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EXPERTMENTAL STULDY OF HIGH BETA TOROIDAL PLASMAS
Arnold Gary Kellman

Under the supervision of Associate Professor Stewart C. Prager

Experiments on the Wisconsin Levitated Toroidal Octupole have
produced a wide range of stable high B plasmas with B significantly
above single fluid MHD theory predictions. A stable p~8% plasma,
twice the fluid limit, is obtained with 5p;~L,  and 1Bx6000 TAl fyen™
600 psec. The enhanced stability is explained with a kinetic
treatment that includes the effect of finite ion gyroradius which
couples the ballooning mode to an ion drift wave. Measurement of
the perturbation to the vacuum magnetic field due to the plasma
diamagnetism agrees well with gingle fluid theory predictions. 1In a
more collisional, large gyroradius (ZQiNLH) regime, a stable B~357%
plasma is obtained with a decay time of 1000 Alfven times.
Measurement of the equilibrium magnetic field din this regime
indicates that the diamagnetic current density is five times smaller
than predicted by ideal MHD, probably due to ilon gyroviscosity.
Since the ballooning mode is predominantly dlamagnetic current
driven, this may account for the observed stabllity.

Particle transport is anomalous and ranges from agreement with
the classical diffusion rate at the highest bheta, lowest field
plasma (BPWZOO G), to thirteen times the classical rate in a §=11%,

high field plasma (8p=860 G} where the level of enhancement
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increagses with magnetic field. There d4s no evidence that this
anomalous rate of diffusion is beta related. Experimental density
profiles are compared to numerical solutions of the time dependent
diffusion equation, aand it is found that in many cases, the profiles
can be matched if the diffusion is classical in the absolute good
curvature region and classical enhanced by vortex diffusion in the
average good curvature region. No mechanism has been identified
that accounts for different diffusion mechanisms in the two
curvature regions.

Fluctuations in density, electrostatic potential, and magnetic
field have been studied in plasmas with B from C.1% to 40%. 1In all
plasmas, fluctuation levels peak in the bad curvature region,
however, no B related fluctuations have been identified (g/B<O.1Z,

;/n<52)~
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CHAPTER 1

Introduction

1.A. Motivatrion and Background

A fundamental parameter in plasma physics is B, defined as the
ratic of plasma pressure to magnetic pressure. As § is increased,
the plasma pressure Increases relative to the confining magnetic
fields and one can no longer neglect the effect of the plasma on the
externally applied fields. TIdeal magnetohydrodynamic theory (MHD)
predicts that above a eritical wvalue of §, the internal plasma
currents and resultant self-fields perturb the external field encugh
that the plasma becomes unstable and confinement may degrade. This
region of instability 'has never been observed because previous
experiments have achieved only low 8 plasmas or high B plasmas that
are too short—-lived to permit the growth of the instability. The
attainment of long-lived high B plasmas and subsequant search for
this instability is essentlal since the theory is fundamental to the
understanding of plasma behavior. In addition, the study of high B
effects on plasma equilibrium and transport properties will permit
the verification of other critical elements of plasma theory noi vet
explored experimentally. There is alsc a practical concern, since
future magnetic confinement fusion reactors willl require high 8

plasma in order to be economically feasible. The power output



density of current reactor schemes can be shown toe be proportionmal
to the square of the plasma 31, and thus smaller and more efficient
reactors are possible 1f high 8 plasma is obtalned. Thus, there is
a strong motivation to study the behavior of plasmas at high B and
to search for this instabilirty.

In most plasma devices there are two types of magnetic field
curvature, good and bad curvature, depending on the relative
direction of the plasma pressure gradient and the magnetic field
gradient. In a good curvature region, the pressure gradient and the
magnetic fleld gradient are 1in opposite directions, while the
opposite is true in a bhad curvature region. In many magnetic
configurations, the sgame field line wmay have both types of
curvature. If the "average” curvature along a field line is good,
the plasma is located in an effective magnetic well, i.e. on the
average, the confining fileld is stronger outside of the plasma. A
device with field 1lines that possess average good curvature is
referred to as a wminimum-average-B configuration. If there are
regions in which the field lines have only one type of curvature,
these are referred to as "absolute” good or bad curvature regions.

Certain classes of plasma perturbations, for example, the MHD
interchange wmode, are unstable in a bad curvature region. At low
values of B, the most unstable MID modes cause 7rigid displacements
of  field lines and thus do not expend energy bending field lines.

Thus, the amplitude is constant along a field line (Ay==), and the



node equally weights regions of good and bad curvatures. 1f the
average curvature 1Is good, the mode Is stabilized.

If the amplitude was not constant along a field line, then the
mode could go wunstable din the bad curvature vegion only. This
localization bends the field lines which reguires energy, and at low
By this energy 1s not available; however, as heta is increased, a
value Is reached where the stabilization due to field line bending
is smaller than the destabilizing effect of mode localization in the
bad curvature regions. All minimum—average—~B configurations have a
crigical beta above which this ideal MHD "ballooning"” instability is
pradicted to onset. Many tokamaks have reported volume avefage
beta, <B», near that predicted by MHD for the onset of the
ballooning mode. None of these have reported exceeding this g Limit
or the observation of an ideal halleoning mode.

In circular cross section tokamaks, the <B> limitc is 2.5-3.0%%.
IS¥-B has obtained {p>~2.5-3.0% with an iInjected beam power of
1.7MW. It was reported3 earlier that this was above the ddeal
ballooning Iimit, however, a more detailed analysls of the

& has increased the theoretical beta limit so that the

equilibrium
observed B is too close to the stability limit to determine if it
has Dbeen exceaded. As yet, there has been no observation of a
sudden degradation of confinement above a certain value of B which
would be the mark of an ideal ballooning mode. However, § has not

continued to increase as rapidly as expected as beam power ig

increased. This gradual deterioration of confinement as B increases
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has been referred to as a "soft B~limit". Recent studies have
indicated that this is not related to the increases in the toroidal
beta (computed using the value of the toroidal field) which is the
relevant parameter for the ideal ballooning mode. They attribute
the poor confinement either to the effects of plasma rotation or to
a vesistive ballooning mode. Although the latter is related to the
ideal hallooning mode, it is not the same thing and in particular,
does not have a B threshold; rather it is unstable at all values of
f with a linear growth rate that depends on 8. This wmode will be
discussed in the context of the current experiment in Chapter 5.

In a non-circular cross section plasma the § limit is higher,
and rhus Doublet III has achieved a volume average heta of 4.5% in
an eloangated plasm&S. In the Doublet experiment they see no
evidence of an ideal ballooning mode, however, as with ISX~B, there
is degradation of confinement. As in the other tokamak experiments,
the high values of beta are achieved by injection of high power {(up
to 5MW) neutral hydrogen beams. They report that the enhancement of
<B> with plasma shaping is in gualitative agreement with theory and
that the plasma beta 1Is still increasing with input beam power.
Additional tokamale experiments done on Jrr-29 40 Japan and PDX7 at
Princeton have also obtained wvolume average beta near the ideal
ballooning limit with no observation of the mode.

On multipole devices, high beta experiments have been performed
on the UCLA Dodecapoleg and the University of Wisconsin Levitated

Toroidal Dctupoleg. On the Dodecapole, stable plasmas with a ( of



8% 'have bheen obtained in a region where the beta limit wag 77.
These were large gyroradius plasmas (on the order of the density
gradient scale length), and the equilibrium was stable with a decay
tinme in excess of 400 Alfven times, which is the time scale for
ideal MHD activity. Stable plasma have been observed in the
Octupole with § significantly above the critical beