC FIELD ZPL/ Tg

DIST. a STRENGTH-B RPL
El 60cm. 50cm. 36.7cm. 49.3kG 1.85 .0483psecs.
E2 60 50 35.8 57.1 1.33 .0407
E3 60 50 34.0 65.0 1.11 .0339
E/i 60 40 34.8 69.6 .93 .0325
E5 60 30 34.0 76.7 .78 .0287

where ZPL and RPL respectively measure the height and width of the poloidal
cross section of the plasma torus. The profiles range from prolate (El) to
oblate (E5). The equilibrium toroidal field function, rBgg, varies linearly
with I|»Q, the equilibrium flux function. Although the fields above are
considerably higher than those found in present experiments, the results
here are meaningful after a proper renormalization. The characteristic
time, xH - a/4irpQ/B where we estimate the particle density n = 10

1* cm .
Figure 1 displays contours of the flux function and poloidal current of El
and E5.

The results show that all five equilibria are unstable. Figure 2 plots
normalized growth rate p (- to T H) V S . equilibrium vs. S. For S3 4.10*, the
results are independent of S. Figure 3 displays the perturbed poloidal
velocity at 8 - 0 , ir/2, for the equilibria El and E5. These structures are
taken from rva.ii with S = 10 but are representative of results at high S.
At. 6 - 0 the dominant mode is a non-rigid shift in all the cases studied.
Along 6 » IT/2, the displacement varies between a vortical motion and a tilt
depending on the equilibrium profile. The ratio of vf / vf =2 means that
the shift is dominant. The large growth rates (p*.5) illustrate that the
configurations are very unstable to n « 1 modes. We expect similar results
for n > 1.

We have performed a stability study of a family of SPHEROMAK
configurations. The configurations were found to be unstable. They
possessed large growth rates, a global mode structure and an independence of
S signifying ideal modes driven by magnetic energy. Similar results were
obtained by other workers using time independent ideal models ' . However,
we do not find any of the equilibria to be more stable and do not notice
that the dominant instability changes from a tiJ.t for prolate shapes to a
shift for oblate cross-sections.

References
1. A. I. Shestakov, J. Killeen, and D. D. Schnack, "A Numerical Model for

Non-Axisymmetric MHD Instabilities," submitted to J. Comp. Phys., also
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NUMERICAL SIMULATION OF A BEAM HEATED COMPACT TORUS*

D. E. Shumaker, B. McNamara, W. C. Turner

Lawrence Livermore National Laboratory
University of California

Livermore, CA 94550

The transport code, FRT,^ ' was used to study the evolution of a beam
heated compact torus. This code is a coupled 1-D transport and 2-D equili-
brium calculation. The plasma and magnetic fields are assumed to be
axisymmetric.

The transport calculation consists of the simultaneous solution of
four transport equations for ion density, electron entropy, ion entropy,
and toroidal magnetic flux. The physical processes included in this
calculation are classical transport, Joule heating of electrons, collisional
transfer of energy from ion to electrons, and heating of ions by neutral
beams.

An anomalous electron energy loss is included in some of the calculations
presented here. A loss rate is included in the electron entropy equation which is
inversely proportional to a given electron energy confinement time, xe. The
confinement time, xe; is determined from a given value of nxe.

The calculations presented here are done to determine to what extent a
compact torus can be heated by a neutral beam. The target plasma is assumed
to have been injected into a flux conserver such as in the Beta II experiment
at LLNL.(^) The transport code models the subsequent changes in the plasma
and magnetic fields. The beam power used in these calculations was 4 M watts
at an energy of 12 keV. Three target plasmas are used in these calculations.
The parameters of these equilibria, are given in Table I. All three equilibria
have the same central ion density of 9.8 x 10 1 3 cnr3and a central q (magnetic
stability factor) of 0.72. Equilibrium A has the lowest current and magnetic
fields, and equilibrium C has the highest current and magnetic field. These
equilibria are similar to those obtained in the Beta II experiment.

The final state attained is limited by either the transport loss of energy
or a 6 limit. The behavior of each of these target plasmas is studied assuming
completely classical transport, in which case ton thermal conduction is the
dominate transport process, and assuming a constant prescribed anomalous electron
energy loss nt = 10 1 0 cm-3 sec. This anomalous loss is about two orders of
magnitude worse than empirical scaling in a tokamak of the same minor radius.(3)
It was chosen as a rough, lower bound of interest since compact torus scaling
is unknown at present.

*Work performed under the auspices of the U.S.D.O.E. by Lawrence Livermore
National Laboratory under contract W<-7405~ENG-48.
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These three equilibria used are stable to the tilting node. ' A
study of the effect of pressure on the stability is given in ref (5).
The critical beta, Bc, will most likely be in the range, .2 to .4. For the
calculations presented here Bc will be defined as the ratio of central
plasma pressure to the magnetic pressure at the outer edge of the plasma,
and will Be assumed ~:.o be .4, which is an optimistic value.

The three equilibria were each run with and without the anomalous
electron energy loss. Fig. 1 is a plot of the central ion temperature vs.
time. Fig. 2 fs a plot of 3C vs. time. Without the anomalous electron
energy loss the §c reaches the value.,of .4 at 70 ysec for equilibrium A,
300 psec for equilibrium B, and 800 ysec for equilibrium C. The ion temper-
ature at these times are 0.25 keV for equilibrium A, 0.90 keV for equilibrium
B, and 2.05 keV for equilibrium C. Fig. 3 is a plot of the central electron
temperature vs. time.

With the anomalous electron energy loss the $ at a given ti"ne is reduced.
The 3g = .4 is reached at a later time, for equilibrium A at 70 ysec, for
equilibrium B 400 ysec, and for equilibrium C about 1300 ysec. For these
calculations nte has been set to 10

1 0 cm"3 sec. All of the calculations
presented here have reached the B limit before they reached a steady state
limited by diffusion. Equilibrium C came close to reaching steady state,
of course the B limit used here of .4 is somewhat arbitrary, if it were .5
then this run would have reached steady state, Fig. 4 is a plot cf the
central ion temperature vs. B for these runs.

In summary, we found that if electron energy confinement time exceeds
nxe = 10

1 0 cm"3 sec in present plasma gun generate,4 compact torus experiments,
then it is feasible to examine MHD 3 stability limits with a technologically
reasonable amount of neutral beam injection power. In particular we have
found that 4 Mwatt of neutral beam power injection into compact tori already
produced with the Beta II plasma gun will result in beta values greater than
0.4 in less than a millisecond. This value of beta is near an optimistic
value for the stability limit.
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TABLE I

Equilibrium

toroidal current
(t = 0)

BTor(0-point)

(t = 0)

(t = 500 ysec)

BpoI(r - 0. z - 0)

(t = 0)

(t = 500 psec)

B P o l < r = r w a l l , z = 0 )

(t - 0)

(t = 500 vsec)

poloidal flux

(t = 0)

toroidal flux

(t = 0)

A

150 kA

2850 G

1200 G

-3200 G

-2400 G

1410 G

2400 G

3140 JcG cm2

1330 kG cm2

B

290 kA

5430 G

4240 G

-6060 G

-5390 G

2823 G

3500 _G

6280 kG cm2

2660 kG cm2

C

430 kA

7970 G

6840 G

-8910 G

-8070 G

4220 G

4850 G

9420 kG cm2

4000 kG cm2

500 ' 1000

t(usec)
Fig. 1 Central ion temperature

vs. time

t(ysec)
Fig. 2 Central electron temperature

vs. time

A Equilibrium A classical transport
A Equilibrium A n te = 10

10

• Equilibrium B classical transport
O Equilibrium B n Te'= 10

10

• Equilibrium C classical transport
D Equilibrium C n re * 10

10
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Numerical Simulation of the Energy balance in the Proto S-1C Spheromak

by

Y. C. Sun, S. C. Jardin, D. Heifetz, M. Yamada, and D. E. Post

Plasma Physics Laboratory, Princeton University,

Princeton, N.J. 08544

The numerical simulations of the spheromak formation process performed

previously1'^ predicted peak temperature of the center of plasma much higher

than those experimentally measured.3' It is the purpose of this research to

find out t^e possible sources of this discrepancy. We considered the

radiation losses of carbon and oxygen. We are now investigating the effect of

energy loss due to ionization and cnarge exchange of background neutral atoms.

The governing equations of the formation process are :

•5- in + v ( - ran] + Vp = 3 x B" ,
ot p

3 9 „ /•-• 5 p -»••>_ -fc *
— TJ—• p + V • I q + TT — m I — J • E + Se t
2 Ot 2 p '

b -> BB
T- p + Via = V » —x D T) Vp + Sp ,

B
— B = - V X E ,

•> 1 ->

J = — V x B

and

Mi
T = 2 p k P *

Here m = pv is the momentum density and q is the heat flux vector. In an

axisynvmetric device with symmetry angle <)>, B can be expressed in terms of

poloidal flux <\> and toroidal function g,

B = V<J> x V(|J + gVifi .

In addition to these equations, we have circuit equations to couple the

inductance due to change of current in the poloidal and toroidal coils to the

plasma.

Impurity radiation losses are computed using coronal equilibrium atomic

Lcs method by Te

our energy equation.

physics method by Tarter.5 BfiLDUR6 subroutines provide us the loss term in
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The neutrals are treated by Mante Carlo method with a pseudo collision

algorithm.7'8 Test particles with a weight co = 1 are born in the spheromak.

Each particle is followed through a sequence of collisions. ft each location

where a collision occurs, the charge exchange probability p. is computed and

the particle weight to is reduced by \i to account for attenuation by

ionization. A new velocity is then chosen from a 3-D Maxwellian distribution

at the local ion temperature and the particle is followed until its next

collision or until its weight becomes neglibible. We record the charge

exchange rate/ ionization rate, change exchange energy and ionization energy

at each location. fill these terms are included in our continuity equation and

energy equation as the source (loss) terms Sg and Sp.

With Proto S-1C spheromak parameters, we made a formation run without

impurity and neutral. The initial density and temperature were 4 x 10 cm

and 5 ev respectively. In about 50 (isec, a spheromak plasma was formed. The

time evolution of poloidal flux and toroidal field are shown in Fig. 1. The

temperature history along a radius through the center of the device is shown

in Fig-, 2. flt the end of formation, the peak temperature is about 56 ev and

the density is about 6 x 1014 cm"3.

The same run was then made with 2.5% carbon and 2.5% oxygen. Figure 3

shows the temperature history. .After the spheromak plasma is formed, the

temperature is only 3 ev. Due tc increased pinching effect of this low

temperature discharge, the central plasma density piles up to more than

4 x 10 cm which does not agree with the experimental observations.

Another run was made with neutral effect. We started with 2000 test

particles at T = 5 ev and no= 10 cm"3. The neutral effect v.=.̂  switched on

at t = 36 jisec. After about 20 p.sec, the temperature profile dropped by 10%

comparing with the case which has no neutral effect as shown in Fig. 4.
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Fig. 2. Temperature history without impurity
and neutral effect.

Fig 3. Temperature history with impurity
effect.

Fig. 4. Temperature history with
neutral effect.
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Formation and Merging of Spheromaks
and Formation of FRC

Tetsuya Sato, Shusuke Otsuka
and Koichiro Araki

Institute for Fusion Theory,
Hiroshima University, Hiroshima 73 0, Japan

We present three different 2-D MHD simulations of spheromaks
and the field reversal configuration, namely, 1) formation of the
Princeton spheromak, 2) merging of two spheromaks and 3) formation
of the field reversal configuration.

In the first part we wish to emphasize that the spheromak
size is largely dependent upon the formation speed. Fig.1 shows
three spheromaks formed for three different formation speeds.
The left panel shows the case where T>/T (xf:formation time, x :
Alfven transit time)= 4,35. The middle and right panels correspond
to the cases for x'/x =21.7 and 68.6, respectively. It is clearly
shown that the spheromak size is controlled by the formation speed.

Secondly, we show an example of merging of two spheromaks in
Fig. 2. We have found that the toroidal flux is doubled but the
poloidal flux remains the same before and after the merging.
Attempts to merge two spheromaks with different sizes are made
to find that it is difficult to enhance the poloidal flux by
merging, rather the poloidal flux tends to decrease.

Finally, we show a simulation run of the reversed field
theta pinch in Fig. 3. In this simulation, we have adopted an
artificial resistivity model; the resistivity is assumed to be
larger near the side boundaries (z=0 and 1.5m) and the top
boundary (r=1m). The left three panels show the time evolution
of the poloidal flux and the right panel shows the radial
distribution of the force at about a time corresponding to the
middle panel on the left.
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PLASMA IMPURITY CONTROL STUDIES IN CTX

Cris W. Barnes, I. Henins, H. W. Hoida, T. R. Jarboe, R. K. Linford,
J. Marshall, A. R. Sherwood, and M. Tuszewski

Los Alamos National Laboratory /"\| j fj
Los Alamos, New Mexico 87545

I. INTRODUCTION

In the CTX experiment spheromak-type compact toroids (CTs) are produced
by a magnetized coaxial gun and trapped in a metal flux conserver. In the
past, these CTs have exhibited magnetic field and density lifetimes of about
250 to 350 ps and electron temperatures of about 10 eV.1 In recent
experiments, after hydrogen discharge cleaning the gun and flux conserver
surfaces, the lifetimes have been extended to 550 ps. This improvement in
lifetime, together with spectroscopic and bolometric measurements,2 are
consistent with the interpretation that the CT plasma losses are impurity
dominated and that discharge cleaning is reducing the impurities. Details of
these measurements are described below as well as successful experiments which
led to a more open flux conserver.

II. DESCRIPTION OF THE CTX EXPERIMENT

The present configuration of the CTX experiment is shown in Fig. 1. The
plasma gun parameters are: inside electrode diameter = 20 cm; outside
electrode diameter = 30 cm; electrode length =112 cm; puffed gas load from
six valves «= 6 cnr-atm; capacitor bank = 74 pF at 45 kV; gun bias
field «= 1 kG; poloidal field flux = 0.02 Wb; maximum current = 1 MA. The
present base pressure in the 8,000 I volume vacuum tank is ~ 5 x 10~° torr.
In order to allow diagnostic access, the copper flux conserver has a 7.5-cm
wide slot at its periphery bridged by twelve copper bars. See Fig. 1. The
spheromatcs generated have peak fields on axis of ~ 6 kG and total energies of
~ 6 kJ.

There are two stainless steel glow discharge electrodes as shown in
Fig. 1. One is a 2.5-cm wide ring placed inside the entrance tunnel just in
front of the plas. a gun, and the other is a flat annular ring placed on the
axis of the vacuum tank 40 cm behind the flux conserver. To minimize
contamination of the plasma by probes, we now use only one three-axis magnetic
probe on the axis of the flux conserver. This is adequate for stability and
flux lifetime observations. Quartz UV spectroscopy and double-pass single
beam interferometry are carried out along a diameter in the midplane of the
flux conserver.

III. IMPURITY SOURCES AND METHOD OF REDUCTION

An important source of the CTX plasma Impurities is from the contaminant
layers, mostly carbon and oxygen, on the interior surfaces of the gun and the
flux conserver. In addition, there may be metallic impurities generated from
the stainless steel gun electrodes and the copper flux conserver.
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The magnitude of metallic impurity radiation can be varied by changing
operating conditions of the magnetized gun.2 In The CTX gun at relatively low
poloidal field flux (6.011 W) Fell line radiation is sharply (> 3 to 10 times)
increased by reducing the delay between the gas fill and gun firing from 300
to 150 us. At high gas loads (> 7 atm-cm3) this effect is reduced, and the
plasma density is increased. When the gun is operated at higher pololdal
field flux (0.018 W) the Fell radiation is generally reduced. In addition,
increasing the delay increases the plasma density and reduces the lifetime,
while at these fluxes the high-Z radiation does not consistently vary with
delay. We presently operate with a gas, load of 6 cm3-atro, a delay of 175 us,
and a poloidal field flux of 0.018 W. These values have been determined by
optimizing the plasma lifetime, magnetic field strengths* and impurity line
radiation.

A reduction of carbon and oxygen surface contamination has been attempted
by glow discharge cleaning in a flowing hydrogen atmosphere at approximately
15 mtorr pressure. Our decision to use this procedure is based on cleaning
experience of large tokamaks at other laboratories.3 Typical glow discharge
currents are 10~5A/cm of cathode (vacuum tank) surface with approximately 300
volts dc applied to the electrodes. Because the glow discharge does not
penetrate very far Into the 5-cm wide annular space between the gun
electrodes, we are using simultaneously low energy (3.0 kJ at 1.5 kV) coaxial
gun discharges at a 5-second repetition rate to aid in cleaning of the gun
electrodes.

IV. RESULTS OF DISCHARGE CLEANING

After about 100 hours of discharge cleaning, as described above, there
has been an almost complete elimination of CHI radiation, an increase in the
duration of the OIV radiation emission and an increase of about 50£ In the
spheromak configuration lifetime.

The levels of the CHI radiation before and after discharge cleaning are
shown in Fig. 2(A), which allows us to conclude that the carbon impurity
situation has been greatly improved. Figure 2(B) shows the change in the
history of the OIV radiation. The duration of the OIV radiation increases,
which indicates that the plasma now is hot enough to triply ionize oxygen for
a longer time and, therefore, it may not be cooling as rapidly as before.
However, there is probably still too much oxygen in the plasma. Carbon
surface Impurities are more easily removed by discharge cleaning than oxygen3

and more discharge cleaning may also solve the oxygen problem. The increased
plasma lifetime is shown In Figs. 3(A) and 3(B) where both the density and the
magnetic fields show a substantial increase in lifetime (~ 50%). Figure 4
shows a strong correlation between the ir creased OIV duration and the increase
in the magnetic field lifetime. All of the above results are consistent with
the interpretation that plasma losses are dominated by impurities and that
discharge cleaning is reducing the impurities.

V. OPEN FLUX CONSERVER RESULTS

Experiments were conducted to establish the effect of a peripheral open
slot on the behavior of the spheromak trapped in the flux conserver. A
completely open slot caused the toroid to tip sideways with its return flux
outside the flux conserver. Slot widths of 2.5 cm to 7.5 cm were tried, both
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with and without pulsed guide fields ranging from 50 G to 5 kG applied just
outside the slot, with no success in trapping of the CT. The fields were
excluded from within flux conserver by the skin depth of the copper. Four
bridging straps gave well-behaved spheromaks with a 2.5-cm slot. We now are
using twelve bridges with a 7.5-cm slot. The bridges are moveable to
accommodate various diagnostics or heating apparatus.
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Metallic Liner, Electrode Material and Stabilization Coll Studies
in the PS-1 Experiment

H. Bruhnst, C. Chin-Fatt, Y. P. Chong, A* W. DeSilva, G. C. Goldenbaum
H. R. Griem, G. W. Hart, R. A. Hess and R. Shaw

Laboratory for Plasma and Fusion Energy Studies
University of Maryland

College Park, Maryland 20742

When the Paramagnetic Spheromak experiment was first designed^ ' the
reversal fields were fast rising (T ., - 1.5 psec) in order to obtain a
large amount of nonadiabatic compresslonal heating as well as to close the
flux surfaces inside the plasma as rapidly as possible. In order to allow
the fast rising applied field to penetrate into the plasma it was necessary
to use a dielectric vacuum chamber wall. Early time electron temperatures
of 50 eV and ion temperatures of 200 eV were obtained. These temperatures
dropped rapidly as did the fields. In an effort to reduce metal impurities
from the elkonite (W-Cu) electrodes carbon electrodes were substituted,
resulting in little, if any, improvement in late time performance. The
magnetic surfaces produced by these fast rising fields were very prolate,
extending into the electrode region, and were also thought to be
susceptible to a gross tilting instability^) associated with the prolate
shape.

In order to make the plasira more oblate, widely separated mirror coils
were used^ » ' to provide axial compression as well as some slight radial
compression. Without the large radial compression the temperatures
dropped. In addition 1c was found that a combined tilting and shift
occurred if the separatrix was more than approximately a centimeter inside
the glass vacuum chamber wall. In order to prevent large excursions of the
separatrix from the wall it was necessary to increase the reversal field
quarter period to 7 jjsec, thereby further reducing the nonadiabatic
heating. Thomson scattering measurements show that the late time electron
temperature is about 8 eV suggesting that low z impurity radiation is
limiting the temperature.

In an effort to reduce low z impurities the carbon electrodes were
replaced by the elkonite electrodes. With the electrode change the CIII
2297A intensity decreased by a factor of two. No change was seen in the
ion temperature as measured by Doppler broadening. (No electron
temperature measurements were made for this situation.)

Further reduction, by a factor of three, was made in the CIII
intensity by lining the glass walls with thin (50 p) stainless steel. The
L/R time for azimuthal currents is 5 ysec so the effective field risetime
is slightly increased from its vacuum value of 7 psec. An additional
reduction of a factor of ten in the CIII intensity was made by RF discharge
cleaning. This was done continuously between shots with a hydrogen base
pressure of 0.1 mTorr. Because of the reduced line intensity the Doppler
broadening measurements were ambigrous. Again no electron temperature
measurements were possible in this case.
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Although the liner was inserted primarily to reduce low z impurity
levels, electrical effects were also noted. At the time the I discharge
is initiated only the bias magnetic field is present. In order to enhance
the axial compression the bias field is produced by anti-mirror coils. In
the first approximation the current density follows the bias magnetic field
lines from the electrodes to regions near the symmetry axis in the mid-
plane. After field rev^-sal, without the liner, a substantial amount of
current still flows from the electrodes through the center of the torus.
This effect is illustrated in the plot" of the current density vectors shown
in Fig. 1-a. In the figure we have drawn solid lines around the current
paths closed in the plasma and the current passing through the electrode-
endplate structure. Approximately 30% of the maximum current passes
through the center of the torus. With the liner inserted we show in Fig.
1-b that only 10Z of the maximum current passes through the center of the
torus. The total current remains about the same suggesting that the
remainder of the externally circulating current passes through the liner.

In addition to this effect the liner appears to have an effect on
gross stability. For conditions which without the liner a combined tilt
and radial shift are seen we f->nd no tilt with the liner. Only a randomly
oriented shift toward the WPIIS is observed.

Jardin^ ' has recently suggested the use of external passive coils to
stabilize both the tilt and shift motions. These coils, called Figure 8
coils, are two sets of two orthogonal coils at each end of the spheromak.
The coils are constructed so that there is no net flux in the coils from
the axisymmetric fields, but when a tilt or shift occurs current is
generated in the coils producing a restoring force. We have tested this
concept using a modified version of the Figure 8 coils as shown in Fig.
2. Depending on the location of the wires the coil can be optimized for
stabilizing a shift. Since with our present experimental arrangement only
a shift is seen the effectiveness of the stabilizing coils against the
shift is increased by extending the wires to the midplane. The stabilizing
coils were found to be most effective with the wires placed on the inside
of the vacuum chamber and liner. In Fig. 3a we plot radial profiles of the
poloidal (B ) field at successive 2.5 usec time intervals without the
stabilizing coils inserted. We see the symmetry axis (peak field) drift to
the chamber wall as time progresses. In Fig. 3b we show the same plot with
the stabilizing coil.r inserted and all other conditions the same. The most
obvious difference is that the shift has stopped and the plasma current
decays resistively on a timescale characteristic of a 5 eV (z=l) plasma.
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30% PENETRATES 10% PENETRATES

Fig. 1. Current density vectors derived from magnetic probe measurements.
a) left - Without l iner 30% of the maximum current observed passes

through the torus.
b) right - With liner only 10% of the maximum current observed

passes through the torus .
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Fig. 2. On the left four stabilization coils are shown placed around a
spherical shaped plasma with a vertical symmetry axis. A single
coil is shown on the right.

POl OIDAL HEID DECAY PS-1 POLOIDAL FIELD DECAY
-T-I--.—f -. - r - r - r - j -

PS-1

t • . . L - l—L

Fig. 3. Radial profiles of the poloidal magnetic field at 2.5 ysec intervals.
a) left - Profiles with the stainless steel liner but vjithout

stabilization coils.
b) right - Profiles -with both liner and coils.
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PROPERTIES OF SPHEROMAKS GENERATED BY A MAGNETIZED COAXIAL SOURCE

H. W. Hoida, J. Lipson, I. Henlns, T. R. Jarboe, R. K. Linfo
J. Marshall, D. A. Platts, A. R. Sherwood, and M. Tuszewsk:

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

In the CTX facility at Los Alamos spheromak-type compact toroids are
generated by a magnetized coaxial source (a magnetized Marshall gun), as shown
in Fig. 1. These spheromaks are trapped and studied in a metal flux conserver
not shown in the figure. The plasma and magnetic field properties are
measured using magnetic probes, Thomson scattering, interferometry, bolometry,
and quartz UV spectroecopy. The electron density and temperature of the
separated, trapped compact toroid are typically found to be
ng ~ 2-4 x 10

1 cm" and Tg ~ 10 eV. Magnetic probes measuring all three
orthogonal components of magnetic field along the axis of symmetry show that
magnetic reconnection, leading to separation of the compact toroid from the
coaxial source, is completed by about 40 us. Typical lifetimes of the
magnetic field configuration, about 250 us, are consistent with classical
resistive decay.

A major concern with these observations is the low electron temperatures.
In an attempt to achieve higher temperatures, a "snipper coil" was installed
at the reconnection region. Faster reconnection reduces the tima for electron
heat conduction along magnetic field lines connected to the coaxial source.
Use of the snipper coil reduced the time required for reconnection to about
12 us, but no increase in either electron temperature or plasma lifetime was
observed.

Investigation of radiation losses was undertaken in parallel with the
"snipper coil" experiments. Spectroscopic data indicated that Fe, Cr, Ni from
the stainless steel electrodes, Cu from the copper flux conserver and C and 0
were present. The Fe, Ni, Cr and Cu levels were substantially reduced by
altering the operating parameters of the coaxial sources. Increasing the
delay between the puff gas filling and initiation of the discharge from 150 ps
to 300 us reduced the metallic impurity level by an order of magnitude
(Fig. 2). The CIII radiation was net visibly affected. The OIV radiation was
substantially increased (Fig. 3) suggesting that a hotter plasma resulted from
the decrease in metallic impurities. The total radiation was not greatly
affected and the short lifetime of the OIV radiation at the longer delay is
indicative of the rapid cool-down of the plasma. An interpretation is that
the oxygen barrier (peak at ~ 22 eV) has been reached and that oxygen and
carbon are replacing the metallic impurities as the principal radiators.
Attempts to reduce the oxygen and carbon impurities are being instigated in
CTX, and current results are reported in a companion paper.

A single pyro-electric detector was employed to measure the spectrally
integrated radiated power fom the plasma. The detector viewed the plasma
across a diameter of the flux conserver just off the axial midplane. The
radiation was collimated such that the viewing cone was approximately 20 cm
wide at the opposite side of the flux conserver. Provision was made for the
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Insertion of a LiF window In front of the detector. The data were reduced
using the model of a .uniform isotropically radiating plasma.

Figure 4 represents data taken during a sequence of nine discharges where
the interval between shots was approximately three minutes. A reduction of
radiation with shot number is observed. This may be attributable to a clean-
up of the gun and/or flux conserver surfaces. The magnetic energy at 50 ys is
calculated from on-axis probe data using a force-free equilibrium model. It
is apparent that most of the energy data lie above the calculated available
magnetic energy. Several interpretations are possible. If radiation is
equally localized in the field of view for late and early shots, then all the
data of Fig. 4 should be dropped by at least a factor of five to be consistent
with the calculated magnetic field energy. This would imply that for late
shots some magnetic energy is lost via other transport processes. It is also
certainly possible that radiation is preferentially enhanced in the field of
view for early shots (increased quantities of impurities) as might naturally
occur for increased edge cooling. It is difficult to believe, however, that
this effect would account for a factor of five in the data. Finally, the
pyro-electric detector may be providing us with a spurious signal.

We did endeavor to eliminate other sources of energy incident on the
detector by interposing a LiF window., It was found that the peak power was
reduced by a factor of ten, whereas the integrated power from 50 to 150 ps was
reduced only by a factor of three. A possible interpretation of this
phenomenon is that the plasma, by virtue of its higher temperature at early
times, initially radiates a greater fraction of its energy below the
ultraviolet cutoff of LiF (~ 0.104 \m). Unfortunately it is not possible to
conclude definitively that the observed signal is attributable solely to
radiation. However, if the signal is primarily radiation, the peak power
corresponds to approximately 10-50% oxygen (time independent coronal model).

The ambiguity with respect to spatial profiles inherent In a single
detector measurement will be reduced using an array of detectors. The
remaining uncertainties with respect to detector performance seem to be very
difficult to resolve.

CONCLUSIONS

In gun-generated spheromaks impurity contamination plays an Important
role in determining the energy loss. Metallic impurities can be reduced by an
appropriate change of source parameters. The reduction of the level of metal
impurities results in a spectrum showing a preponderance of oxygen and carbon
lines and OIV radiation is observed to increase indicating a wanner plasma.
However, the plasma lifetime Is not changed. Discharge cleaning techniques
appear to be necessary. It Is still possible that electron heat conduction
during the reconnection process will be found to be Important once the
impurities are reduced.
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Fig. 1. Formation of coaxial source generated epheromaks.
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Spheromak Experiments in Proto S-1C

A. Janos, S. Cowley, H. Hsuan, S. Paul, C. Skinner/
F. Wysocki, and M. Yamada

Princeton University, Plasma Physics Laboratory
Princeton, New Jersey 08544

I. Introduction

The Proto S-1C device (Fig. 1) was constructed to extend the earlier
experimental investigation [1-3] of the S-1 spheromak formation scheme
proposed by PPPL. In this device a spheromak with major radius R = 12 cm and
minor radius a = 6-8 cm has been generated in a slow time scale (x ., <<
%, = 40usec). Toroidal plasma current obtained to date is 60 kA. Measured
torm \A —3

electron temperature and density are 10-20 eV and 2-8 x 10 cm ,
respectively. The spheromak configuration lasts as long as 100 (asec (duration
after poloidal field reversal near the reconnection point).

The Proto S-1C flux core (and therefore, spheromak plasma) shown in Fig.
2 is twice as large (R = 3 0 cm, a = 6 cm) as that of the Proto S-1A
device, but one third as large as that of S-1 in which first plasma is
expected in 1983. The specific purposes for building Proto S-1C were: 1)
Study MHD behavior of a larger spheromak plasma; 2) Verify predicted scaling
of plasma parameters with device size, and 3) Preliminary examination of
plasma confinement properties of the spheromak by reducing impurity content
and working plasma densities in order to surpass the radiation barrier.

II. Description of the Proto S-1C Device

The Proto S-1C vacuum vessel is made of 1/4" stainless steel, with a
surface area of approximately 8.6 x 10 cm and a volume of roughly 1.9 x 10
cm . The pumping system includes a 1500 JP/sec turbomolecular pump, A base
pressure of 2 x 10~ torr N2 equivalent is attainable with the flux core
inside. Two flux cores have been used. One employs a 5 mil stainless steel
liner while the later one a 4 mil Inconel liner. Liners were fabricated by
hydroforming half toruses and welding them together at the midplane. Neither
flux core has a conducting aluminum shell as will S-1. Both have toroidal
field coil cancellation loops (unlike Proto S-1A) to minimize the poloidal
field component generated \y the toroidal field magnet. Both cores have three
symmetrically located electrical feedthroughs (120° toroidal separation, in
midplane) which double as mechanical supports.

The toroidal (TF) and poloidal (PF) field coils in the flux core are both
energized by capacitor banks: toroidal field bank energy is 72 kJ, PF bank
energy is 24 kJ. Both systems are under-damped and are crowbarred after
spheromak formation. One-quarter cycle time for the current pulses (which
characterizes the formation time scale T- (is « 40(i see for the TF and
PF. Toroidal field flux generated in the coll is 0.02 volt-sec while the
stored PF flux is 0.1 volt-sec. The equilibrium field, provided in part by
the steady-state (EF) mirror-like coils outside the vacuum vessel, haa a
strength of < 2 W3. The equilibrium fiel4 is determined by both the EF coils
and the PF coils inside the flux core, and is therefore a function of time
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during the formation process and depends on how the PF coil current is
programmed. This has important consequences to spheromak tilting and
shifting, as will be discussed below. By adjusting the crowbar time of the PF
current, the equilibrium field index can be controlled.

III. Experimental Results

Spheromak configurations with < 100p.sec lifetimes have been obtained,
with H2 (3-20 mtorr) and He (3-20 mtorr) gases. Plasma currents have
generated toroidal and poloidal magnetic fields of 1.7 kG and 2.2 kG,
respectively (Fig. 3). These were measured with arrays of magnetic field
pickup loops used to map the two-dimensional evolution of the spheromak
configuration (Fig. 4). The maximum plasma currents obtained to date are
about 60 kA in the toroidal direction and over 100 kA in the poloidal
direction. Figure 3 shows a toroidal field induction into the plasma starting
between 0 and lOjisec. Poloidal field is simultaneously induced. The magnetic
axis (zero crossing of the poloidal field) moves inward until the spheromak
plasma reaches equilibrium around 40^sec. This position is maintained until
the current decays and the equilibrium moves inward. The toroidal field
between 40 and 80psec is that expected for poloidal currents encircling the
magnetic axis.

Plasma temperature and density have been measured with double Langmuir
probes, calibrated by CO2 interferometry, and found to be Tg < 20 eV and
5 x 10 cm , respectively, in the fully formed spheromak configuration.
This translates into a beta value pQ = P /(B

 2/2|j. ) of 10%.

Plasma MHD stability to tilting and shifting modes has been measured.
Protb S-1C spheromak plasmas were observed to tilt, when the index of the
equilibrium field was negative or slightly positive, but not reproducibly as
in proto S-1A. This difference in behavior is probably due to proto S-1A'S
smaller size. Perturbing fields are therefore relatively larger and the
plasma may be "kicked" unstable in the same sense during each discharge.

The general good stability in present discharges, evidenced by

^discharge i, ^resistive' may b e d u e t o : ^ line-tying around the core such
that the spheromak plasma is not completely "pinched-of f" from the flux
core. Experimental data supports this phenomenon. 2) Image currents induced
in the core liner and/or toroidal field coil after crowbar may aid
stability. 3) Possible plasira rotation may act as a gyroscopic stabilizing
mechanism. There is preliminary evidence for such a toroidal rotation.

Visible spectroscopic measurements have been made to estimate the
electron temperature, and to access the impurity content and utility of
various vacuum system conditioning techniques. Measurements were primarily
made in He discharges. Emission from the following lines was observed: OII-
OIII, CII-CIV. Nitrogen, Iron, Nickel, and Titanium radiation (from earlier
gettering) was also observed. Emission from OIV or CV could not be
identified. Electron temperatures were deduced from spectroscopic line
intensity ratios by comparison with a time-dependent coronal model (Fig. 5) .
This type of model is necessary since the plasma duration and particle
confinement time is insufficient for the plasma to reach a steady-state. The
coronal model is a reasonable approximation—especially for the higher
ionization stages. The model utilized a step function temperature and
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computed the ionization balance as a function of elapsed time. Measured
intensities were corrected for energy of the transition levels, the transition
probability, and statistical weight in order to estimate the relative
population in each ionization stage. A temperature range from 7 eV - 15 eV
was consistent with the data, with corresponding confinement times ranging
from 50 (isec to 2 usec. This temperature was confirmed by a double Langmuir
[3] probe.

oxygen and carbon impurity concentrations were estimated by intentional
introduction of known quantities of the same. Results indicated
concentrations of between 2 and 10% without discharge cleaning or gettering.
More precise estimates were not possible as it is difficult to correct the
data for the effect of changes in temperature due to the addition of
impurities. Other observations include: 1) Relative oxygen concentration is
reduced by a factor of 2 to 4 by Ti-gettering the vacuum vessel prior to
discharges. 2) Removing magnetic probes inserted into f.he plasma decreased
the carbon content by a factor of 2 to 4. 3) The oxygen and carbon impurity
levels relative to the electron density did not markedly change at different
fill pressures. Also, CIII and CIV intensities were observed to increase at
lower Helium fill pressures when a preionization electrode was employed.

The successful formation of spheromak plasmas in the Proto S-1A and the
larger Proto S-1C device can be used to infer parameter scaling with size.
Plasma (device) size has certain implications for the temperature and density
operating regimes, based on 8 limits for MHD stability and streaming
parameter limits for microinstablities, once a plasma current is chosen. For
a plasma (device) of twice the linear dimensions, the lower density limit for
a given beta limit is halved. Temperature depends on the plasma current (the
ohmic power available) and the impurity concentrations. A larger device is
compatible with slower formation time scales and lower density (see above).
If the ratio of impurity to electron density stays roughly constant, then the
impurity line radiation power decreases as ng , allowing higher temperatures.

Thus, by reducing the filling pressure of working gas and by controlling
further impurity influx, we expect the electron temperature of the spheromak
to surpass the radiation barrier and reach 100 eV. In this operation regime a
more detailed investigation of the MHD stability relevant to a fusion device
and of the confinement features of the spheromak configuration will be carried
out.

Figure Captions

Fig. 1. Proto S-1C Vacuum Vessel.
Fig. 2. Proto S-1C Flux Core.
Fig. 3. Toroidal and Poloidal magnetic fields as a function of time in the

midplane.
Fig. 4. Time evolution of poloidal flux ¥ =2it / R B dr and Toroidal flux

g = 2nRBT. ° z

Fig. 5. Time-dependent coronal model fitted to experimental results
a) example of T and n input to code; b,c) oxygen, carton
ionization balance as a function of time; d,e) power radiated by
oxygen, carbon as a function of temperature; f) power balance as a
function of temperature.
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CREATION OF A SPHEROMAK BY A CONICAL e-PINCH

K. Kawai and Z.A. Pietrzyk
Aerospace & Energetics Reseach Program

University of Washington
Seattle, Washington 98195

A conical 9-pinch has been use' + T t; -*te a "spheromak" configuration in

a plasma. The reversed field is obtained by trapping magnetic field produced

during the first 1/2 cycle of an oscillating discharge. The plasmoids created

are ejected from the coil liner due to an axial magnetic force and translate

into a glass tube surrounded by an aluminum flux conserver (see Fig. 1). It

has been observed, as previously reported, that this configuration has an

imbedded toroidal component of magnetic field. Figure 2 shows the Bz(r)

component of magnetic field measured in various positions along the axis

outside of the discharge coil. Figure 3 shows the toroidal component of the

field. It appears likely that this field configuration is close to a minimum
o

energy state as proposed by Taylor. The plasmoids are stable against tilting

for 15-20 us in about 80% of the cases. The mechanism which creates the

toroidal field is not very clear. The Hall effect, proposed previously,

should not be very strong in the present configuration. It is possible that

an end shorting effect^ is responsible for initial creation of the toroidal

field. Its final value is most likely obtained by "Taylor relaxation" to the

minimum energy state. The mechanism of creation of the toroidal field and

subsequent relaxation is currently under study. The conical discharge is 7%

efficient as measured by the change in terminal input energy with and without

plasma. An absence of CV emission lines from the plasma suggests that the

temperature is below 60 eV, implying rapid loss of energy from the plasma,
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either by radiation (impurities) or heat transfer. Both energy losses would

give approximately the observed decay time, if the plasma has an initial

temperature of 50 eV, and heat transfer is perpendicular to measured e.

This work was supported by the U.S. Department of Energy Magnetic Fusion

Divison.
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COMPACT TOROID FORMATION BY A CONICAL THETA PINCH COIL
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RF HEATING PLANS FOR CTX

S. 0. Knox and B. L. Wright
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Even with present efforts to reduce impurity levels in the CTX
experiment, electron thermal conduction and residual impurity radiation may
still cause substantial cooling of the plasma toroid by the time it has formed
inside the flux conserver. Auxiliary heating of the stable structure is
needed. If an energy of several hundred joules is to be supplied over a
hundred-microsecond time scale, several megawatts of power are required. Such
levels can be achieved from pulsed rf sources at frequencies in the
ion-cyclotron range and below (0.1-10 MHz). Encouraged by the successes
reported from other experiments in this regime1, we are undertaking the
development of an rf heating system for CTX.

There are several features that distinguish the heating problem in a
compact torus from the conventional tokamak setting. The magnetic field near
the wall is essentially poloidal rather than toroidal, the field changes
direction rapidly over a comparatively short scale length (B , ~ B t o r ) , and
the small aspect ratio implies that field curvature cannot be neglected.
These three features bear on the largely theoretical issue of mode structure
but do not detract from the possibility of successful rf heating via plasma
resonances. The fact that the magnetic field in a compact torus is determined
entirely by plasma currents may give rise to rf penetration characteristics
that change considerably during a shot and exhibit significant shot-to-shot
variations. Thus we must look for heating methods that do not depend on
precise resonant conditions. Finally, it should be noted that, at present
plasma temperatures, the absorption of rf power will be collision-dominated.
However, as temperatures are raised, a collisionless absorption mechanism will
be required.

To maintain azimuthal and midplane symmetry while coupling to the
poloidal field at the wall, we are considering the use of an antenna strap
that encircles the toroidal equator. The general arrangement for our present
"roof-top" flux conserver is sketched in Fig. 1. Antenna insulation and
electrostatic shielding will be utilized.

If we take, for example, a peak poloidal field on the symmetry axis of
5.0 kG (toroidal field of 3.3 kG at the magnetic axis) and a uniform density
of 2.5 x 10ll+ cm"3 we have at the magnetic axis:

flcl/2iT = 2.6 MHz.
Alfven speed = 3.3 x 107 cm/s.

With a major radius of around 20 cm, one can therefore, expect the appearance
of toroidal shear Alfven modes beginning at roughly 260 kHz. The other
polarization of Interest in this regime is the fast uiagnetosonic mode. To
estimate the lowest resonant frequency for this wave we note that its phase
velocity is largely isotropic. One can therefore view the flux conserver as a
cavity resonator with a uniform dielectric constant of (c/VA)aVe« For a
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single azimuthal strap antenna (cf. Fig. 1), the lowest coupled resonance is
the TEQJJ mode. The rf magnetic field of this mode is topologically identical
to the dc poloidal field of a compact torus. In a cylinder with radius and
length both 40 cm, the above estimate of V* gives 650 kHz for the lowest fast
magnetosonic resonance.

To reinforce these estimates we plot in Fig. 2 the radial wavenumber, kr,
that one would expect at the midplane if the dispersion relation of an
infinite uniform plasma applied locally. The wave vector normal to the
direction of propagation is assumed to be constant with a half-wavelength
equal to the length of the flux conserver (A0 cm), and to be parallel to the
magnetic field at the wall. A Bessel-function model is used for the field
profile. At 300 kHz the figure shows accessibility to a shear Alfven
resonance whereas the fast magnetosonic wave is cut off near the wall because
of the rising magnetic field. At 700 kHz the Alfven resonance is broader and
the fast wave propagates with a wavenumber near 0.08 cm~* which is appropriate
for the first radial eigenmode.

Because both the magnitude and the direction of the dc magnetic field
change over the scale of a wavelength, one expects some coupling between the
uniform-field modes discussed above. A proper theory must incorporate finite
geometry from the beginning. We are aware of current theoretical efforts by
C. Kieras and J. Tataronis2 on MHD resonances in spheromak geometries and by
T. Cayton and R. Lewis3 on ion kinetic effects in a screw-pinch column. For
our own part, we are developing a slab model to compute coefficients of
transmission, reflection and conversion between shear Alfven and fast
magnetosonic waves when the direction of the dc magnetic field varies
significantly over a short distance.

For present CTX plasma parameters (n ~ 2 x 10 cm-3, T ~ TJ ~ 10 eV) 5
collisional processes can be expected to dominate the absorption of rf energy.
Employing the fundamental fast (compressional) magnetosonic wave, the
amplitude of the rf field within the plasma can be greatly increased at
resonance, and heating due to viscosity is very effective. There is, however,
a limit on the effectiveness of such absorption as the plasma temperature
increases. A transition to a different absorption mechanism that does not
degrade with temperature can be made by selecting the parallel wave number of
the fast wave such that a mode conversion1* to the "kinetic Alfven" wave5

occurs. Here, coupling between the fast wave mode and the continuous wave
modes would lead to energy deposition at the Alfven critical layer where
w = k||V̂  is satisfied. This mode conversion process has received theoretical
attention,6*7 as have various linear and nonlinear absorption mechanisms8

associated with the converted wave. Depending upon the strength of the
absorption mechanism, energy may be deposited in a narrow region at the
critical layer (strong absorption), or high-Q cavity eigenmodes can occur
(weak absorption) which result in desirable high antenna loading resistances
and energy deposition primarily at the plasma core.

Ion cyclotron heating experiments at other laboratories indicate that
antenna coupling does not depend strongly on rf power. It is thus possible to
study plasma response with low-power experiments. To this end, we will use a
100 W source for exploratory work from 0.01 to 100 MHz. By examining both
antenna loading and the signals on magnetic pickup probes, we expect to
determine empirically the most favorable modes for heating CTX.
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At the low frequencies of immediate interest, it is possible to use
ringing capacitor discharges to generate very high rf power levels for tens of
microseconds. Selecting a capacitor (C = 0.1 \iF, 75 kV) with a Q of 50 at
700 kHz, taking L g n t = 0.4 \iE, and employing the pulsed power techniques
illustrated in Fig. 3, one can expect a V-I product at the antenna of
~ 1 x 109 with an "unloaded" 1/e time of 40 ys. We w^l use this basic
circuit in our initial investigations.

In anticipation of the utility of ion-cyclotron heating and a more
sustained rf pulse, we are conducting a parallel development of an rf circuit
based on high-power triodes. As the schematic diagram in Fig. 4 illustrates,
we are considering a push-pull Colpitts oscillator in which the antenna serves
as the tank circuit inductance. This device will operate at a few MW in the 1
to 10 M!!z range that is inaccessible to the ringing capacitor approach.
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MHD STABILITY STUDIES IN THE PROTO S-l A/B DEVICE

C. Munson, A. Janos, M. Newhouse, E. Salberta,
F. Wysocki, and M. Yamada

Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544

ABSTRACT

An experimental study of the gross MHD stability properties of Spheromak
plasmas in the Proto S-l A/B device is presented. Utilizing the previously
demonstrated "S-l slow formation" technique, plasmas have been produced which
exhibit the predicted tilting instability in a regime of slightly negative
field index [a. = -(r/B ) • (3B /3r)] . A relatively simple passive coil system
suggested by numerical stability studies has proven to be effective in
stabilizing the observed tilting mode.

Introduction

The "S-l slow formation" technique first proposed in 197 9 and demonstrated
at PPPL in 19802>3 with the Proto S-l A/B device has been used to study the
gross MHD stability properties of the Spheromak plasma configuration. The
viability of the Spheromak concept as a possible fusion reactor design depends
on the ability to control the gross MHD instabilities which are theoretically
predicted^>5>& and experimentally observed.^>&>9 The most basic of these
instabilities being the tilting, shifting, and vertical modes. The behavior
of these modes is predicted to depend upon the magnetic field index,
n. = -(r/Bv) (8B /3r), as shown in Table I.

TABLE I

Index

Tilt

Shift

Vertical

n < 0

Unstable

Stable

Unstable

0 < n < 1

Slightly Unstable

Slightly Unstable

Stable

1 < n

Stable

Unstable

Stable

Since early theoretical work indicated the presence of gross instabilities
in the Spheromak and the stabilizing effect of a close fitting conducting shell,
computer studies of numerically generated equilibrium solutions have been
performed. These studies give the parametric dependence of plasma instabili-
ties on the plasma shape and the position of the conducting shell. The current
patterns calculated to act in stabilizing the tilting and shifting modes led
to the suggestion of a relatively simple coil configuration for this purpose,-1

the "Fig. 8" coil. Jardin and Christensen indicate that a set of four passive
conducting coils, each with the Fig. 8 topology, will stabilize a Spheromak to
the rigid body toroidal mode number n = 1 tilting and shifting modes.

10
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Apparatus

2 3
The Proto S-l A/B device ' consists of a cylindrical stainless steel

vacuum vessel (24 inch diameter, 30 inch length, and 3/8 inch wall thickness),
with eight pancake coils just outside each end plate providing the required
equilibrium magnetic field (-1.2 Gauss/Amp, n. - 0.05). Either of two inter-
changeable flux cores may be mounted at the inidplane. Both of these flux cores
(see Fig. 1) contain a 3 turn poloidal field coil and a 40 turn toroidal field
coil with associated current feed in legs, have a major radius 1^ = 15 cm,
minor radius rc = 3 cm. and are covered by a 3 mil stainless steel liner.
The currents to the core are provided by capacitor banks. Vacuum base pres-
sures of -6 x 10 Torr have been obtained using oil diffusion pumps.

Magnetic field information is provided by a probe array composed of five
sets of orthogonal coils (B , B., B ) spaced 2 cm apart radially. This probe
may be rotated toroidally and translated axially, providing access to the
entire Spheromak region. Signals from the probe are intergrated and digitized
at a rate of 1 MHz. This information is then stored for later use. Plasma
reproducability is generally very good (s. 5% deviation), therefore multi-shot
scans alon,", z may be performed at a number of toroidal angles to give a
detailed global time evolution of the magnetic field configuration.

Experimental Results

By adjusting the currents in the flux core and the value of the equili-
brium magnetic field, it is possible to produce a spheromak plasma in Proto
S-l A/B which is stable to both the tilting and shifting modes for the life-
time of the plasma (-20 ysec). The apparent stability is present even though
this configuration is in the range 0 < n. < 1 which should be slightly
(y << 1/T ._) unstable to both modes. Possible explanations of this anomalous
stability are "line-tying" to the flux core, i.e., some fraction of the
poloidal current continues to flow around the core,, and eddy currents flowing
in the liner and crow-barred toroidal field winding.

If core current parameters are adjusted to allow the index to become
slightly negative, a tilting instability occurs. The tilting is very repro-
ducable, apparently due to the magnetic perturbation of the current leads to
the core, and proceeds on an axis defined by these leads. By producing contour
plots of the toroidal field in the plasma, it is possible to measure the growth
rate, y> of the tilting mode. Measured values of 2.2 usec < y~ < 3.6 ysec
have been obtained for various plasma conditions.

Simple Fig. 8 coils were constructed from 3/16 inch copper rod and mounted
with the inner edge 6 cm from the midplane of the core as shown in Fig. 2.
Figure 3 shows on the right the time behaviour of the toroidal field of a
particular tilting mode (y~^ - 3.6 psec). On the left is the same mode after
the addition of the Fig. 8 coils. It is apparent that the coils have had a
stabilizing effect on the tilting. Although at later times there is still an
instability present, similar field information in the plane 90° from that
shown indicates a higher order mode which the Fig. 8 coils should not affect.
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Conclusion

The gross MHD behavior of Spheromak plasmas in the Proto S-l A/B device
has been studied, and the tilting instability as well as stable behavior has
been demonstrated. Passive stabilization coils of a Fig. 8 configuratior.
have proven to have a stabilizing effect on the tilting mode.
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A New Approach to Controlling Impurity Contamination
of a Plasma-gun-produced Compact Torus*

R. F. Post and W. C. Turner
Lawrence livermore National Laboratory
University of California, P.O. Box 5511

Livermore, CA 94550

I. Introduction

The presence of impurity ions, notably carbon and oxygen, has been
determined to be a major factor limiting the lifetime of field-reversed
plasma entities produced by coaxial plasma guns such as the Beta II gun at
LLNL. Similar problems are encountered in other toroidal plasmas, e.g.
those in tokamaks. However, the solution employed there, discharge
cleaning, followed by initiation of the plasma at low density (where
impurity radiation losses are exceeded by ohmic heating rates) is not
applicable here. This note discusses a proposed means for drastically
reducing the level of impurities. (These are believed to be evolved from
the gun electrode surfaces as a result of thermal shock associated with UV
emission from the gun plasma) The idea: Take advantage of the UV pulse
preferentially to release hydrogen from the electrode surfaces. These
surfaces are to be coated with a few-micron-thick layer of titanium,
outgassed by preheating and subsequently loaded with hydrogen.

Upon initiation of the gun discharge, by puffing in pure hydrogen gas in
an annular region midway between the muzzle and the insulator at the rear of
the gun, the following sequence of events is predicted to occur:

1. The intense UV flash from the discharge will be absorbed on the gun
electrode surfaces adjacent to the region of the discharge.

2. The rapid rise in surface temperature caused by the UV flash will
desorb a dense layer of hydrogen gas from the electrode surfaces,
augmenting the initial gas pulse, and providing a continuing source
of hydrogen for the discharge as it is magnetically propelled
toward the muzzle.

Experiments with the existing Beta II gun, and with similar guns at Los
Alamos^ have shown that an additional source of contaminants - metal
sputtered from the electrodes - appears only when the discharge is run in a
"gas-starved" condition. The method proposed here, where the discharge
current always terminates on a dense surface layer of hydrogen (thereby
limiting sheath drops), should insure that sputtered metal impurities will
remain at the negligible concentration levels characteristic of present gun
operation in other than gas-starved conditions. In addition to employing
metal hydride electrode surfaces it would be desirable to use ultra-high
vacuum techniques to reduce the background pressure of impurity contaminants
to the 10"'° to 10"^ Torr range, so that the time for formation of
impurity monolayers is long compared to the interval between plasma shots.

* Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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II. Theoretical estimates of critical parameters

The critical "parameters for the proposed system are as follows:
o Heat pulse at gun electrode surfaces (principally from UV emitted

by discharge),
o Transient temperature rise of electrode surfaces caused by heat

pulse,
o Limits on concentration levels of hydrogen or deuterium in thin

titanium coatings,
o Rates of internal transport and surface desorption of

hydrogen/deuterium for pulse-heated titanium.

Some theoretical estimates of these above parameters will be given below.

A. Surface heat inputs in a "clean" gun

In the Beta II gun approximately 10 torr-liters of hydrogen gas are
ionized in approximately 5 microseconds. The accompanying UV pulse
emitted can be estimated by taking the difference between the energy
required per ion-electron pair (̂ 32 eV) and the energy required to
ionize hydrogen atoms:

o UV « (32 - Xi) ~ 20 eV/atom.
o 10 torr-liters = 6 X 10 2 0 atoms H0(D0)
o UV energy « (6 X 1020) X (20) X 1.6 X 10" 1 9 « 2000 Joules

( t ' )
gy ( ) ()

o <UV power > ss400 MW (y4 percent of gun input'power)
o At estimated 1(H cm2 illuminated area, Quy « 0.4 MW/cnr

Compared to the UV heat pulse, other surface heat inputs (ion bombardment
of the cathode, electron collection, etc.) are estimated to be small (of
order 10S. of <UV power > or less).

B. Transient temperature rise of surface

From classical theory: Fo^ a surface receiving a heat flux F beginning
at t = 0, the surface temperature rise in time t is

AT(O,t) = 2Ft
 m (1(r'

where p, K and Cp are the density, heat conductivity and heat capacity
of the material, respectively. Table I gives the-above parameters and the
surface temperature rise (in 1 microsecond) for various metals, normalized
to a rate F = 1 MWatt/cm2.

The thermal "skin depth" to which the heat pulse penetrates (AT = 1/e
times the surface AT) in time t is given by the expression

<*T = 2 \-M . (2)
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For solid Ti, from Table I, by interpolation to 0-4 MW/cm one finds
AT « 660° C. However the thermal skin depth in Ti in 10" sec. is
approximately 6 microns. Thus for Ti coatings a few microns thick AT will
be influenced even at early times by the substrate on which the coating is
formed. With a copper substrate for example, AT would tend to be reduced,
relative to that for solid Ti, as is evident from Table I.

C. Concentration levels of hydrogen in titanium

As is well known, titanium is capable of adsorbing large amounts of
hydrogen. Starting from a hydrogen-free state, heating to 200-400° C (to
accelerate diffusion rates) and exposing the titanium surface to hydrogen at
adequate pressure will cause titanium to load to high levels (up to a limit
of nearly TiH?, if desired). Values of the solubility levels (e.t 1 atm)
^temperature are listed in Table II.

Following cooldown (in the presence of a hydrogen atmosphere) titanium
retains hydrogen with negligible evolution in vacuo at room temperature
(desorption rates are discussed in a later section).

D. Rates of internal transport and surface desorption of hydrogen/deuterium
for pulse-heated titanium

The thermally-induced release of hydrogen/deuterium from a loaded
titanium layer is determined by two rate processes, both highly temperature
dependent: Thermally-activated surface desorption involves the surface
recombination of hydrogen/deuterium atoms that have migrated to the surface;
the rate at which desorbed atoms are replaced from below depends on the rate"
of this migration across a concentration gradient.

The rates of surface desorption may be estimated, by detailed balancing'
arguments, using existing data for the equilibrium density of hydrogen above
a heated titanium surface. In equilibrium (incident and emergent fluxes
balancing) we have

S = ( I nv ) (o) (2) , (3)

where S is the emergent flux (of H/0 atoms) and a is the sticking
coefficient. For D:Ti concentrations of order 1:1, o ~ 10~z to
10~3.5 in practical units this equation becomes:

S = 3.5 X 1O22 \ a P
n
{ t ° Z U atoms cm"2 sec"1 (4)

L(T°K)I/ZJ
Also from the literature we have for the equilibrium pressure**

P = 2 X 1 0 1 2 exp I""1'97,* 1 0 1 Torr (5)
L T°K J

for D:Ti as1.0.
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Our objective is to achieve, a number of desorbed atoms

Q = S A T = 1 - 1 0 Torr-liters (7 - 70 X 10 1 9 atoms H/D). (6)

With A = 103 cm2 and T » 5 usec., this implies S « TO22 to 10 2 3

atoms H/D cm sec"'. Inserting this value in Eq. (4), and using Eq.
(5) to solve for T yields 600° C & T £ 850° C, depending on the value of
o assumed. This is in the range of transient surface temperature rise due
to UV emission that was estimated in B above. At the same time, owing to
the exponential dependence of P, the pre-pulse value of S is down by 6
orders of magnitude at T = 300° C, for e*amples and becomes negligibly
small at room temperature. As a consequence, it would be possible to
pre-heat the titanium surface (thus inhibiting its contamination by
impurities) for a reasonable period of time prior to the actual gun pulse,
without thereby leading to an excessive loss of hydrogen from the loaded
surface. This should allow some control over the amount of H/D actually
desorbed.

It remains to show that hydrogen/deuterium can diffuse to the surface
rapidly enough to maintain the surface density. Again, because of the
exponential dependence of these rates on temperature, and because of the
steepness of the concentration gradients that result from pulse heating and
from surface desorption, transport rates appear to be more than adequate.
We have, for the diffusion process:

D = Do exp[-U0/kT], (7)

i.e. thermally-activated diffusion. Although modified by phase change
considerations, rough values for D o and U o for Ti at elevated
temperatures are3: Do « 2 X 10~2 cm2 sec"1 and Uo « 0.50 eV.
This gives a value of D « 3 X 10" 5 cm2 sec"1 at 600° C. The
diffusion flux to the surface is given by

q = D ( | § ) ^"2 sec"1 (8)

where [AC/Ax] is the concentration gradient.

The concentration gradient will be determined by:

a) The degree of loading of the titanium; at a relative loading c = 1,
C « 6 X 10 2 2 atoms H/D cm"3.

b) The depth and degree of depletion near the surface.

Here, the number of atoms to be desorbed from area A = 103 cm is
between 1 and 10 torr liters ~ 7 to 70 X 10'* in 5 usec, i.e. 1.4 to
14 X 10'9 per microsecond, implying at c = 1 a depletion layer thickness
of order 0.23 to 2.3 X 10"^ cm. With these values the available diffusion
flux would be of order q « 3 X 10"5 X [6 X 1022/(0.23 to 2.3 X 10~b]«.8
to 8 X 1024 cm"2 sec"1, i.e. the limiting values of qA would lie in
the range of .8 to 8 X 1Q2' atoms in 1 psec. These numbers being large'
compared to the number to be desorbed, the rates of diffusion of atoms to
the surface should be adequate, at the elevated temperatures attained, to
sustain the surface desorption rates.
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Parenthetically it should be noted that any impurity atoms within the
metal lattice will diffuse at rates that are orders of magnitude slower than
those for hydrogen, thus will contribute negligibly to the density.

Finally, returning to the question of AT, it can be seen from the
discussion that by adjustment of the Ti layer thickness, its degree of
loading, and its substrate material it should be possible to arrive at a
self-consistent set of design parameters that will satisfy the quantitative
requirements of Llie technique we have proposed.

Table I

AT at 1G'6 sec; F = 106 W/cm2

Metal AT°C

Cu
Pd
Nb
Ti
Zr
(304SS

3.6
0.75
0.53
0.22
0.23
0.16

9.0
12.2
8.4
4.5
6.4
8.0

0.4
0.23
0.25
0.47
0.28
0.46

310
780

1070
1650
1760
1470)

K, J cm"1 sec"1 0C"1; p gm cm"3; Cp, J gnT
1 °C~1.

Table II

T°C
0

200
400
600
800

cm3/qm (STP)
410
400
380
320
140

c
1.8
1.7
1.6
1.4
0.6

C atoms/cm3

9.9 X 10?2

9.6
9.2
7.7
3.4
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BETA II COMPACT TORUS EXPERIMENT PLASMA EQUILIBRIUM AND POWER BALANCE*

W. C. Turner, 6. C Goldenbaum,''' E. H. A. Granneman,^
D. S. Prono, C. W. Hartman, J. Taska

Lawrence Livermore National Laboratory, University of California
Livermore, CA 94550

In this paper we follow up some of our earlier work that showed the

compact torus (CT) plasma equilibrium produced by a magnetized coaxial plasma

gun is nearly force free and that impurity radiation plays a dominant role in

determining the decay time of plasma currents in present generation

experiments.' ' '

Figure 1 shows a schematic of the magnetized coaxial gun injecting into a

metallic flux conserver (1 mm thick copper). Not shown in Fig. 1 are

modifications to the vacuum system that allowed glow discharge cleaning of the

gun electrode and flux conserver surfaces. A stainless steel ring anode with

major (minor) diameter 25 (2.5) cm could be inserted in the annular gap between

the flux conserver and gun and removed during plasma shots. Glow discharges

were run at 40 microns of argon or deuterium with 2.67 Torr-l,iters/s gas

throughput. The discharge current and voltage were typically 1 A and 300 V

(argon) 400 V (deuterium). After discharge cleaning for several hours the

system was pumped down to 10 Torr base vacuum and further reduced to 10 Torr

with LN cyropanels and Ti gettering on vacuum chamber walls away from the gun

and flux conserver.

Since the plasma equilibrium is nearly force-free only a single parameter

is needed to describe it. In Fig. 2 we have chosen this parameter to be the

CT poloidal flux \p •, measured by magnetic probes, ip , is plotted vs the

square root of the product of plasma gun inner electrode flux (= ipqun) and the

volt-seconds input tc the gun discharge (= /_ V dt). The magnetic helicity

input to the plasma gun during formation is related to this product by

Kin = 2 V n ' V dt

Two straight lines are drawn in Fig. 2 for constant ratios of K /K. = 0.5,

1.0 where K is the plasma helicity. Two sets of data are presented in Fig. 2

*Work performed by LLNL for USDOE under contract W-7405-ENG-48.
''"On leave from University of Maryland, College Park, Maryland.

"^Present address: FOM Institute, Amsterdam, The Netherlands.
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according to whether i/> or I V dt is variable while the other parameter is

held fixed. As long as / V dt is not too low or ty too high, the data

(Fig. 2) fall close to the line Kp/I<in = 0.5 independently of which input

variable is fixed. The overall electrical efficiency is reduced from 0.5 by

another factor equal to how far the initial plasma state is driven from the

Taylor minimum energy state^ before relaxation takes place. Experimentally,

the electrical efficiency equals about 0.15 away from the cutoffs at too low

Jj V dt or too high ipgur|.

Plasma impurity radiation has been measured with a calibrated,

magnetically shielded pyroelectric detector that is collimated to view a chord

through the midplane of the flux conserver. The total power radiated is

inferred from this measurement by assuming that the plasma radiates

isotropically and uniformly. The total energy radiated is obtained by

integrating the radiated power forward in time from an instant when a compact

toroidal plasma has been formed (usually about 40 us after firing the plasma

gun). In Fig. 3 we compare the radiated energy (W .) to the plasma magnetic

energy (Wg) for four conditions; (?) with magnetic probe arrays inserted in

the plasma, (2) with probe arrays retracted from the plasma, Ti gettering and

cold LN liners, (3) same as (2) but after 14 hours glow discharge cleaning

with argon, and (4) same as (3) but after 96 hours of glow discharge cleaning

with argon and 8 hours with deuterium. It is apparent from Fig. 3 that a

large fraction, always greater than 50% and statistically consistent with

100%, of the magnetic energy is being radiated. VUV spectroscopy has

identified the major impurity contaminants to be carbon and oxygen. In Fig. 4

we have plotted the magnetic field lifetime xg, defined as the 1/e decay time

of plasma magnetic fields, as function of Wg for the same data as in Fig. 3. A

clear trend of increasing lifetime emerges from Fig. 4. With probes inserted

<T B> = 95 us, with probes retracted <T B> = 115 us and after discharge cleaning

<tg> = 140 ys. After about 14 hours of discharge cleaning with argon the

improvement in tg saturated and further improvement was not noteo by switching

briefly to deuterium. Improvement of lifetime with discharge cleaning is

encouraging. However, the saturation of improvement in lifetime and the large

amounts of energy radiated even for the longest lifetime shots point to the

necessity of developing more effective techniques of reducing impurity

contamination.

In order to gain some understanding of the source of plasma generated by

the gun discharge we studied the scaling of CT density with variation of
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experimental parameters. Data for three of these scaling studies is shown in

Fig. 5 where chord averaged electron density is plotted as a function of (a)

plenum gas fill in Torr-liters of Dg, (b) gas valve pre-trigger time before

discharging the gun capacitor bank, and (c) the electrical energy input to the

gun terminals during the gun discharge. If all of the CT plasma density was

derived from deuterium gas filling the plenum chambers then a linear

dependence of <n > vs Torr-liters of D2 that extrapolates to zero density at

zero gas fill would be expected. In fact what we see is a rather weak linear

dependence superimposed on a constant density <n > - 2 -»• 3 x 10 cm" that

is independent of the plenum gas fill. For comparison purposes a line is drawn

on Fig. 5(a) labeled "100% gas utilization." This is the density that would

be obtained if all the gas originally in the plenum chambers wound up as

ionized plasma filling the flux conserver with volume average density equal to

the chord average.

The lowest gas fill in Fig. 5(a) was 1.25 Torr-liters D2 (= 8.8 x 10
1 9 D

atoms). Below this gas fill the gas does not reliably break down when the

capacitor bank is triggered. The data in Fig. 5(a) was taken with the gas

valve fired at a fixed 300 us interval before discharging the capacitor

bank. From direct measurements, the gas valve seat opens 50 us after it is

triggered. We have not measured the gas distribution in the gun barrel but

rough estimates indicate the valve has completely emptied by the time the bank

is fired and gas extends a distance roughly +_ 40 cm from the valve.

In Fig. 5(b) the chord averaged electron density is plotted as the gas

valve trigger time is varied from 400 to 150 us preceding discharging the

capacitor b^nk. Again the plasma density is relatively insensitive to this

parameter variation. For gas valve pre-trigger times less than 150 us the gas

in the gun does not break down when the bank is fired.

Finally, in Fig. 5(c) the chord averaged electron density is plotted as a

function of electrical energy input to the gun discharge. The gas fill was

fixed at 7.25 Torr-liters U~ and the gas valve pre-trigger time was 300 us.

From Fig. 5(c) we see that <n > depends approximately linearly on the discharge

energy.

The picture that emerges from Fig. 5 is that the D? gas puffed in

through the gas valve plenum is important for initiating the discharge between

gun electrodes but that a substantial fraction of the CT plasma density is

derived from material that is desorbed from the gun electrode surfaces during

the discharge. It seems likely that the carbon and oxygen impurities observed
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in the plasma result from desorption of hydrocarbons and oxides on the gun
electrode surfaces.

We have written a 0-D rate equation code to model the plasma response to
impurity contamination^ '. The results of the code calculations are that if
the carbon or oxygen impurity fraction exceeds a critical level (̂  few per cent
for carbon), the plasma does not burn through the low Te radiation barrier and
the plasma parameters are clamped at values near 1 ^ = 2.5, Te - 10 eV and
T B a 150 us. This calculation, which used classical Spitzer resistivity,
roughly fits the observed experimental lifetiit? and values of Te deduced by the
absence of radiation frcm He-like ionization states.

The improvement of plasma lifetime with discharge cleaning is encouraging,
but more needs to be done. Some attention has recently been given to the
possible benefits of improving the vacuum conditions and using metal hydride
liners for the gun electrode surfaces^ '.
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Experiments on CT Plasma Merging in the CTCC-1

K. rfatanabe, K. Ikegami, M. Nishikawa

A. Ozaki, N. Satomi and T. Uyama

Course of Rlectromagnetic Energy Engineering
Faculty of Engineering, Osaka University
2-1, Yamada-OKa, Suita, Osaka 5655 Japan

Abstract

A compact toroid (CT) plasma merging experiment has been tried prelim-
inarily in the CTCC-1 experiment as a method for further-heating of CT, on
producing two CT plasmas in the flux conserver successively. Two CT plasmas
were observed really to merge with each other in the flux conserver. In the
merging process, it is found that the field reconnection of surface magnetic
field lines of CT is completed until 30ps after the second CT injection, but
magnetic field lines around the center of CT merge slowly, taking about
100MS. Experimental results indicate that merging of CT results in doubled
addition of toroidal fluxes and no-addition of poloidal fluxes.

1. Introduction

The gun-produced plasma toroid is introduced into a flux conserver and

stably confined in it without any MHD instability. Electron temperature has

been observed to be about 60eV in the gun-production phase, nevertheless it

decreased rapidly to less than lOeV during the bouncing and embedding phase

of plasma in the flux conserver.1 These experimental results suggested that

further heating is necessary to get a long-lived CT plasma trapped in the

flux conserver.

In our laboratory, a CT plasma merging experiment has been tried prelim-

inarily in the CTCC-1 experiment for the further-heating of CT. In the

experiment, two CT plasmas were produced successively. The first CT plasma

was produced as a target-CT in the flux conserver and then the second toroid

wac injected into the identical flux conserver occupied by the first one. A

CT plasma merging experiment is expected hopeful for obtaining a high temper-

ature CT plasma, since secondary-injected CT plasma is probably trapped by

the target CT plasma before the former should hit at the opposite wall of the

flux conserver. In this report, we present a preliminary study of tvo CT

plasmas merging, in which we found that the merging proceeds rather slowly

and geutly, compared with the single CT plasma formation. However, we have

not yet obtained any experimental result that shows effective plasma heating

due to the CT merging. We will make experiments in a high vacuum under

lxl CT8 Torr, with cryo-material surfaces near furture.
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2. Experimental Apparatus

The CTCC-1 is able to produce two CT plasmas successively at an inter-,

val using a single gun energized with two capacitor "banks each of C=3^pF

charged to ljOkV, which are triggered independently with each other (see

Fig.ij. This successive production of CT plasma make it possible to study a

merging process experiment of two CTs in the flux conserver.

The CT plasma is injected into the oblate flux conserver of 1.5mm

thick, 0.75m diameter, O.fen height, drum-type copper vessel having an

entrance region of 0.3m diameter and 0.32m length stainless steel cylinder.

Others are given elsewhere in more details.z>3

3. Experimental Results

In CT plasma merging experiment, two CT plasmas were injected into the

flux conserver successively in the manner described above. We can freely

select the timing, T , of the second plasma injection after formation of the

first target CT plasma in the flux conserver. Results presented here have

been obtained in the operation of x =80)JS .
m

To study the merging process we have measured magnetic fields at various

position by magnetic probes. There is a little shot-to-shot variation of

magnetic field signals measured at each position. Figures 2 and 3 show

signals measured shot by shot at egiht posotions along the Z-axis of R=19.5cn

near the magnetic axis(R=25cm). Fig.2 shows the time development of toroidal

field, B , at each posistion and Fig.3a and Fig.3b show the axial and radial
Xi

component of polcidal field,B , respectively. Here, Z denotes the distance

from the gun muzzle and T is the time after the initiation of first CT pro-

duction. As shown in Fig.2, B increases rapidly just after the second

plasma toroid enter the confinement region. This rapid increase of B at
t

each position indicates the addition of toroidal magnetic flux of the second

injected plasma. After the rapid increase, these signals decrease with

rather larger decrement than that of signals in the case of a single con-

fined CT. On the other hand, B decreases to zero or negative rapidly in

the range up to Z=62cm as shown in Fig.3.

We are reasonably to consider this rapid decrease as being due to

appearance of neutral X-point between two CT facing with each other. Such a

neutral point appears to travel in the axial direction away from the

entrance and to return back to stop around Z=lt2cm. Signals observed at both

7,=k2cm and Z=^7cm recover gradually during about lOOps. This fact indicates

that the magnetic field reconnection takes place slowly without any violent

turbulence. According to these and additional probe data, we make patterns
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of poloidal magnetic field at various times, although they can not be drawn

completely from the limited probe data as shown in Pig.lt. The field pattern

appears to proceed"as each CT opens the previously closed poloidal field

lines of it and field lines of the oppositely facing CTs reconnect each

other at the position of around Z=U2cm, becoming a single CT configuration

in about 100MS after the injection of second CT plasma.

h. Conclusion

The experiment has been carried "out to confirm whether the CT plasma

merging is really obtained or not. Experimental results show rather smooth

progressing of the merging process.

The magnetic field lines contained in the surface region of each CT

complete the field reconnection in the early stage until 30ys after the

second injection, becoming one closed field configuration. On the other

hand, the magnetic field lines in the center region of each CT make the

field reconnection slowly, taking about lOOps.

It is then concluded that two CT plasmas are really merged in rather

slow progressing and result in a CT toroid with doubled toroidal and not-

doubled poloidal magnetic fluxes. The transfer from toroidal flux to poloidal

flux proceed too slow to get the fundamental mode equilibrium state within

plasma life time.
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Traveling M irror A diabalic C ompressor

P. M.Bellan, Caltecih

I Review of the ooncept

By injecting a double- hump current pulse [Fig. l(a)] into a macroscopic elec-
tronic delay line, a traveling magnetic mirror, i.e. a double- humped magnetic
field, is made to propagate in wave- like fashion along the delay line. The actual
delay line consists of solenoid coils connected to external capacitors as shown in
Figs. l(a) and (b). The direction of propagation is along the symmetry axis and
the propagation velocity is determined by both the solenoid geometry and the
external capacitance. This traveling magnetic mirror is used Lo carry a reversed
field particle ring or compact, torus in its trough (for a reversed field theta pinch a
single humped propagating B field could be used instead of a mirror field because
the axial pinching self- force of this plasma provides axial confinement).

By gradually changing the radius r, intercoil spacing A, turns number m
and/or capacitance C, of successive coils in the solenoid delay line [as shown in
Fig. l(b)], the sectional delay time of successive delay line sections is made to be
a slowly increasing function of axial position. Consequently, the propagation velo-
city becomes a slowly decreasing function of axial position. From W KB theory,
this causes the propagating magnetic mirror (or, for theta pinches, single hump)
to steepen - - i.e., its intensity increases and its axial extent decreases in a manner
wherein the total magnetic energy remains constant (not counting particle
diamagnetism). Thus, this scheme provides adiabatic compression. The adiabatic
compression is extremely efficient because, unlike conventional adiabatic compres-
sion, the voltirrE occupied by tfvz rmrmetic field shroifes along niih the particle volume
so no magnetic energy is wasted filling up unused volume.

The precise functional dependence of the W KB steepening on the coil
parameters is derived in Refs. 1 and 2 wr.ere it is shown that the magnetic field

scales as B~ • y ^ g and the characteristic mirror length \ scales as
A3/Z

X~ r so that the magnetic energy WB, which is proportional to B^K, stays

constant (not counting particle diamagnetism). The analysis of Refs. 1 and 2
and, hence these scalings, is based on the assumptions that (i) X » r, A and (ii)
the coils are so closely spaced that each coil links more flux from adjacent coils
than from itself (i.e. the coils act as a solenoid). Thus, to achieve an increasing
field intensity having decreasing volume, all thsx is inquired is to gradually
increase the quantity nx1/2C1/V A3' V / z for successive coils in the solenoid delay
line while ensuring that the X » r, A assumption always holds.
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II Table top experiments

A series of small table top models have been constructed which, demon-
strate that these scalings are corred. A new, somewhat larger system, now being
constructed, will be used to compress a low beta ring of "45 keV electrons. The
main design parameters of this device are listed below:

characteristic compression time 2 /*sec
magnetic energy 2 J

large end

confining field diameter
" " length

coil turns
impedance
capacitors
voltage
B

28 cm
110 cm
2
4.2 Ohms
0.1 (j,F
2kV
100 G

small end

4.4 cm
22 cm
2
O.BOhms
0.5 /zF
0.9 kV
1100 G

Bench tests of this device show that the magnetic compression works very
well (witin about 10% of the design). The power supply for this device is a triple
pulse line having a design very similar to the compressor itself. It is expected that
the rest of the experiment ( electron gun, vacuum system, magnetic probes) will
be constructed -?y early 1982.

[1] P. M. Bellan, Phys. Rev. Lett 43,858(1979).

[2] P. M . Bellan. to be published in October, 1981 Phys. Fluids.
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Fig. 1 (a)Input prulse and circuit; (b) coil geometry.
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ANALYTIC FIELD REVERSED MIRROR EQUILIBRIUM WITH AN ELECTRIC FIELD*

J. K. Boyd
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

Analytic, axisymmetric ID equilibria have been derived to study
self consistent electric and magnetic fields in a field reversed mirror.
It is assumed such a configuration is sustained by high energy neutral
beams, and as a consequence the ion Larmor radius is comparable to the
plasma minor radius. The ions are then described by a distribution
function and the electrons are treated as an inertialess fluid. The
electron model is taken as a starting point from previous work.^ The
complete model consists of four equations.

Jr = 0 (2)

(4)

Ve1 V „ ,2(7 7,

Equation (1) is quasineutrality, where ne is the electron density, nj is
the jth ion species density and Zj is the charge state. Equation (2) is
the r component of Ampere's law and is a result of allowing only a
poloidal magnetic field, B = V^ x V0. Jr is the radial current. Equation
(3) is the theta component of Ampere's law. It is solved for the magnetic
field using a current which is the difference between the theta velocity
moment of the ion distribution function and the density times the electron
fluid velocity in the theta direction. Because electrons are. able to
cancel the current due to a single ion species it is necessary to include
several species with different theta velocities. The drag term in (4)
allows Coulomb friction between ions and electrons to cause the electrons
to ave a theta velocity intermediate Detween slow and fast ion veloci-
ties. The result is a net Ohkawa^ current, J^, in the theta direction.

J \ / (5,

•Work supported by .U.S. DOE contract #W-74O5-ENG-48.
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The electric field in steady state is - 8<J)/9r, where cf> is the
potential. Phi is obtained from the r component of (4), which must be
solved simultaneously with (3). In general the current, which is the
source of *h depends on 4>. Successful decoupling of (3) and (4) is
obtained by using an fj from previous work of Post.3

f . = c. 6(H - H o j) 6(PQ - p Q J) . (6)

The results of this model yield a potential which requires integration of
products of modified Bessel functions'. To avoid this complication an
alternate distribution has been implemented.

. (7)

The individual species current arising from (7) depend on 4>, however,
the sum over species only depends on r. Using (7) expressions for ip and
ip have been obtained for two models. First for V r e = 0 and Jg = J°

k,

S, = .5
6

where Ŝ j, S5, I^Q, \\IC are constants and <f> and Te are only functions of \\>.
Second for Je = J^

k - BzVre/nc,

8SC /rf - r
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dr - r • r0
} V

(12)

Vlli + lU I' O 1 > V C 1 <SL\' ' Ql <

- rQ)) j (*< + *c

"r£ - Vrk)

nojzj

m v •
n = -41 <z>

nee

where K, Te, r0 are constants and a =4iTV0/n,c2. <(>) refers to below
(above) the field null. The radial electron velocity Vre is assumed to be
a step function, V r e = Vo for B z > 0 and V r e = -Vo for B z < 0. Figure 1
shows \|>, Bz, Er, e4> for two cases. In case I, Vo = 10 cm/sec and in case
II, Vo = 1000 cm/sec. Parameters common to b^th cases are n] = 1 0 ^ cm~3,
n 2 = 5 x 10

11 cm~3, z~\ = 1, z2 = 2, Hoi = 3 keV, H02 = .5 keV, <z> = 1.09,
Te r- . 1 keV. The magnitude of B 7 increases as V r e increases and the
electric field is larger near r = 0 and the separatrix.
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FIGURES

1. a. Flux, \p (gauss-cm2) versus r for case I and II.
b. Magnetic field, Bz (gauss) versus r for case I and II.
c. Radial electric field, E r (volts cm'l) versus r for case I and II
d. Potential, e<f> (keV) versus r for case I and II.
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PRESENT STATUS OF f?EE RING STUDIES

AT INSTITUTE OF PLASMA PHYSICS, NAGOYA UNIVERSITY

M. Ha'segawa, A. Mohri, K. Narihara, Y. Tomita and T. Tsuzuk'i

Experiment on REB rings has recently been focussed on search for new

methods of r ing formation so as to raise the app l icab i l i t y of REB ring to

fusion. . Formation methods should be chosen to the purpose. For radial

adiabatic compression, rings of large major radius have to be formed

i n i t i a l l y . When we think of micro-toroids which confine very high density

( l O ^ ^ 9 / cm-* ) , the external magnetic f i e l d necessary for holding the

rings would be too high to be real ized. However, th is idea would become

feasible i f we can form a intense r ing inside a conducting chamber;that i s ,

flux-conserver, since we no longer need the external f i e l d . Several

methods of ring formation have been checked experimentally to see the i r

practical f eas i b i l i t y . Those are

* use of flux-conserver,

* use of sel f-poloidal f i e l d ,

* use of beam launcher.

The experiment was carried in small devices.

RING FORMATION IN FUJX-CONSERVER

Figurs 1 shows the experi-

mental setup. A REB is injected

into a plasma f i l l e d box in which

a half-cusp f i e l d is generated

with a pulse f i e l d c o i l . The

REB part icles get azimuthal

momenta due *o the axial change

of the magnetic vector potent ia l .

Then,a REB ring is formed and

introduced into a flux-conserver

which has the inner.space 18 cm

in dia. and 9 cm in depth.

1UK CONSEflvER ( Alunlntl lB )

Fig. l SPAC-UHD-1

REB rings were formed in the flux-conserver. Characteristics of the

rings ,nuch depended on the operation condit ion. The l i fe t ime was f a i r l y

long compared with the data of plasma-vortex in ject ion at LASL, LLL and Osaka,
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probably owing to the presence of high energy electrons as the current
carriers. Figure 2 shows a typical case, where a REB of 0.5 MeV, 60 kA
and 80 ns was injected and the external field components were B = 530 G
and Bz= 900 G at the radial edge.of the cathode. The decay time of the
poloidal field on the axis was nearly 700 us. The estimated toroidal
current was nearly 16 kA at the peak.

Time <•

Fig.2 B at the center of the axis. Fig.3 Use of Twisted shanks
to generate a self-field.

The other injection method tried was the use of twisted shanks for producing
a self-poloidal field as shown in Fig.3. No external field was used in this
case. Rings could be formed in the flux-conserver. . 7he attained ring
current reached 100 kA where the life, however, was 15 Us.

This experiment shows that REB rings can be formed inside the conducting
flux conserver. That suggests there is a possibility to have very strong micro=
rings in the similar way, though we have to improve the method so as to fit
the operation at much higher power.

RING FORMATION IN A MIRROR MACHINE WITH TOROIDAL FIELD

A small mirror machine with a centre conductor for producing an azimuthal
or toroidal, field was made to check several formation methods. Cathodes used
for REB injection are depicted in Fig.4. A cathode generating a self-po-
loidal field ( Fig.4-a ) was set coaxial to the mirror so that the self-field
was1 reverse to the mirror field. Then, a large axial change in the vector
potential appears in front of the cathode surface. Thus, we can form a ring
by injection o* REB into a plasma. The mirror machine has the axial length
of 90 cm and the inner wall diameter of 26 cm. ;,ie current obtained with
this type of cathode reached 70 kA where the lifetime was 20us.
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BEAM LAUNCHER ( BEAM GUIDING HOOP >
CATHODE PRODUCING SELF-POLO I DAL FIELD

. self-ooloidai field
s e l f -
DOloidal fielct

(.a } ( b }
Fig.4 Cathodes examined in the mirror machine.

The other examined method was the use of ' Beam Launcher ' having a
shape of sigle circular hoop. The one end of the hoop is connected with
the MITL and a disk cathode is-attached to the other end. The feeding
current to the cathode produces a poioidal field around the hoop. The
field synthesized with the external mirror field ( i.e. vertical field )
becomes to have a stagnation circle, on the inner side of which there appears
a steep radial decrease of the field. When the REB ejected from the cathode
launches on this weak field region, its orbital major radius can be held.to
be sufficiently large even in the case of strong vertical field. Then,
stacking of the injected REB becomes easy and thus formed intense ring is
sustained in an equilibrium position by the strong vertical field,when the
hoop current has already faded away. Figure 5 shows an :experimatal result,
where the REB ( 0.5 MeV, 30 kA, 80 ns ) was injected with the method mentioned
above. The peak ring current reached 140 kA. The lifetime was, however,
short, probably due to the
field error. X-ray meas-
urement showed that energies
of the beam electrons :of
the ring were less than
100 keV. Also, the form-
ing condition of ring be-
came wider than in the
case of the normal tan-
gential injection.

'ring

100 kA

°Z ext.

30

Fig.5 Wave forms of the ring current I
.

and the poloidal f ie ld on the axis

poloidal*
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The ' Beam Launcher ' method is now being tested in S'PAC-VI to have a

ring of larger major radius, which is necessary as an in i t i a l condition

for strong major-radial adiabatic compression.

CONSTRUCTION OF SPAC-VI-DR

A new experimental device named ' SPAC-VI-OR ' is now under construction,

aiming at

* Simultaneous formation of two r ings , one of which is a high current

REB ring and the other is a high energetic electron ring or ion

beam ring.

* Compression of both the rings.

* Conveyance of the rings along the axis by making the axial gradient

of the external field

* Merging of the rings a t the midplane of the device.

A centre conductor is ins ta l led to s t ab i l i ze the t i l t i n g ins tab i l i ty during

the conveyance of rings and to generate a toroidal f ie ld. The possible

radial compression ra t io is more than 2.0 and the conveying distance is

1.2 m. Figure 6 shows the cross sectional view of the device.

MERGING CONTROL
COILS

F i g . 6 SPAC - VI - DR

181



ANOMALOUS DIFFUSION IN TOROIDAL PLASMA

N. A. Krali
Jaycor

San Diego, CA 92138

INTRODUCTION

This review, which is merely one man's view of the present state of
anomalous diffusion theory, will be broken up into the following segments:

I. BASIS AND FORMALISM FOR ANOMALOUS DIFFUSION THEORY

A. Quasi!inear Theories

B. Fluid Theories

II. LOWER-HYBRID WAVE RESULTS

A. Properties of Lower-Hybrid Waves
B. Application to Reversed Field Theta Pinch

C. Application to High Beta Q-Machine

III. ANOMALOUS DIFFUSION IN TOROIDAL SYSTEMS

A. Resistive Interchange, nS-II
B. Dissipative Trapped Electron Tokamak Transport, I

C. Dissipative Trapped Electron Tokamak Transport, II

IV. BEYOND QUASILINEAR THEORY

A. Resonance Broadening
B. Renormalized Turbulence Theories
C. Global/Generic Analyses

V. NEW DIRECTIONS

In attempting to review anomalous diffusion theory, it is necessary to
begin with quasi!inear theories, for two reasons. Firstly, they form the basis
of the original applications of turbulence theory to experiments and, therefore,
have been most closely tied to the experiments and verified by comparisons with
both experiments and with particle simulations. And, secondly, in analyzing
the work that is presently being done in dozens of different papers and 'labora-
tories, it is clear th?t quasilinear theory and extensions of the quasilinear
approach form the bulk of the work currently being done. The original approaches
to anomalous diffusion theory were based on the fact that two time scales are
appropriate. The first is the time scale for stability, t^ ~ y~ , the second
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2 2-1is the time scale for- diffusion, iv ~ k a y » where y is the growth rate for
the instabilities which cause the diffusion, and a is the typical plasma size.
Since the wavelengths of plasma modes are typically shorter than the plasma
size, the diffusion time scale is substantially longer than the time scale for
stability. This then led to the idea of developing stability theories localized
in space and time and using the local properties to predict diffusion. In

writing down the diffusion time scale, I have used one of the original estimates
2

of diffusion due to its stabilities, namely, D ~ y/V. . This result was written
1 2down by many authors, including Kadomtsev, et a!., and was based on the idea

that due to ExB drifts a particle will diffuse or drift one wavelength in approx-
imately one growth time. Taking that drifting distance as the excursion, the

2 2diffusion is proportional to D ~ AX /T ~ -y/k . This estimate when first written
down seems a bit crude, because it does not involve the level of fluctuations
due to the wave, for example, which must clearly be important in determining
the amount of diffusion. Nonetheless, as we will see, this provides a sur-
prisingly good estimate of diffusion, even though in practice) we seldom use the
raw formula. It correctly places great emphasis on a thorough knowledge of
linear stability properties.
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I. BASIS AND FORMALISM FOR ANOMALOUS DIFFUSION THEORY

3
The basis for anomalous diffusion theory is the Vlasov equation

J = fQ(r,v,t) + <5f(r,v,t); waves
[JL + v.v + F-V ] f = 0 < (1)
L3t vJ \ f

xn,nV... = / dv (l,v,...)f; fluid

q / dv 6f ; xU.k) <SE = 0 (2)

a
 a J a

Quasilinear: LQf0(t) = - fiF-vy6f . (3)

As indicated, the distribution function of particles can either be broken up
into two parts, a slowly varying background distribution which describes the
bulk of the plasma and a rapidly varying part, presumably small, which repre-
sents the development of plasma waves, or alternately, the distribution function
can be integrated with various moments of velocity to provide fluid equations.
The two can be combined to provide quasil inear fluid theories and these are in
fact the basis for applying kinetic theory to anomalous diffusion.

Equations (2) and (3) show the procedure which is generally followed,
namely, the Vlasov equation is analyzed and combined with Poisson's equation
to provide a calculation of plasma waves, which, as indicated in Eq. (2),
basically requires a calculation of the plasma susceptibility. As Eq. (3) indi-
cates, the eigenfunction for the plasma waves, 6f, as well as the related force
due to the waves, 6F, are used in the quasilinear equation to provide the quasi-
linear response. Having the wave properties well in hand, one then integrates
the Vlasov equation to obtain fluid equations which can describe the evolution
of plasma on the diffusion time scale, and Eqs. (4), (5), and (6) indicate the
time development of the momentum and the temperature in terms of the waves and
instabilities of the plasma which are in general calculated in terms of the

A

fluctuation level, €.., and the plasma susceptibility, x.

184



at ax

(4)

-V. \ , 9V.
J JX 1 J_ -r J>

ax / 2 j sx

e.
= jA <fit-[5(N.v.) - v.<$N.]> (5)

R. = e.<6N.8E> = \ ] / at 2t €+(x,t) lmX.{t,in+Ty) (6)

In analyzing and using the wave properties to produce the diffusion
properties of the system there are in fact four key elements which have evolved
over the years.

1. A reaiistic calculation of the susceptibility, x(k,u+iY),

2. A rigorous calculation of the nonlinear behavior of the susceptibility,

3. A realistic estimate of the fluctuation level, and

4. A systems type approach.

Item 4 has been a key element in the development of anomalous diffusion theory.
As has been demonstrated over the years, in a typical plasma situation the
susceptibility is a strong function of space and time. This is because plasma
waves and instabilities depend strongly on beta, shear, gradient lengths,
electron to ion temperature ratios, and so on, and each of these quantities
varies dramatically in space. The most common situation is that if the calcu-
lation is done accurately and the stability regions in space and time deter-
mined from fluid equetions describing the entire coupled system, scaling laws will
develop (e.g., for the plasma confinement time or the time for penetration of
magnetic fields) which in general do not reflect directly the linear properties
of any_ single instability. The first "failure" of the quasilinear approach
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to anomalous resistivity came when it was observed that a number of shock wave
experiments did not follow the scaling time for plasina implosion and magnetic
field penetration predicted by the instabilities which were assumed to be
dominant. The first major success of anomalous resistivity theory came when
it was demonstrated that if these very same instabilities were applied locally,
that is, fluid equations were integrated with anomalous properties varying in
space and time just as the instability properties varied in space and time, then
the plasma implosion and magnetic field penetration agreed extremely well with
experiment over a wide range of ionization level, magnetic field strength, den-
sity, and magnetic field pulse time. The transition from failure to success
required no new knowledge, merely more careful computation of the system.
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II. LOWER-HYBRID WAVE RESULTS

Because the intent of this review is to demonstrate the present state

of anomalous transport theory, I will not dwell on the many, many examples of
4

application of these theories in the pa-st, but will describe only an appli-
cation which is also used in describing reversed field cheta pinches. That
example is the application of lower-hybrid-drift waves to anomalous transport.

A. Properties of Lower-Hybrid Waves

Lower-hybrid waves became popular in theta pinch analysis because that
instability was fluid-like in many of its applications, did not depend crucially
on electron to ion temperature ratios, and, as the scale lengths for plasma den-
sity and temperature changed, evolved from one mode to another. In order to
apply the lower-hybrid instability (note this instability is being used simply
as an example - all relevant modes must be treated in the same way), one calcu-
lates the properties of this mode, including scale size as indicated in Eqs.
(7), (8), and (9) where the scale sizes are defined ir Figure 1.

Lower Hybrid - Strong Drift Limit [Ln < a..]:

Lower Hybrid - Weak Drift [(m./m )*a. > Ln > a.]:

Drift Cyclotron:

[(?)' - • - -ft)' -]
i * k VD
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a,(t)

\

o
t = 0

L
<

J

n(t)
—i

1 n

R

Figure 1.

Next, the property of the mode with various temperature gradients is calculated,

Instability Condition (Low B, General Distribution):

1 > b e >
nTi

- *nTe)
> 1

(10)

(11)

where beta is the ratio of temperature to density gradients and b is the product

of wavenumber times electron gyroradius. Another important parameter for lower-

hybrid modes is shear, and Figures 2 and 3 show the range of stability as a

function of shear for the case of cold electrons as in Figure 2, or warm elec-

trons as in Figure 3. Some analytic results can be obtained for some ranges of

shear parameters,
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Weak Drift, Low g, Stable if:

Ls Ln < l + W * T
e> .. 2. 2

^ * *7 " V ^ T? Wce pe

Finally, the plasma beta is critical in determining stability properties of
this mode and Figures 4 and 5 indicate this effect. The actual result is given
by the solid lines in Figures 4 and 5. The dotted line is to show a common
mistake in calculating the beta effects. The finite value of plasma beta alters
the drift orbits in the electrostatic dispersion relation and this affects the
stability. However, another effect of beta is to introduce magnetic fluctua-
tions. If the electrostatic calculations are kept while ignoring the magnetic
fluctuations, the answer in general is wrong and that is shown by the comparison
between dotted and solid lines in Figures 4 and 5. The reason this mistake is
generally made is because it is quite a bit simpler to calculate tne finite
beta effects on electrostatic modes and simply overlook the electromagnetic
effects.

By no means is this detailed calculation of lower-hybrid stability
effects gilding the lily. If the proper variation of stability with local
parameters is not included, it can be demonstrated in theta pinch applications
that the anomalous diffusion predictions are far from being in agreement with
the experimental results; however, with all of this detail it is possible to
reproduce the experiments quite accurately. I do not mean to imply that
anomalous diffusion is always a big effect. Figures 6 and 7 give a comparison
of the development of a reversed field pinch on a one millisecond time scale

] with ZT-1 parameters as opposed to ZT-40 parameters. Since the instability
I depends on the density scale length, the larger machine has a much longer time

scale for evolution in response to this mode. Over one millisecond the pre-
dicted changes are almost negligible in ZT-40 while they are quite substantial
in ZT-1.
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Now, before I go on to more current work, it is fair to ask how seriously
one should take the predictions of this theory. The fact that everyone seems
to be using the same theory is by no means justification for it. I would like,
therefore, to sho,« at least one example (of many) of the detailed agreement
between this model and experiment. Figure 8 shows the profiles of density as a

ft 9 10
function of time ar.d radius in an implosion heating experiment. ' The theory used
a hybrid code which integrated the fluid equations described above and included
several instabilities in detail, also as described above. The experiment
measured the density as a function of time over a number of radial slices. It
is possible to interpret these experimental and theoretical profiles in very
convincing ways in terms of an initial density peak due to reflected particles,
a peak due to the magnetic pulse imploding, a peak due to reflected particles
having passed through the axis and reencountering the plasma sheath, and a peak
due to the magnetic piston bouncing in the center and being reflected toward
the wall. The agreement between theory and experiment is more than simply good,
particularly if you keep in mind that tha theory was not adjusted at either
space points or time points. Once the model was set up, it was simply run and
the results are as shown.

This stability behavior was developed for a specific geometry and param-
eter range. By no means does this sort of behavior say that lower-hybrid
turbulence is going to explain any arbitrary experiment. In fact, the simula-
tions shown in Figures 7 and 8 were developed using a number of instabilities,
included over the years as we increased our understanding of what the stability
mechanisms appropriate to that experiment were. This theory is a device-specific
theory and requires detailed analysis of the stability properties in every case.
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B. Application to Reversed Field Theta Pinch

I would now like to describe an application of this model, due to Linford
and Hamasaki, to the Reversed Field Theta Pinch. The geometry is shown
in Figure 9. The model was born one-dimensional, but a reversed field theta
pinch after the reconnection phase is not at all one-dimensional. This was
taken into account in various ways. For one thing, pressure balance in the
axial direction was included as one of the constraints on the one-dimensional
code. A second constraint was that flux lines which, as shown in Figure 9, are
closed, will require different one-dimensional points to have related same
properties, e.g., temperature. This constraint was imposed upon the code.
Thirdly, the transport across closed field lines and the transport along open
field lines is quite different. In the code the closed field lines were assumed
to have classical and anomalous transport across the magnetic field while the
open field lines were assumed to have classical transport parallel to the
magnetic field. A large number of cases were run and various effects examined.
The effect of various models for the boundary, the effect of axial contraction,
the effect of either connecting field lines when they should be connecting or
omitting that effect were all examined and it was concluded that each of these
physically realistic effects also made a difference in the results predicted

by the model. Rather than dwell in detail on all of these effects which have
12been discussed elsewhere, I will simply present the results of the Linford and

Hamasaki analysis.

Figure 9.
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Figure 10 shows theoretical prediction for the confinement time of a
system assumed to have a fixed value of R» where R is the distance from the
center of the cylinder to the maximum of plasma density. In the runs shown in
Figure 10, the ion temperature was taken in various cases to range over a factor
of eight, and for each ion temperature the magnetic field was allowed to vary
also over a factor of about eight. The results are plotted showing the confine-
ment time as a function of 1/p., p. = the ion gyroradius. The confinement time
is predicted to be roughly inversely proportional to the ion gyroradius. Figure
11 shows the result of a number of code runs in which the ion temperature and
the magnetic field were kept constant and the radius, R, which again is the
location of the point of maximum density, was allowed to vary about over a factor
of two. Figure 11 shows that the confinement time varies approximately with the
square of this plasma radius. Figures 12a and 12b show the results of a number
of reversed field theta pinch experiments plotted as a function of different param-
eters. ' These experiments include substantial differences in input energy
to the plasma. If you look up the details of the experiment you can find a
corresponding range of other experimental parameters. Figure 12a shows that if
the confinement time is plotted in terms of one over the ion gyroradius, there

is quite a spread. Figure 12b on the other hand shows that if the confinement
2

time is plotted as a function of R /p, a very orderly straight line is obtained
in agreement with the predictions of Hamasaki.

When the theory was developed, the confinement time of the plasma in
fact had not been measured. What was measured was the time required for the
plasma to begin to rotate with a speed which then terminated the plasma confine-
ment. Subsequently, the plasma confinement was also measured and it turned out
to be very comparable to the spinup time. So this was a case where the theory
in fact was developed before the appropriate measurement had been made. When
the plasma density and its decay with time was directly measured and found also
to agree with the results shown in Figure 12b, one was forced to conclude that
the lower-hybrid based anomalous transport theory was indeed describing at least
the density decay in the FRX, if not the spinup process itself. I would like
to emphasize that although the results for the implosion heating experiment
shown in Figure 8 are ancient history, the results of Linford and Hamasaki are
quite recent and in quite a different geometry from IHX. This demonstrates that
the success of the IHX modeling was by no means restricted either to that par-
ticular experiment or to that particular state of knowledge of turbulence theory.
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C. Application to High Beta Q-Machine

The next example is even more recent, based on a preprint kindly given
to me by Fred Ribe. This work describes an experiment of Knox, Meuth, Ribe,
and Sevillano on the High Beta Q-Machine at the University of Washington. This
experiment is a theta pinch in which an original bias field is applied and a
magnetic field of opposite sign is imposed at the surface. This produces a
reversed field configuration, although the time scale of the experiment may not
permit field reconnection. The experiment is 300 cm long with a 10 cm bore.

The experimental results are that within 1 us half to three quarters
of the magnetic bias flux is trapped. The trapped flux then decays in about
1 ps to a plateau value in which about 25 percent of the flux is trapped and
then subsequently decays on a comparable time scale, until the flux is released.
Probes are used to,measure the magnetic field as a function of time and analytic
calculations are then used to deduce the resistivity as a function of time.
Figure 13 is an experimental result in which the internal flux is plotted as a
function of time for three different values of field pressure. Notice that the
characteristic decay times are several microseconds. A little bit of analytic
work shows that the magnetic profiles can be described in this sort of experi-
ment as a Bessel function

B = BQ exp(-t/r) r < rQ

B = [BjJ^ar) - B2Yo(ar)] exp(-tA) r > r
o

2 *where r — 4 cm and o = (4iT/nc T ) is the inverse diffusion length. By comparing

the magnetic profiles with the profiles predicted by the theory, the resistivity
can be deduced from the magnetic shape. Magnetic shapes are shown in Figure 14.
These are experimental values and in the various curves the magnetic profile
at 0.3, .5, 1, 2, and 6 microseconds is shown, The values between 1 and 2 micro-
seconds are values which are used by the researchers in deducing the resistivity.
They conclude that the experimental value of the resistivity is of order
1.3 x 10" ohm-m, while, using the measured values of temperature T — 30 eV,

-6they conclude that the classical resistivity is of order 8 x 10" ohm-m. Clearly
the experimental value of resistivity is substantially greater than predicted
classically; therefore, other loss mechanisms are required. One possible loss
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mechanism is end loss. An analysis of the classical predictions for end loss
gives an end loss time T E ̂  14 ys. Another source of energy loss is radiation
due to impurities. Oxygen V and Oxygen VI are expected to be the dominant
impurities in the system and this is confirmed spectroscopically. They
observe that the radiation time for temperature loss is given by ton*— 22 ps.
So having deduced that the experiment is not dominated by classical resistivity,
the experimenters did not simply turn to anomalies, but first calculated the
other processes that seemed plausible. They concluded that those processes
would operate on time scales which were substantially longer than found in the
experiment. Therefore, they turneo to anomalous resistivity calculations pre-
viously published by Davidson and Gladd which they felt would apply to the
experiment. In order to perform the application, it was required to make some
modifications in the parameter range of the theory, which was based on lower-
hybrid-drift waves, and having made these modifications they concluded that the

-4resistivity due to lower-hybrid waves should be of order n — 0.95 x 10 ohm-m.
In making that estimate a fluctuation level had to be used. The fluctuation
level was taken to be that given by Liewer and Davidson which was based on an
energetic bound to the allowed level. The agreement is good: certainly the
calculation of Davidson and Gladd is a space averaged calculation, while the
magnetic properties certainly vary strongly across the layer, in fact going
through a null point. The Davidson and Gladd calculations are presumably
applicable only away from the null point. Nonetheless, the agreement leads
the experimentalists to conclude that the observed resistivity is quite con-
sistent with the lower-hybrid predictions. Since Gladd and others have done
further work on this problem, I would like to comment that there is a nagging
problem with this analysis, which is, that the lower-hybrid waves are apparently
relatively localized away from the magnetic null point. A similar effect has
been observed in particle simulations performed very recently. In trying to
connect these two regions of lower-hybrid instability with a central region in
which there is apparently no instability we have to do something creative.
What we should do in fact is do a little further research on the topic. None-
theless, the agreement found by Knox, et al., certainly motivates this further
research.
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III. ANOMALOUS DIFFUSION IN TOROIDAL SYSTEMS

I now would like to turn to some anomalous transport work, done recently

for toroidal systems, that is not based on lower-hybrid modes.

A. Resistive Interchange,

18As a first example, I describe a calculation due to Manheimer which

calculates the effect of resistive interchange modes on Reversed Field Pinches.
19This recent paper was motivated by the results of nB-II. The work is based on

quasilinear theory and starts with the magnetic geometry

= Bol z (14)

and uses that geometry to analyze resistive interchange modes. These modes are

well known to be unstable and from the linear theory of these modes, perturbed

values of velocity magnetic field and growth rates are predicted.

7 =x
nc

v
4TT(3B

Y = (15)
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The theory now assumes that the resistive interchange mode develops according
to linear theory until a steady state is reached in which the fluctuating values
of magnetic field, velocity, scale size, and so on are given by the linear
values. This is, therefore, a quasilinear calculation. Ohms law

y x
* - x y 0 + c.c. +• (16)

now requires that the resistive interchange mode will give rise to an electric
field parallel to the toroidal magnetic field. This electric field can be used
to predict the diffusion of the magnetic field and therefore the decay of the
reversed field pinch geometry.

c-c-9t 9X 4TT 3X

exp 3X
(17)

A second prediction can be made and that, is the energy transport which depends
on ?•£ given by the quasi!inear theory. To produce quantitative results from
Eq. (16) and Eq. (17), it is required to develop a saturation model for the
instabilities to deduce the value of fluctuations in magnetic field and so on
in steady state. As a possible mechanism, Manheimer suggests that as the
perturbed velocities increase they eventually will reach a value comparable to
the sound speed. When this happens, it is plausible that the interchange
energy will then compress the plasma rather than produce plasma waves, and this
assumption is used to deduce the saturated value. The saturated value can then
be used to produce a diffusion coefficient, which is proportional to the cube
root of the resistivity
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(18)

(19)

With this value for the diffusion coefficient, based on the given saturation
mechanism, both the level of magnetic fluctuations observed in nS-II and the
decay time observed in n6-II is found to be in agreement with this quasi!inear
prediction based on the resistive interchange mode. It would be interesting
to compare this theory with the results that are recently obtained by ZT-40 now
that ZT-40 has achieved a quiescent phase similar to that of n6-II.

B. Dissipative Trapped Electron Tokamak rransport, I

In discussing the anomalous transport in toroidal systems, it would be
a major oversight not to at least mention the situation in tqkamak. For one
thing, the tokamak is much more thoroughly explored. For a second thing, there
is a general conception that anomalous transport theory has been very ineffective
in describing tokamak development and, thirdly, there may be some similarities
down the road between the behavior of spheromak and experience in tokamak.

Many of you are probably familiar with the major review on transport
20in tokamak, published by Paul Rutherford in Nuclear Fusion, so I would like to

discuss, instead, two possibly less well known calculations on the same line.
21The first one is by Horton, et al., and is an example of an attempt to explain

heat loss in transport in tokamak by trapped electron instabilities. Horton
uses standard techniques for the drift wave trapped electron mode to estimate
the particle flux beyond the q = 1 surface, as well as the spectral distribu-
tion of fluctuation.

A = 1 - U)|7<J)* , n ~ ds,n T/d«,n n

AG° + nG1 = 1 - ̂ - ^ (20)
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These fluxes and distributions are obtained in terms of the linear properties
of the mode and the level of fluctuations; therefore this calculation is also
a quasilinear type calculation. Because of the inhomogeneity of the plasma
density and temperature, there is a level of free energy in the plasma.

The turbulent energies that appear in Eq. (20) are taken to be a
constant fraction of the free energy available to the modes in all regions
where the plasma is in fact unstable. With this assumption, the flux and the
spectrum are compared with experiment for a wide variety of experimental cases.
Figure 15 shows the ratio of the observed flux to the flux predicted by drift
wave theory as a function of radius in the tokamak. The comparison is only
made outside the q = 1 surface because of the assumption that MHD effects will
dominate inside that surface. A large number of cases are described in the two
graphs of Figure 15: one set from the TFR tokamak, and the other from Ormak.
In the case of TFR, the observed flux is roughly half of the anomalous trans-
port theory flux over a wide range of radius and experimental conditions. For
Ormak, the observed flux is about one third of the theoretically predicted
flux, also over a wide range of experimental conditions.

In Figure 16 a comparison is shown between the spectrum of density
fluctuations observed in the ATC tokamak indicated by the bars and the linear
growth rate as a function of wavenumber indicated by the solid line. These
researchers were pleased that there was some correspondence between observed
spectra and theoretically predicted unstable spectra, and also encouraged by
the fact that the observed to predicted flux was a constant ratio over such a
wide range of conditions. But the proportionality constant between theory and
experiment changed substantially from device to device. Moreover, there was no
clear theoretical way to choose this constant. The correlation between theory
and experiment appear significant, but to obtain a really predictive aspect of
this theory something else is clearly required.
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C. Dissipative Trapped Electron Tokamak Transport, II
22Next, I describe a modeling due to Cotsaftis, et al., in which again

the dissipative trapped electron mode is a primary input to anomalous resis-
tivity but which recognizes that in fact there is a layered effect in the
tokamak, e.g., considers the tokamak as a highly structured system. Inside the
q = 1 surface, the transport is expected to be due to MHD effects, so Cotsaftis
uses the transport due to sawtooth oscillations to dominate inside the q = 1
surface. In an annulus toward the middle of the plasma a substantial fraction
of the particles are trapped and the trapped electron rrodes are assumed to be
the dominant transport mechanism. In the outar fringes of the plasma the tsm-
perature is low, the plasma is substantially more collisional than in the center,
and the assumption is that resistive modes and such will probably dominate. In
the model, the assumption is that the transport in the outer layers of the plasma
is in fact due to a current driven thermal instability which had been worked

out by Cotsaftis to explain current penetration in TFR. The same general struc-
ture of this instability that was used to explain current penetration is used in
calculating the resistivity in the outer layers of the plasma. This instability
naturally disappears as the plasma temperature rises going inward into the
device. The actual form of the transport taken is shown in Eq. (21).

XT1 1 JED
e e

/r\3/2 Te3.i

(21)

Note this calculation is particularly interesting i:i the context of the present
talk because we stress the importance of taking local stability conditions and
using these conditions in global transport models in order to obtain a realistic
description of the experiment, and in the model described here there has been
an attempt to separate the plasma into regions of various physics behavior and
to input into the model the anomalous transport mechanisms into those regions.

These transport effects were incorporated into a one-dimensional trans-
port model of the same sort described earlier in the talk, but in this case of
course with tokamak-type geometry. Predictions for electron temperature,
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density, and so on as. a function of radius and time were made for various
values of plasma current and various time behaviors of plasma current. Com-
parison was made with the results from the TFR tokamak.

In fact, Cotsaftis conceived this problem originally because of a
specific effect that was observed in the TFR. This effect was that at relatively
low input energy, which was the most usual case, the current increased rapidly
with time, the electron temperature increased rapidly with time, and both
formed a plateau which lasted for several hundred milliseconds. The electron
temperature, that is, rose monotonically and then plateaued. In a relatively
fewer number of cases there was substantially greater input energy to the TFR
and the plasma became substantially more collisionless, the electron temperatures
becoming substantially higher. In this case, although the current again rose
quickly to a plateau, the electron temperature rose to quite a large value and
then declined to it? plateau. The electron temperature, therefore, overshot
its equilibrium value and decayed back to an equilibrium type value which it
maintained for several hundred milliseconds. This behavior is shown in Figures
17a and 17b. The idea was that since there was a change in TFR behavior
between the low input energy and the high input energy cases, that ,.r,sre was
probably a physical effect that was onsetting between those two cases and that
a most plausible physical effect was the appearance of trapped electron modes
in the more collisionless case shown in Figure 17b.

An estimate of linear stability theory did show that the lower tem-
perature cases of 17a were not expected to be unstable to the trapped electron
mode while the parameters of 17b were unstable to this mode. The calculation
was carried out integrating the fluid equations numerically and the results are
shown in Figures 18 through 21. Figure 18 shows, indicated by the solid lines,
that the model does in fact give the overshoot of electron temperature with
time as found in the experiment. The ion temperature in contrast does not show
this overshoot and increases monotonically to its plateau value. For compar-
ison, the dotted lines show neoclassical predictions. The electron temperature,
as is well known, is much smaller in the experiment than would be predicted by
neoclassical theory. Figure 18 shows, however, that the ion temperature also
is smaller by a factor of about 1.5 than predicted classically. This is because,
as you will recall from the early part of this talk, the transport effects as
they evolved from the Vlasov equation are present for all species and depend
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on the density and electric field fluctuations which are determined by the plasma
dielectric; there will be a relation between the transport anomalies of various
species. So, we were not surprised to find this change in ion temperature from
neoclassical predictions, since anomalous transport theory in fact gives a well
defined relation between the electron and ion anomalous conductivity

^ 3 fdm Te\
7 lds.n n I

KTE « 3 r^_le\ KTEKion 7 I dm n J Ke

At the time there was a general feeling that ions were neoclassical, probably
because ion transport was classically substantially greater than electron trans-
port, and therefore the anomaly (which was a given fraction of the electron
anomaly) was masked by neoclassical effects. We predicted, however, that as
the temperature increased and the plasma became more collisionless, then the
anomalous ion transport would eventually emerge and be noticeable as it was in
pinch experiments. Figure 19 shows the temperature profiles as a function of
time predicted by the model, starting at 5 milliseconds, rising to a maximum at
55 milliseconds and then decreasing to a plateau at about 85 milliseconds. The
experimental values were shown by the bars at 55 milliseconds but similar agree-
ment is obtained throughout the run, at least in those times at which the
experiment measures the profiles. A common problem with tokamak modeling has
been that the trapped electron transport, while giving reasonable results for

confinement time, in many cases fails in predicting the profiles. This is
20

described in some detail in Rutherford's article. In the present cal-
culation, the inclusion of the current thermal instability near the cool
plasma boundary has a fairly substantial effect in giving profiles that are
smooth and agree with experiment. This is shown also in Figure 21 in which
a calculation with trapped electron modes only was carried out giving again
reasonable central temperatures but very unrealistic profiles. We note again
that the current thermal instability was originally invoked to explain another
discrepancy between theory and experiment, namely, pro-Files and penetration
times during the current formation stage of tokamak.
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Figure 20 show.s the interplay between MHD, trapped electron, and cur-
rent thermal instabilities as a function of radius, each doing their part in
the region in which they are naturally excited. The calculation was also done
using various forms of empirical thermal conductivity. The empirical trans-
port simply does not reproduce the electron temperature as a function of radius
and time, although it is not too difficult to write down an empirical number
which in the present range of experiments would give the central value of the
electron temperature; after all, that's where empirical models come from. So,
in concluding this tokamak section, I would say that the tokamak modeling has
not been as bad as it is sometimes made out to be. In fact, I think that
tokamak modeling was very much on the right track. A problem with tokamak was
ironically that there was such a wide range of experimental results tlvt there
was a constant temptation to abandon this very painstaking5 tedious modeling
with anomalous effects and simply retreat to things that we knew very well,
namely, the measurements. This tendency to replace the model by empirical re-
sults proved to be an overwhelming temptation and in the last ,few years
empirical seal ings have dominated the planning process for tokamak. In fact
at this stage, Cotsaftis and many other tokamak modelers simply were forced
out of the game and should not be blamed for the present situation, in which
some of the so-called theoretical predictions (which were in fact really only
empirical projections) have proved not to hold for the more advanced examples
of tokamak.
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IV. BEYOND QUASILINEAR THEORY

In the brief time left, I would like to discuss a few of the advances

that have been made beyond quasilinear theory and then indicate some new direc-

tions that I think are necessary for continued success of anomalous transport

applications. The references and names are not close to being completes and

are meant to be indicative of typical approaches.

Advances Beyond Quasilinear Theory

23 24
Resonance Broadening Dupree /Galeev '

25
Weinstock

Renormalized Turbulence Theory

Direct Interaction Approx.

Davidson, Caponi .

27 28
Orszag /Kraichnan

Martin, Siggia, Rose
30Krommes, Kleva ...

31
Generic Effects Taylor

32

Manheimer, Finn

Chu33

Krall, McBride34

A. Resonance Broadening

The most widely explored of these advances is that of resonance broad-

ening. Resonance broadening is in fact not really a departure from quasilinear

theory at all; it simply uses the quasilinear dielectric and the quasilinear

diffusion but includes in the orbits the effect of the quasilinear diffusion
23 24on the particle orbits themselves. ' Thus, the linear dielectric is replaced

by a nonlinear dielectric which includes these orbit effects.

x(k,w) -»• x [k, u + iAuk(v)] , Au>k = k D(k,u) (23)
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or

One recent example was given by Huba and Papadopouios, applying resonance
broadening theory to the lower-hybrid-drift wave discussed earlier in the present
talk. In this case, replacing the electron dielectric by its nonlinear exten-
sion, one can again calculate from the dispersion relation an equation for the
resonance broadening in terms of u> and k in steady state, steady state meaning
when the growth rate of the instability equals zero because of the effect of
the resonance broadening term.

2s exP(-s
2)AJ 2(/2 ys)

=0

£ = Vi/Ve , A = a) - kV£ - kVde . (24)

Secondly, the diffusion equation itself gives the resonance broadening contribu-

tion in terms of the level of the field fluctuations

w
nP

2 Ti (? ? f" i s exP(-s2)J 2(/2 ys) \ €f:
Awk= ~ ^ r l k v

e / ds 2 . 1 F T • (25)

«ce e y o u - kVE - kVBs + ^< A V k = k m /

Combining the two expressions for 6u gives a determination of the fluctuation
level and therefore a determination of the diffusion coefficient.

Huba and Papadopoulos only calculate the level of fluctuations given
by this consistent treatment of marginal stability due to orbit diffusion, but
it is fairly easy to extend their calculation, using the definition of resonance
broadening, to determine the transport. Clearly, in order to produce marginal
stability, the theory will give a resonance broadening frequency of order the
linear growth rate. Since the resonance broadened frequency must be comparable
to the linear growth rate in order to give the cancellation that leads to a
stationary state, and since the resonance broadened frequency is proportional
to the diffusion coefficient, it follows that the diffusion coefficient according
to the resonance broadening theory (at least in the lower-hybrid-drift mode) is
closely equal to the value D ^ y / k , which you will note is precisely the relation
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1 2given by Kadomtsev, et ai., ' in the earliest days of anomalous diffusion
theory. I do not know what to make of this, exactly, except that there is often
more to guesswork than meets the eye.

I emphasize again that there are many other examples besides the one
given on application of resonance broadening including, for example, the work
of Davidson and Caponi on resonance broadening of acoustic waves and so on.
I emphasize also that the resonance broadening theory is actually equal to a
quasi!inear theory of diffusion with the level of fluctuations determined by
stabilization of the wave due to orbit modification by the fluctuations them-
selves. I had several other examples which time does not permit me to give,
but they all follow the same trend. The line*, and quasilinear equations are
used to give the diffusion due to a specific mode and some model is used to
estimate the fluctuation level. It is also a general trend that considerable
attention "is given to the specific mode which drives the turbulence, and the
stability properties are quite well worked out. On the other hand, in general,
there is not nearly as systematic an effort to determine the fluctuation level.
Generally, there seems to be plausible mechanisms which would certainly limit
the growth of the waves and these are taken in providing estimates. There are
few cases in which an effort as elaborate as those involved in the linear sta-
bility theory is made to determine which of various competing mechanisms would
provide, in a specific case, the fluctuation level.

B. Renormalized Turbulence Theories

When I was preparing this talk, it was my intention to go into some
depth on the direct interaction approximation and renorma'lized weak turbulence
theory, ~ but on closer examination of the literature it seemed to me that these
theories, while important, have not yet reached a stage where their impact on
anomalous diffusion theory can be felt. A primary contribution of this work
is to set on a consistent and systematic basis the various nonlinear effects
which have been invoked in other theories. Clearly, the nonlinear treatments
should include the quasilinear theories which are both plausible and tested in
many cases, but should also include the orbit modifications and other nonlinear
wave and wave particle interactions. The earliest approaches in turbulence are
based on the reasonable technique of expanding the fluctuations of the particle
distribution function as a power series in the fluctuating electromagnetic
fields, <5 = [E^STT]*.
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The quasilinear equations truncate the expansion to first order, treating
the fluctuations as linear. The associated background distribution function
consists of two parts: a resonant part which evolves in time according to a
diffusion equation, with rate coefficients proportional to the fluctuation
intensity, and a nonresonant part which describes the sloshing motion of the
particles in the waves. In the usual weak turbulence theory the fluctuations
are expanded to third order and the fluctuation spectrum is constructed to fourth
order using the random phase approximation. ' The associated equation for the
evolution of the plasmon density N. ,

oNk V*
~dT ~ 2yk\ + 2-* Mk,k. NkNk,

. k2 kl

klk2

- k) (26)

contains the linear growth term, the first RHS term of Eq. (26), the induced
scattering and nonlinear Landau damping terms which are the second terms of
RHS Eq. (26), and three wave interaction terms, the third term of RHS Eq. (26).
Such equations have been used successfully in describing the evolution and
saturation of a large number of plasma instabilities. Despite this history of
success, the weak turbulence theories are now recognized to be deficient in a
variety of respects.

1. This theory is generally correct only for a continuous spectrum.
If the spectrum is discrete because of finite spatial boundaries
or because the system is immersed in a magnetic field, the steady-
state, quasilinear diffusion operator formerly involves a series
of delta functions at each of the wave particle resonances. This
is because the diffusion coefficient involves force correlations
which in linear theory do not decay asymptotically to zero but
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rather recur on a wave time scale. Nonlinearly, in many cases
however, the correlations do decay because of either stochasticity
arising for example from island overlaps, or other statistical
effects. These decay mechanisms have only recently been dis-
cussed, so it is really not practicable to go into much detail
here on their effect. The important thing, however, is that it
appears that stochastic effects lead to test particle diffusion
in phase space, which affects both the background distribution
and the fluctuating distribution. The quasilinear theory only
predicts the effect of this diffusion on the background distri-
bution <f>.

2. Diffusion is basically a nonanalytic process. This is because
it has elements of Compton scattering, which is well known to be
divergent in the case of linearly resonant particles. The
Compton scattering process is one in which a particle absorbs a
plasmon and then emits another plasmon because the waves cause
particle jitter about their free orbits. The divergence of
Compton scattering in the case of linearly resonant particles is
because the actual particle orbit is not a free orbit but should
more correctly include the perturbation of the orbit by the
presence of all waves except the test wave. Statistically, such
orbit perturbations can be described by a diffusion process.

You can see the elements of resonance broadening in this kind of

effect.

3. The resonance broadening theories have been a very important-
advance both because they fit within the framework of quasi-
linear theory and thus are tractable in producing specific
results, but also because they have the elements of self-consistency,
namely, the effect of the waves in the orbits are included and

so they begin to nibble at the edges of a truly consistent treat-
ment of the turbulence problem. However, they have their flaws;
in particular, the resonance broadening formulations in general
do not conserve energy. It is easy to see why. The particles
respond to a test wave and eventually, by orbit diffusion, cause
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the wave to damp. The truth is, of course, that the background
wave distribution is not an infinite sink for energy but must
conserve energy. Therefore the interaction of the test waves
through the particles on the background should also be considered.
Formulations of resonance broadening in this way would produce
energy conservation and may alter the present prediction of the
formalism. Doing this sort of thing properly amounts to a re-
normalization of the plasmon propagater, but the systematology
of the approaches so far taken is not particularly clear; it is
clear they are fairly tedious, and at present I am not able to
extract a prediction of these more consistent looking theories to
compare with the predictions of the nonenergy conserving resonance
broadening theories. However, in the case of primary resonances,
w. - t'V ^ 0, where the simplest weak turbulence theories may not
be valid, the direct interaction approximations do give a formalism
that contains terms that can be identified with appealing physical
processes, giving some hope that there will be practical conse-
quences in the models. Such processes for example are: a diffusion
of the shielded test particles due to stimulated emission and
absorption of fluctuations, resonance scattering of the test
particle by the plasmons, a "pondermotive" renormalization of the
background distribution due to the emission of fluctuations in
the previous process, drag terms due to polarization associated
with the stimulated emission and absorption waves and, lastly,
associated pondermotive effects. In stochastic acceleration
problems, where the potential is specified externally, only the
diffusion term remains in the simplest orbit diffusion or resonance
broadening theories.

Where these theories now really stand is that they provide an organized and
convenient starting point for systematic derivations of turbulence in various
approximations. What approximations will be developed remains to be seen.



C. Global/Generic Analyses

Lastly, I would like to consider a couple of examples of what might be
called generic calculations; that is, calculations that do not rely on a specific
model for stability or turbulence but produce results which are somewhat model

•31

independent. Some of this work is really based on the success that 0. B. Taylor
has had with his models of conservation of helicity in reversed field pinches.
Theories of this sort (as Taylor's, which predicts profiles in terms of states
to which a plasma may relax, without specifying the mechanism for relaxation or
without specifying the efficiency of competing mechanisms) are very powerful.
They have gaps, of course, in that it is not always easy to determine exactly
whether they should apply, but nonetheless, as a guidance tool they prove partic-
ularly valuable in analyzing RFP's.

33In the spirit of Taylor, Chu has provided me with a preprint of a
paper which takes the following approach: In reversed field pinch, there will
be fluctuations, but there will be a tendency the system to relax toward
Taylor states. The possibility exists that there will be a continuous inpouring
of energy or interaction between the walls of the system and the plasma, and
that there will be an excited set of magnetic states which will satisfy

VX6B = ^ ~ - (27)

where fB i B e is a fluctuating magnetic f ie ld and the density of these
"magnetors" wi l l be distributed according to photon statistics

ns =

Now, none of this is really particularly important to the basic argument
of Chu. Consider magnetic fluctuations of the form given in Eq. (27); a velocity
or current arises in response to these fluctuations and the drifts corresponding
to the fluctuations can therefore be written in the following form:

\ - * ck ik -r
VD

 = 2L, 4^k V s • •
s1
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Diffusion can be calculated from the particle drifts by using a correlation

theory in which the correlation time is assumed to be dominated by the diffusion

itself.

<VD(t)VD(t+T)>dx = / |VD|
2 exp[-Dksx]dT (29)

Thus Eq. (29) is an integral equation for the diffusion coefficient, D. Now
using the simplest models for the drift velocity, V, you can see that multiplying
the right-hand side, top and bottom, by D, the diffusion coefficient itself
will be proportional to only the first power of the magnetic fluctuations, since
the drift velocity itself is proportional to the first power of the magnetic
fluctuations.

D 2 m (30)

Now there is not much specific here since it is not easy to decide
what the actual excitation level 6B should be. Also the correlation time
is assumed to be simply given by the diffusion coefficient D; no growth time
or oscillation time appears in that equation. Nonetheless, this is a rather
tantalizing result in that it is the only one I have seen in which the dif-
fusion coefficient is proportional to the square root of the fluctuation energy
rather than to the fluctuation energy itself. Also, this result says that if
you have a model for the fluctuation energy, a specific scaling on density and
so on is predicted. For example, if it turned out in fact that the fluctuation
energy was independent of density, this diffusion coefficient would be pro-
portional to 1/n, which is a result often measured in tokamak. The reader is
invited to check with Dr. Chu for further details.

32A second example of a generic calculation is due to Manheimer and Finn,
based on a quasilinear comparison of the spinup of a plasma in response to
fluctuations with the diffusion of a plasma in response to fluctuation. The
rate of change of the poloidal velocity in terms of the plasma fluctuations is
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where it is assumed of course that quasilinear theory will be used to provide

the density and field fluctuations. Now in the Vlasov equation itself, assuming

that the system is stationary, the right-hand side of Eq. (31) vanishes. This

gives the rate of spinup proportional to the velocity components

It nvie " " 7* < u iV 7dFrMMrui8' (32)

which in general are produced by turbulence

<U 6E 6f>

<urV -r V - 2B •

The input to Eq. (33) is provided by multiplying the Vlasov equation by
various powers of velocity and integrating over velocity. In the case of the
lower-hybrid-drift wave, for example, the velocity components in (33) can be
evaluated explicit ly

ti_ft 6E2

Ve = -(cTi/eBn)(dn/dr) (34)

and one notes directly that this matrix element is proportional to the plasma
resist ivity i tsel f . This is not restricted to lower-hybrid waves, and the
result predicted by Manheimer and Finn is that the plasma should spinup in a
time comparable to the resistive diffusion time produced by the fluctuations.



Now I emphasize that this result is taken from published work and is
34

not my own. In related work, I have either tended to take the system as quasi-
stationary in which the spinup time would be treated as being a very long time
scale compared to resistivity time, or taken the system to be responsive, that
is, the spinup time can be of the same order as resistivity in which case it is
not a good approximation to set the right-hand side of Eq. (31) equal to zero;
rather it would be necessary to self-consistently solve the set of equations.
So I am not convinced automatically by the predictions of this theory that con-
sistent with weak turbulence theory the plasma will begin to rotate and that the
time required to start rotation will be comparable to the resistive diffusion
time. (There are, however, other mechanisms to relate diffusion time to spinup

38time. ) Nonetheless, this shows the extent to which one can get model
independent results. These generic calculations are extremely appealing when
trying to analyze systems as complex as reversed field pinches or reversed field
configurations.
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V. NEW DIRECTIONS

So that is where we stand, at least in my view, and a reasonable question
is where should we be goinn. For one thing, it should be clear to anyone who
has attended these sessions over the last three days that compared to the in-
creasingly and elaborate numerical work on resistive MHD in 1, 2, and more
dimensions, at a large variety of institutions, anomalous transport theory is
both scarce and fragmented. I have shown work by three or four groups who are
in fact not being represented at this meeting. Most of the work on anomalous
transport theory is simply adapted from previous applications or is developed
by researchers working fairly independently of the experimental programs
en passant, while performing other research.

This is not a particularly promising situation. It would not really
occur to anyone to take a MHD simulation of a stellarator performed ten years
ago, simply redraw the curves, and then claim that they apply to the field re-
versed configuration. Nonetheless, we are often forced to take model results
from theta pinch theory, for example, or tokamak theory, and apply them in the
liupti LiidL they dominate the behavior of the devices we are talking about. This
is simply because relatively little systematic work is going on in developing
turbulence theories for specific application to reversed field configurations,
compact torus, and the like. In order that the new applications of anomalous
diffusion should be as successful as the applications of several years ago, a
number of obvious things must be considered:

• Geometry

• P a r t i c l e O r b i t s , e . g . , t r app ing , A u k - . .

o Steady-State x N * L " ( k , <o, Aw)

«» Nonlocal Theories

• Corona Models and Boundary Conditions

• Other Modes

- low frequency drift
- high beta magnetic
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- drift Alfven

- others

The reason for these particular needs emerge from traterial quoted during

this review, when you look at what was required to make the theories applicable

in previous cases.

Geometry is important - the particle orbits respond to the geometry.

The geometry affects both linear growth rates, the nonlinear development, the

nonlinear processes which cause diffusion, resonance broadening effects, and so

on.

The particle orbits which respond to the geometry enter directly into

the linear stability theory, in the sense that turbulence theory is so responsive

to the plasma dielectric.

Inclusion of nonlinear effects on the dielectric are obviously important.

The obvious effect, of course, is diffusion due to waves including resonance

broadening or development of islands which may overlap, or spread of turbulence

to adjacent rational surfaces, but also may include things like detrapping which

could be a mechanism of killing one of the stabilization mechanisms for the wave.

The need for nonlocal theories is clear in the cases where sharp sheaths

tend to develop. In cases where properties change rapidly over a plasma pro-

file, it is interesting and important to know whether a local instability really

has sufficient nonlocal influence that it can be treated as operating over a

range which includes some substantial changes in geometry.

The boundary conditions or the conditions outside the plasma are quite

important. In the case of the field reversed configurations, the loss from the

inside of the plasma is much determined by the boundary layer, because con-

tinuity across the boundary brings the effect of particle loss on open field

lines into direct contact with the diffusion across field lines from inside the

plasma. Indeed in the case of the FRX, it can be shown that a substantial

change in the assumption as to how plasma is lost after it crosses the separatrix

produces substantial changes in predictions for confinement time.

The reason that other modes are required should be obvious by now.

The lower-hybrid wave by no means is a universally important mode. It arose

in importance to begin with because in theta pinches, where it had previously
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been assumed that ion acoustic vnves were dominant, experiments soon showed that
the electron temperature was not substantially higher than the ion temperature
and ion acoustic modes in those situations simply did not exist. Lower-hybrid
modes had the virtue that they were more nearly independent of T /T., so they
emerged in importance; however, in cases where profiles become very flat, low
frequency modes should become increasingly important and these have never been
properly included in the modelings. In the case of reversed field configurations,
high beta modes, and high beta effects and magnetic fluctuations are particularly
important. Drift Alfven waves have been cited as important in the context of
field reversed configurations, and this is only the beginning.

If you want a reasonable result, you have to have a reasonable input
and I think the inputs that are required are clear. I have not included a major
alteration of weak turbulence theory because the present efforts seem to be to
put the present weak turbulence theories on a more sound and self-consistent
basis and there is no indication at present that the results of weak turbulence
theories will be much modified by the present work.
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KeV and GeV Prospects for Producing
a Large Ion Layer Configuration

for Fusion Power Generation

J. Rand KcNally, Jr .
103 Norman Lane

Oak Ridge,TN 37#3O

Injection of multi-KeV molecular hydroeen ions into a mag-
netic mirror or magnetic mirror well can lead to the production
of an Ion (or proton-E) Layer with prospects for fusion power
generation. This involves: l).-"slow" (exponential or Lorentz)
trapping of protons from dissociation and/or ionization of H2
ions; 2 j . electron cyclotron drive of the electronic temperature
to reduce the "•ectron stoorinp: power; 3) . production of an Ion-
Layer, E-Core plasma configuration having prospects for cold fuel
feed with in s i tu axial acceleration of say D^ ions in the neg-
ative E-Core; 4 ) . i/mited advanced fuel burns In the resulting
high beta plasma with excess (free) neutrons available for energy
multiplication or f i ss i le fuel breeding; 5). development of a
nuclear dynamo with fuel feed, plasma energy, and Ion-Laver cur-
rent maintenance by fusion products; and 6) . a natural divert or
end loss of ashes with charge separation permitting a natural
direct e lectr ical conversion prospect.

The 100 mA cw Hj, 5-MeV Pf-IIT-prototype and the 20/35 KeV
FKIT accelerators under design and/or construction' at Los Alamos
National Laboratory will provide adequate Hj beam power to gen-
erate small plasmas capable of demonstrating the principles of
pros on density buildup via the exponential process at 5-KeV and
th° Lorentz process at 20 or 35 KeV. For fusion reactor core
evaluation a* LAKPF size or larger (1 mA, SOC KeV Hj;:%^10 GeV)
accelerator would be required to develop a GeV Ion-Layer of 1-*•
5 m radius. Microwave povrer at 60-120 GH of up .to about
100/1000/10,000 kw cw for the 5/20 or 35/1 £00 KeV injection
cases to provide buildup conditions via programmed electron
cyclotron heating (ECH) in magnetic fields of about 20 to 40 kQ
at the midplane of the 2/1 magnetic mirror.

The basic nf conditions for ion containment against ion-
ion scatter and ion-electron slowing down are:

n r -; < - 2 x lO1? 'V*- / J~T^®~
_- nr±l ~ 6K x 10*1 ]**./ ( 1 _ T e /T i ) ,

with n in cm J>, t in S, T in keV, and K determined by the num-
ber of e-folds permitted in ion slowing down. Instabili t ies
will be ameliorated by the broad velocity spectrum of the slowed
down and scattered ions and their large Larmor radii; however,
a magnetic well may be ini t ial ly needed until beta exceeds a few
percent (partial field reversal)* Appropriate programming of ECH
power will adjust the electron temperature and minimize the plasma
potential effects as the ion density grows until an Ion-Layer is
generated. During reactor core evaluation with programmed cold
fuel feed into the multi-mega Joule energy plasma, the SCH power
level can be reduced and perhaps even turned off when a full
scale ignition of plasma occurs. It should be noted that the
300 keV protons in the DCX-1 mirror experiment were remarfcably



quiescent shortly after beam turn-off indicating the beam-on in-
stability was driven by a few well-ordered, recently trapped pro-
tons.

Following generation of the Ioni-Layer cold D-T or primed
D-D (~1& £, "8% ^He) can be fed axially into the E-Core with
D2, T2, 5T , 3He+, and /or ^Li ions formed by plasma reactions
be in3 accelerated into the B-Core. Dissociation or ionization
of these ions then results in irreversible trapping of these
second generation ions unless upscattering doubles their energy
in the axial direction. Coulomb and nuclear elastic scattering
of fuel ions as well as fusion reactions will result in large,
magnetic cross-field, radial excursions of these ions leaving
the electrons behind to maintain the E-Core. The charged fusion
reaction products will contribute to partial or complete sustain-
ment of the Ion-Layer.

The poloidal pinch current will satisfy the relation
I2 ~ 200 PIT a2 fa7^Z^o

To'
where F is of order unity but depends on the particular plasma
profiles of density and temperature, I is in amperes, a and R
are the minor and major radii in cm, and £ npTo is the plasma
energy density in ergs. Since most of the plasma density will
be resident in the ions (T-f_ ~ 2Te & 200 keV at r = 0) in a fully
catalyzed reacting D-D plasma core the ion pressure will drive
an ion dominated current flow (J x B = -9p) which may replace in
part the GeV injection beam requirements for sustaining the Ion-
Layer. The charged fusion reaction products with ini t ial ion
energies up to about 15 MeV will provide a seed current to per-
mit possible drive of the pressure gradient driven bootstrap
current.

The reacting configuration will operate as a nuclear dyn-
amo with self generation of electric and magnetic (except for
external mirrcr coils) field provided appropriate fueling and ash
removal can be performed. Electrons leaving the system axially
at small radii and ions departing the system at larger radii
will provide some direct electrical conversion prospects prim-
arily as a result of the natural divertor action of the Ion-
Layer, E-Core configuration.

This Ion-Layer, E-Core fusion reactor core offers an op-
timal fusion configuration for burning the advanced fuels
(D-D, D-3He. and/or D-OLi) for breeding fusile (T, -3«e) fuels
or fissile (233U or 239Pu) fuels, for direct electrical conver-
sion, or for thrust prospects.

References: "Prospects of a Mult2-MeV Hj Injection-
Accumulation Experiment", ORNL/TM-3207 (November,1970); Nucl.
Fusion U, 191 (1971); "Fusion Chain Reactor Prospects and Prob-
lems", ORNL/TM-4575 (July, 1974); "Simplified Approach to Attain-
ing a Proton E-Layer',1 ORNL/TM-4965 (July, 1975); "A Double Quantum
Jump in CTR", ORNL/TM-4967 (July, 1975); "Physics of Fusion Fuel
Cycles", Nuclear Technology/Fusion (January, 1982).
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PROPAGATION OF INTENSE CHARGE-NEUTRAL
ION BEAMS IN MAGNETIC FIELDS

S. Robertson, H. Ishizuka, W. Peter, and N. Rostoker
University of California, Irvine, California, U.S.A., 92717

We present the results of theoretical and experimental investigations of

the motion of intense space-charge-neutral ion beams in applied magnetic fields.

The motivation for the research is to show that intense beams can be propagated

into magnetically confined plasma for the purposes of heating or of driving

currents. First we have considered the motion of a beam incident upon a trans-

versely oriented magnetic field. This geometry corresponds to a beam incident

on the outermost magnetic surface of a tokamak or spheromak. The motion is
2

determined by the value of (U) ./Q.) = € - 1, where UJ . is the ion plasma fre-

quency, Q. is the ion cyclotron frequency, and € is the plasma dielectric constant.

We show that the beam penetrates into the field by transverse polarization if €

is sufficiently large. Second, we have considered the motion of a beam incident

upon a longitudinal field. This geometry corresponds to a beam incident upon

the major axis of a spheromak, linear solenoid, or magnetic mirror. We show

that for a beam having a magnetic skin depth c/UO ^ the beam radius r , the

magnetic field is excluded from the beam and the beam is magnetically compressed.

If a semi-infinite slab beam is of finite dimensions transverse to a mag-

netic field, electrons and ions are deflected toward opposite surfaces of the

slab and create a polarization electric field. According to Schmidt's capaci-
2

tor model, € E = n ey where y is the displacement of the electrons. The
' o y o Je Je r „

y-equation of motion for the electrons is m y = - eE - ev B or ? = - III y3 ^ „ 2 er y x z ' p e '
- il v = - U) (y+ftv/ua ). The solution within the field is harmonic

e x pe e x pe' „

oscillations about a mean displacement (ft v A*> ) giving mean electric field

of E = - v B . This field exactly cancels the force of the magnetic field

and thus the beam continues undeflected. (The particles in the polarization

layers are lost, but the rate appears acceptable for most applications. )

Solutions to a more exact model which includes the longitudinal forces have been

obtained which show that v is only slightly diminished. It has also beenX hshown that unless 6 >̂ - (m./m ) a virtual anode is formed and the beam is re-
5—8 e

fleeted.

The experimental apparatus is shown in Fig, 1. A charge-neutral proton

beam is generated by an annular (11.25 cm id x 15 cm od) magnetically-insulated

ion diode attached to a Marx generator delivering 140 - 180 kV. At a point
2

30 cm downstream a uniform beam of 12 A/cm is incident upon a transversely
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oriented field of 0 - 6 kG. The beam current density is measured by biased

Faraday cups and the beam floating potential is measured by a Langmuir probe

having an internal voltage divider. Without an applied field, damage pat-

terns (Fig. 2) taken at the downstream field boundary show a circular beam of

15 cm dia. With a field of 1400 G which should deflect single ions by 14 cm

we observe a much smaller deflection of 2 cm. The beam diameter is reduced to

12 cm perhaps due to the loss of the polarization layers. A shorting metal plate

inserted transverse to the field lines increases the deflection to the single-

ion value. By means of the Langmuir probe, the peak potential at points along

a diameter transverse to the field was determined. From the slope of a poten-

tial plot (Fig. 3) the field E was determined to be approximately the value

given by E = - v B up to a field of 1000 G (€ ? 600). Above 1000 G E didb * y x z L y

not increase, perhaps due to the required peak potential becoming large compared

to the accelerating potential.

The propoagation of an intense ion beam axially into a magnetic field is

similar to the injection of a gun produced plasma into a magnetic mirror.
Q

Artsimovicb/ has pointed out that the latter experiments are theta pinches when
viewed from the beam frame. If c/Ui << r, the magnetic field is excluded from

pe

the beam channel and the magnetic pressure gradient causes the beam to be com-

pressed at the snowplow velocity until the increasing transverse pressure of

the beam balances the magnetic pressure. Beam compression by a magnetic field

has been demonstrated experimentally with the apparatus shown in Fig. 4. The

beam propagates into a 25 cm dia. X 1 m lucite drift tube in which dipole magnetic

field is generated by a circular coil located 55 cm from the upstream end.

Damage patterns taken at four depths within the field (Fig. 5) indicate that the

radial collapse velocity increases with distance. The beam diameter (FWHM) is

reduced from 20 cm to 6 cm and the beam current density is increased by approxi-

mately a factor of four.

This result is consistent with the snowplow model and inconsistent with a

model in which the particles follow field lines. The time-of-flight to the

collapse location is 100 nsec which is near to the 75 nsec collapse time calcu-

lated from the snowplow model. In addition strong diamagnetic signals are ob-

served confirming exclusion of flux from the beam channel.

This research was supported by the United States Department of Energy.
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GENERATION OF A COMPACT TORUS WITH A U-SEC
ROTATING RELATIVISTIC ELECTRON BEAM

Gary Saenz

University of California, Irvine, California, U.S.A., 92717

ABSTRACT

We have observed field reversal up to 2.5 times the initial
magnetic field in a plasma filled magnetic mirror by the use
of a microsecond rotating electron beam. Hard X-ray measure-
ments show the reverse fields are due to beam electrons rather
than induced plasma currents.

There has been considerable interest in creating compact toroidal magnetic
1 2

field geometries for confining hot plasma.' Aie principle advantage of a reactor

design based on a compact torus or spheromak is that the external magnetic field

and associated plasma does not link the confinement geometry. The decay of 500

keV electron currents in a plasma density of 1CT /cm , as calculated from the

classical collision time, is on the order of 100 ms. This long lifetime together

with the MHD stability of a compact torus makes the generation of this configura-

tion with a relativistic electron beam worth investigating.

Early work at Livermore with rotating relativistic electron beams was directed

toward creating stable reverse field configurations in magnetic mirrors by inject-

ing a 200 ns burst of 600 A, 6 MeV electrons through a drift region into a magnetic
4 5 6

well. ' ' Although a trapping efficiency of 60% was achieved, field reversals

of only 40% were obtained. The development of high current relativistic electron

beam sources made it possible to inject single pulses of electrons (into mirrors

filled with neutral gas) that contain over two orders of magnitude more charge

than required for field reversal. Since then, field reversing rings have been

trapped, and their lifetime extended to more than 1 ms. Reverse fields from in-

duced plasma currents have been observed when a rotating electron beam is injected
8

into an initially neutral gas. The lifetime of these configurations has been
extended to 15 vis with field reversals up to 4 times the initial field. Changes

9
in the magnetic field of 6 kG have been observed.

When a rotating electron beam with rise time less than Alfven time (T < < T )

is injected into a plasma, the induced plasma current is equal and opposite the

azimuthal beam current. The plasma current is carried out of the beam channel by

a magnetosonic or compressional Alfven wave provided the Alfven time is less than

the diffusion time (T < T.). Here T. = V./r, , V. is the Alfven speed, r, is
A d o ? A A b A b

the beam radius, T, = 4TTC r^ /c , a is the plasma conductivity and c the velocity
of light. Magnetosonic oscillations have been observed when rotating beams are

11 12
injected into plasma. ' However, field reversal was achieved only at low

13 3
plasma densities (10 /cm ) where the conductivity is anomalously low (T. » T^)
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12
and the return current decay is diffusive.

In this paper we report observations of field reversal when a rotating elec-

tron beam with rise time greater than the Alfven time (T > T ) is injected into

a plasma. When T >> T we do not expect the return currents to develop atrl thus
r 13

the reverse field will be due to the beam electrons.

Figure i is a diagram of the experiment. A hollow electron beam is injected

through a magnetic cusp to obtain a rotational energy component. It is reflected

from a downstream mirror. The beam is created by a Marx generator connected to
14

a 5 cm diameter hollow circular graphite cathode. The anode foil is 25[i alumin-

ized mylar located 5 cm from the cathode. The beam has a peak, kinetic energy of

600 keV and current of 15 kA for about ly.s. A coaxial plasma gun fills the in-

teraction chamber with plasma prior to beam injection. B probes are located out-

side the beam channel at a radius of 7 cm and on axis (r=0). The hard X-rays

from the beam electrons are measured by a collimated X-ray PIN diode. The

plasma density is measured with a 2 mm microwave interferometer.

The change in the axial component of the ii'agnetin field on axis and at a
14 -3

radius of 7 cm is shown in Fig. 2. The plasma density is 10 cm . As the ro-

tating beam enters the system the on axis field decreases (note the polarity of

the £B signals has been inverted) and tho signal at the radius of 7 cm increases.

At later times w,̂  observed oscillations that are characteristic of magnetosonic or

compresional Alfve'n waves. The hard X-rays last for approximately the same dura-

tion as the on axis diamagnetic signa]. This is in contrast to observations with

a short pulse beam, where the on axis diamagnet.i. signal lasts from 4 to 20 ti.nes
9 12

longer than the X-ray signals. ' In these experiments T /T ^ 1, whereas in
IT A.

the short pulse experiments T /T =* 0.3. From this we conclude that the field
r A 1 3

reversal is due to the beam electrons as shown by Berk and Pearlstein rather

than induced plasma currents as in the short pulse experiments.

In Fig. 3 the ratio of the change in the magnetic field to the initial field

at the minimum of the mirror is plotted. A peak field reversal of 2.5 is observed
13 —3

at a density of 3 X 10 cm . The shape of the curve in Fig. 3 is not yet well

understood and will be investigated in future work. The pe^k of AB/B does not

appear to correspond to the conditions for maximum energy transfer suggested by

Chu et al. , namely that the beam duration equals the Alfven time.

In summary we have observed field reversals up to 2.5 times the initial mag-

netic field in a plasma using a microsecond electron beam. The reverse magnetic

field is due to the beam electrons, rather than induced plasma currents, as in

shorter pulse beams.
Work supported by the Department of Energy.
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THE PROTOTVPE MOVING-RING REACTOR*

A. C. Smith, Jr., C. P. Ashworth, K. E. Abreu, D. M. Woodall*
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San Francisco, California 94106
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He have completed a design of the Prototype
Moving-Ring Reactor1. The fusion fuel is confined in
current-carrying rings of magnetically-field-reversed
plasma ("Compact Toroids"). The plasma rings, formed
by a coaxial plasma gun, undergo adiabatic magnetic
compression to ignition temperature while they are
being injected into the reactor's burner section. The
cylindrical burner chamber is divided into three "burn
stations". Separator coils and a slight axial guide
field gradient are used to shuttle the ignited toroids
rapidly from one burn station to the next, pausing for
1/3 of the total burn time at each station. D-t- He
ice pellets refuel the rings at a rate which maintains
constant radiated power.

The first wall and tritium-breeding blanket de-
signs make credible use of helium-cooling, SiC, and
LI2O to minimize structural radioactivity. "Hands-on"
maintenance is possible on all reactor components out-
side the blanket The first wall and blanket are de-
signed to shut the reactor down passively in the event
of a loss-of-coolant or a loss-of-flow accident.

Helium removes heat from the first wall, blanket,
and shield, and is used in a closed-cycle gas turbine
to produce electricity. Energy residing in the plasma
ring at the end of the burn is recovered via magnetic
expansion. Electrostatic direct conversion is not re-
quired for this design. The reactor produces a con-
stant, net power of 90 Mw(e).

Introduction

The objective of this work was to design a proto-
type fusion reactor based on fusion plasmas confined
as "Compact Toruses." "Prototype" means an interme-
diate step between an experimental pilot plant and a
lead commercial plant. We sought a design that shows
promise for upgrade for commercial use.

The design calls for moving plasma rings with
stationary burn cells for several important reasons:
(i) The plasma burn chamber is separated from the
ring-formation/heating and ring-exhaust/expansion
sections. This minimizes the neutron fluence in re-
gions outside the burner and physically segregates
reactor functions, avoiding multi-purpose reactor com-
ponent designs. (ii) The peristaltic and adiabatic
magnetic compression brings the rings to ignition in a
way which has 'the potential of being very efficient
(and is insensitive to the low-energy ring formation
efficiencies), (iii) Some variations in reactor power
output can be accommodated by varying the number of
identical burn modules. Because the tings are shut-
tled rapidly between burn stations, adjusting their

*Work performed for the Electric Power Research Insti-
tute under contract #RP-92Z.

"residency time" in each of the burn stations does not
introduce significant time-varying thermal power to
the walls, (iv) Use of multiple, moving plasma rings
permits effective utilization of the ring generator
and exhaust ring recovery equipment, (v) Moving the
rings through the reactor greatly simplifies discharge
of burn products. The reactor's linear geometry also
provides an inherent divertor action.

A result of this work will be a set of physics,
technology, and mechanical design criteria needed to
make this concept attractive. These criteria cm be
used as targets for experiments and technology
programs.

Six major criteria guided the prototype design.
The prototype must: (1) produce net electricity deci-
sively (Pnet > 70% of Pflross>, with P n e t ~ 100 MW(e);
(2) have small phy;icaT size (low project cost) but
have a design that can be scaled up to an attractive
commercial pUnt; (:i) have all features required of
commercial plants; (4) avoid unreasonable extrapo-
lation of technology; (5) minimize nuclear issues
substantially, i.e. accident and waste issues of pub-
lic concern, and (6) be modular (to permit repetitive
fabrication of parts) and be maintainable with low
occupational radiological exposures.

The design succeeded in meeting all of these
criteria except for small physics! size.

General Reactor Overview

The Moving-Ring Reacto" consists of three cylin-
drical in-line section-;: a plasma ring generator and
compressor; a central burner section; and a spent-ring
exhaust section. Figurn 1 shows the reactor.

Ring Generator, Compressor, and Expander

A hollow, coaxial plasma gun qenerates the com-
pact toroids in the relatively low magnetic field
(-0.26 T) 15.5 m beyonc the first ring turn station.
New rings are injected at ~ 2 s intervals. The hole
through the inner gun electrode permits plasma diffus-
ing from the burning rings to escape along field lines
to the plasma dump and vacuum pumps located in the
tank housing the gun.

The plasma rings are forced peristaltically into
the 6.5 T magnetic field of the burner section by se-
quentially energizing compression "push coils" located
between the plasma qun and the first burn station.

Compression scaling laws from MHD compact toroid
equilibrium codes2 were used to design the compres-
s o r ^ The principal scaling laws were fj-E and <R r l n q>
«1//B. The design calls for 20 coils in the compres-
sor. The coil radii range from 65 cm near t^e throat
of the burner section to 320 cm near the plasma gun.
The ring compression will require ~ 2-5 ms. Pulsed
compressor coil currents range from 0.5 to 2.0 HA.
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Figure 1 : Overview of the Prototype Moving-Ring Reactor.

I f the i n i t i a l piasma temperature is assumed to
he - 3 keV, the f i e l d compression r a t i o of ~ 25 w i l l
br ing the plasma to the i n i t i a l , i g n i t i o n ion tempera-
ture of - 7t> ki'V. S lo t ted , conduct ing wnl Is are
located i us t OLJLS ide the compressor c o i l s . These
wa ! ! r, stab i I ize the plasma r iuq i'yr amic<n ly dur inq
•".oinprpss ion aqainst precess iona1/rad ia1 i nstab i1 i t i e c .

Rings of the t yoe proposed in th i s read or hav°
neen observed experimental ly to "!: i l t " undei S-JW? con-
d i t i o n s . One of th<? schemes \ u r r e n t l y tie inq consider-
ed to stabi I ize the t i l t is to rpnI-JC^ some of the
r inq ' s. pi asm a current with ax i s-enc i - r l inq p-?-"!. ic les ,
s ince tMs ins tab i ] i t y is not observed i'7 purely
sstron-1 ike ex per imenta1, conf igurat i ;ns . Therefore»
th is reactor des ign includes an op*, ion to "hynr idize'1

the plasma r ing with axis-enc i re 1inq pa r t i c les pr io r
to the compression heating3.

We assume that t i l t - s t a b i l i z a t i o n can be done
wi t i i ~ 20% of the r ing current car r ied by ax i s -enc i r -
c l i n g pa r t i c l es ( i . e . " f a s t - p a r t i c l e " f i e l d - reve rsa l -
40*) . I f protons are used, - 0.R M.I beams of - ?0 Mel'
pa r t i c l es would be reQuired (assuminu a qenerat ion/
t rapping e f f i c i e n c y of - £0%) . The aun plasma com-
bines with the p a r t i c l e r ing in the reqion between the
qun muzzle and the f i r s t compressor co i l [:ee M q . 1).

in ject ion and compres-
th i i l i

We ca lcu la te the overd! I ec on a d compes
the ftxis-enrirclinq

We ca lcu la te the
sion process e f f i c i ency
Par t i c l es ) to be ~ Iffi.

Therma I and m'.ynetic enerqy in the plasma r inqs
at the end of the burn is recovered magnet ical ly by ?0
recovery co i l s in the expander sect ion. WP ca lcu la te
the magnetic d i rec t conversion e f f i c i ency to be - 7$%.

f>u1 sed P1 asma Burn Calci ' lat ions

The 1-D Fokkcr-Planck t ransient plasma burn . i n j l -
ysis used to model the fusion plasma has :'n?en descr ib-
ed eisewhere1 . We have assumed t.h<jt the energy and

p a r t i c l e confinement times are equal to trie c lass ica l
ion enerqy cont inement time and that the electrons
have an energy confinement time which is 1/10 of the
inn energy confinement t ime.

The '"anqe of compact to ro id cha rac te r i s t i cs which
can he accommodated in the ? .S rn-bore prototype reac-
i'or is 1 jmited by f i r s t wa"!} rdd iat ion loading and /or
r inc nhysicri] L. ize. The reference design pi asma is
assumed to be a Fin id-Reversed Mirror tyoe of plasma
r ino having some Sph»romak-1 ike imbedded to ro ida l
f^agriF* ic f i e l d . We presume a magnet ic / tnermal enerqy
ra t i o of 1/3 and an averaae <R> = 0.IJ7 (peak B =
1.0). The supposed presence of the imbedded to ro ida l
f i e l d permits c red ib le invest iqat ion of a wide range
of possible plasma sizes for use in the reactor .

The r e l a t i v e f r a c t i o n of t r i t i u m in the piasma
fuel mixtures was var ied to invest igate the increased
di rect -convers ion output ( fo r a given wall load) and
the relaxed t r i t ium breeding ra t i os possible with
plasma burns " lean" in t r i t i u m . Reactor power balance
considerat ions l im i ted our scope of in teres t to i g n i t -
'-•J plasma burns las t ing lona enough to achieve 0 =
30. As the re l at ive f r ye t ion of t r i t ium in the burns
is decreased, the t rade-o f fs are (1) whether the i n -
creased i n i t i a l plasma sizes required for i g n i t i o n
lead to p) asm as that no lonqer f i t inside the f i r s t
wall at the end of the burn and (2) increased t o t a l
hremsstran 1unq product TO; because of hiqher teftfpera-
t.'irps and larger plasmas.

Based on these considerat ions, our burn model and
assumptions predic t that the prototype reactor could
accommodate a burn with no less than ^0% t r i t i u m . The
reference design fuel mixture at the s ta r t of the 'Jurn
is 2IUT, 73%n/and 7^He. (The 3He is in equ i l ib r ium
recyc ic concentrat ion to maximize the charged p a r t i c l e
product ion.) I n i t i a l piasma ion [ e l ec t ron ] tempera-
tures are /S [50] keV, with an i n i t i a l [ f i n a l ] plasma
average radius of 19 [67] cm. The burn time (Q - 40)
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is 5.9 s. The fusion power per ring is ~ 105.5 MM.

The physical design of the reactor could accommo-
date poorer energy confinement than our base assump-
tions by un to a factor of 5 by increasing the initial
tritium concentration in the burn to ~ 5CKT. Under
these conditions, fuel mixtures leaner than ~ 50*
tritium would require plasma rings too big to fit in
the 2.5 m reactor bore at the end of the plasma burn.

Axial Ring Transport

Electrically insulating materials are used
throughout the first wall, blanket and shield. This
greatly simplifies the plasma ring transport mechan-
ism. An axial gjide-field gradient of ~ 0.005 T-tn"1
provides force to move the rings. The rings are held
in place at the burn stations (and stably separated
from one another) using aluminum "separator coils"
located at the midplane between burn positions.

Every ~ 2 s, each ring is rapidly (~ O.Ols-O.ls)
shuttled to the next burn station (and the last ring
exhausted into the expander) by sequentially tailoring
the currents in the separator coils. This "musical
chairs" ring translation permits the reactor to accom-
modate a wide range of plasma burn times without in-
troducing the complication of time-varying wall loads.

There is an electromagnetic drag on the rings
when they are moved. This arises from eddy currents
induced in the superconducting coil cases and the
metallic pressure vessel located radially just inside
the superconductor coils. This drag has been calcula-
ted and is negligible.

Low-Activation First Wall, Blanket, and Shield

Materials. Silicon carbide was selected as the
primary component of the first wall, blanket, and
shield to (1) minimize induced radioactivities, (2)
eliminate the possibility of first wall-blanket
meltdown in the event of a loss-of-coolant accident,
and (3) eliminate the presence of electrically-con-
ducting materials near the rings to minimize the
electromagnetic drag when the rings are translated.
SiC is stable under neutron irradiation, has high
thermal conductivity, and has low tritium permeability
at temperatures below 1000 C.

Li^O is the tritium breeding material.

High pressure helium (28 atm) is the high
temperature coolant because of its chemical inertness
and transparency to neutrons.

Mechanical Design. Twenty-four wedge-shaped
lobes nest inside the cylindrical coolant pressure
vessel to make up the first wall, blanket, and shield
structure in each of the three 6 m-long burner modules
(see Fig. 1). Figure 2 shows a cutaway view of one of
the lobes.

The 1.4 m thick SiC/B.C shield is secured to the
pressure vessel. Penetrating through the shield into
the front region of the lobe is a "forest" of mail
(2.1 cm diameter), concentric-feed, high-pressure SiC
coolant tubes, 3.5 cm center-to-center. These tubes
remove the heat from the LioO while an independent, 1
atm helium stream purges tne tritium from the 0.6 m
thick breeding zone. The blanket-shield assembly is
encased in a SiC "bathtub" clamped at its base to the
pressure vessel. The "bathtub's" curved, first wall
surface is 0.6 cm thick; the sidewalls thickness is
2.0 cm. Using ceramics in this fashion is credible
because the large SiC structure supports little load
beyond its own weight.

The 1.4 m 5iC/B4C shield thickness is more than
adequate to protect the superconducting magnet through

BATHTUB/PRESSURE
VESSEL JOINT.

TWO SHELL
PRESSURE VESSEL
(NICKEL AND IRON)

CERAMIC-METAL
JOINT
CERAMIC COOLING
TUBES

SiC LOW PRESSURE
BATHTUB

Figure 2. Low-activation blanket/shield module.

the reactor life. Occasional annealing of the Cu-
stabilizer is not necessary.

Helium coolant ducts lcop over the axial sections
of the clerical collar guide field coils to provide
the coolant routing lo the main heliun piping located
in the base of each reactor module.

Neutronics. The LioO/SiC breeding zone is 0.5 m
thick with a 0.2 m thick ̂ iC reflector. The LioO high
temperature zone has a volume fraction of ~ 57%. The
total blanket energy multiplication is 1.19 while the
tritium breeding ratio is 1.09 (considerably more than
the 0.9 T/n required for the 20% tritium plasma burn).

The impurity level in the1 materials was assumes
to be ~ 1 pprn. The average wall load of 1.7 MW-m"^
results in a dose ,r ate just outside the breeding zone
of ~ 0.4 mrem-hr"1 and a dose rate just outside the
shield of <X 2.5 mrem-hr one day after shut-down.
Therefore, "hands-on" maintenance is possible on all
components outside the blanket. The dose rate inside
the vacuum chamber is ~ 0.2 rem-hr"*, making contact
maintenance in this region impossible.

Magnetic Field Design

The graded, axial guide field in the reactor's
burner section is produced by a set of 6 NbTi super-
conducting coils. A radial magnetic well is produced
by adding a set of eight alternating bends to the
coils. We've dubbed the resulting shape the "Cleric
Collar" coil. The rectangular superconductor current
bundles are 0.45 m « 1.74 m anJ the average coil ra-
dius is 5 m. The 1.9 m longitudinal segments used in
this design provide the radial magnetic well. With
the separator coils energized, the radial well depth
is ~ 0.4< at ~ 1 ra. The axial field is nominally 6.5
T, with an axial gradient of ~ 0.005 T-m" .

The elliptical magnetic flux bundles leaving the
reactor are circularized by auxilliary superconducting
coils located at each end of the guide field coil set.

The four separator coils which maintain the plas-
mas in their burn positions have an average radius of
1.5 m. The water-cooled conductor bundles are 18 cm x
18 cm. The coils are encased in a 25 cm-thick SiC
neutron shield to prevent afterheat meltdown of the
aluminum-alloy conductor in the event of a LOCA/LOFA.

Vacuum System
Arrays of liquid-helium-cooled cryopanels vacuum-

pump the reactor. These panels, located in the two
end tanks, are specially designed to pump helium as
well as deuterium and tritium. The hydrogen isotopes
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are cryocondensed. The helium is cryotrapped in argor.
sprayed directly onto the cryopanels.

Different amounts of pumping are required at the
two ends of the reactor. The refue'ied plasma rings
are ignited and confine the fusion fuel well. Large
amounts of gas will be released in the exhaust end of
the reactor as the rings complete their burns. On the
other hand, the injector end of the reactor must pump
only half of the effluent which has diffused out of
the rings during the burn.

Me calculate the molecular gas loads to be 2 and
15 torr-liter-sec at the injector and exhaust ends
of the reactor, respectively. The optimum argon spray
rate for our design is ~ 30 argon atoms/helium atoms
pumped. The total cryopanel areas required are 13 and
89 m2 at the injector end exhaust ends, respective-
ly. At any one time, 2/3 of the cryopanels are pump-
ing while the remaining 1/3 are defrosting.

Pellet Refueling

The plasma rings are continuously refueled with
D-T-3He pellets at a rate which maintains constant to-
tal radiated power/ring (neutrons + bremsstrahlung).
The relative concentrations of D-T-3He in the refuel-
ing pellets are identical to the fuel composition of
the plasma at the start of the burn. The average
plasma density of ~ SxlO1 cm"3 and temperature of ~
75 keV reauire a pellet velocity of ~ 107 cm-sec"1.
The 0.09 cm-radius pellet? are accelerated by ablation
using a CO, laser. The total refueling power is ~
0.14 Mw/ring.

Power Conversion System

Electricity is produced from the reactor's therm-
al output by a closed-cycle gas turbine. The thermal
power cycle lends itself to dry-cooling without eco-
nomic penalty. The hot, high-pressure helium (750 C,
28 atm) is ducted to the gas turbine located behind a
shield wall inside the containment.

The reactor power flows are summarized in Figura
3. The reactor nets 90 MW(e) with an overall effi-
ciency n ~ 25*. Clearly, slightly better performance
(i.e. n ~ 30X) could be obtained by electrostatic
direct conversion of the effluent plasma stream. How-
ever, since this does not turn out to be necessary for
attractive performance of the commercial upgrade of
this reactor, we decided not to add this feature (and
complexity) to the design.

Reactor Safety Issues

Reactor safety played a major role in the proto-
type reactor design. The chief safety elements in the
design, are:

• First wall overheating yrom a LOCA/IOFA will
terminate the fusion plasma burn by melting
silicon safety plugs in SiC first wall.

• Meltdown of the first wall and blanket is
precluded by design and choice of mat»rials--
even under total loss of convective cooling.
Meltdown of the aluminum-alloy separator coils
is avoided by the 25 cm-thick SiC radiation
shield which completely encases tie coils.

• Single, hiqh-pressure SiC coolant tube failure
will not cause chain failure during operation
if coolant flow can be maintained. The result-
ing lobe pressurization can be handled by
safety-release-and-shut-down systems.

• Hands-on maintenance can be performed outside
the blanket of a removed burner module when
plasma chamber end-shields are in place.

• SiC is an excellent tritium barrier for
temperatures less than 1000 C.

• No high-level waste is produced.
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Figure 3. Prototype reactor power flows.

Reactor Design Summary

The prototype reactor met all of the design cri-
teria except small physical size. With our present
knowledge of materials, we could not satisfy simultan-
eously the needs for minimal radiological hazard iff
the reactor and small physical size.

Based on the current plasma burn model and as-
sumptions, the initial fraction of tritium in the
prototype plasma burn can be no less than 20% because
of the dual constraints of permissible ring physical
size and surface wall loading. We view this fuel
mixture as a step toward larger bore commercial reac-
tors. Fuel mixtures leaner in tritium may require
direct cooling of the first wall to handle bremsstrah-
lung surface "loading.

The current plasma burn model and assumptions
indicate that acceptable prototype reactor performance
requires near-classical confinement of the ion energy
(assuming t^e electron energy confinement is no worse
than 1/10 x classical ion energy confinement).

The step-wise translation of the plasma rings al-
lows the reactor to accommodate a wide range of plasma
burn characteristics (such as burn time and 6 ) .

The reactor design achieves several features of
importance to potential users: (i) T h e - 90 MW(e) net
output is a reasonable stepping-stone reactor size in
a development program leading to a larger commercial
upgrade plant; (ii) It minimizes nuclear issues
(minimial component radioactivity, no possibility of
meltdown, no high-level wastes); (iii) The commercial
upgrade has the potential of increased direct-conver-
sion output for a given thermal size; (iv) Use of dry-
cooling in the thermal power cycle permits reactor
siting flexibility; (v) The direct gas cycle cuts
containment building pressure by a factor of ~ 10;
(vi) The reactor's linear, modular design simplifies
maintenance.
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REVIEW OF JAPANESE CT STUDIES

Kenji WATANABE

Course of Electromagnetic Energy Engineering
Faculty of Engineering, Osaka University
Yamada-oka 2-1, Suita, Osaka 565, Japan

1) INTRODUCTION

At present, studies of the CT plasma are being carried out

by nine groups in Japan. Number of studying groups is increas-

ing. Works are listed in the Table. As is well known, fundamen-

tal studies of plasma in Japan have been carried out 25 years by

rather small groups of many universities except a few institutes,

so the CT study is also the case because the study is still a

fundamental one. Study program in Japan has not yet arranged on

gathering and systematizing various groups.

Historical point of view, which helps understanding group

character for study in long time, gives the following study trend

of various groups: Group (A), (B) and (C) in the Table are work-

ing on the reversed field theta pinch, mainly studying the rota-

tional instability and sometimes trying an inclusion of toroidal

magnetic field in addition to the poloidal one. Group (D) came

from a collision and compression experiment of conical theta

pinch gun plasmas and is now working on the CT plasma foimation

in a flux conserver by injecting the magnetized coaxial gun

plasma. Group (E) has been working on a SPAC series of new type

torus plasma generation, mainly using the REB technique, and now

is making the SPAC VI DR experiment of beam ring plasmas and

their merging. Theoritical and/or simulation works on spheromak

physics and its reactor by Group (F) and (G) are considered to be

in the preliminary stage and working on a double spheromak plasma

merging in close collaboration with Princeton peoples. On the

other hand, however, a working group named Group (J) of the moving

ring reactor design is proceeding forward for two years supported

by the Grant-in-Aid for fusion research by MOE Japan. A work by

Group (I) contributes to the working group, just described. It

is also noticed that a trial of getting exact solutions of CT

equilibrium with finite p in a drum-type flux conserver are pro-

ceeded by Group (H).

245



By the way, the view point of CT reactor concept does not

control present experiments as a whole, but is recognized to

point out important factors to be studied in a proceeding of

experiments. Every experiments are carried out rather in a funda-

mental plasma physics itself, far observing the possibility to get

the fusion plasma with the same plasma configuration as the tokamak.

Nevertheless, the CT study is recognized as a study of the tokamak

reactor-core plasma improvement from the feedback-collaboration

between tokamak reactor core and the associated reactor technologies,

i.e., a plasma study corresponding to the need from the associated

technologies in order to simplify the tokamak reactor installation

without toroidal facilities.

2) Study Proceeding and Results

The CT studies are conveniently classified in two groups,

the first being on the toroid with both toroidal field, B j and

poloidal field, B , and the second being on the prolate toroid

with only B , that is, the reversed field theta pinch,

ij Studies of compact toroid with B and B , carried out

recent one year in Japan, is considered concentrated on a merg-

ing of two CT plasmas, although they have not previously arranged

with one another. Three works are summarized here, one is

simulation and another two are experiments.

The simulation work by Groups (F) and (G), which is presented

in the poster session , concerns with a merging of double spheromak

plasma. Let's consider that a pair of spheromak facilities are

arranged separated a distance apart in the symmetric axis, and is

additively set the third conducting current core between them.

The third one supplies a poloidal field which separates apart the

two growing spheromaks in the initial stage, and then decreases to

merge two completely-grown spheromaks with each other. Simulation

is carried out by a twodimensional MHD code with the finite Alfven

velocity. The results show that the same two spheromaks, each

with poloidal and toroidal fluxes, $ and $ , are really merged,

and results in the one with the doubled toroidal flux, 2$., and

unchanged poloidal flux $ . The case is also studied that initial

spheromaks have different $ 's with each other. It is also found

that the merging process depends strongly on the plasma resistivity.
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A reactor consideration based on the spheromak merging is given.

The first work of the merging experiment by Group (D),
2 )which is presented in poster session too , is carried out using

the CT formation method by the magnetized coaxial gun-plasma

injection into the flux conserver. Two CT plasmas are produced

successively in time in the identical conserver and merged with

each other: A magnetized plasma gun is operated succesively two

times in 80 ps. The first operation produces the normal, single

CT in the flux conserver as the usual way, employed by Osaka,

LANL and LLNL groups. 80 IJS is long enough for the CT to reach

the fundamental mode equilibrium state. This is considered as

the target plasma, onto which the second gun plasma is injected.

The result of magnetic field measurements shows that the merging

is really obsexved and core parts of both plasmas take rather long

time, i.e., about 100 us for the merging to be completed, although

the periphery parts of them merge together quickly. The merged

state observed is estimated showing that the poloidal flux is

unchanged and the toroidal field results in doubled, being con-

sistent with the simulation result described above. This experi-

ment, however, could not result in any further heating of the first

CT, unfortunately.

The second experiment by Group (E), is now installing a large

apparatus, called SPAC VI DR, which makes two beam-plasma-ring

transportations and their merging with controlled relative veloci-

ties. The machine is expected to start operation next March.

Preliminary experiments of plasma ring production has successfully

been made with REB. This work is recognized as a fundamental

experiment of the moving ring reactor.

A design calculation by Group (I) gives a result of the con-

veyer type moving ring reactor. A 600 MWt reactor is designed

with the envisaged overall efficiency of about 35 % including

efficiencies of ring formation and the magnetically coupled energy

recovery of the ring at the reacter end.

ii) As for the reversed field theta pinches without B , a

summary of works by (A), (B) and (C) groups is given in the poster

session . The rotational instability has not been understood

enough yet, so a scaling law study is attempted upon experimental

results, on including an idea from the tokamak scaling. The result,
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that i is proportional to nr 1 L, seems plausible, where x ,

r , 1 , L are the stable time, the separatrix radius of plasma

column, the plasma column length and the length of compression

coils, respectively.
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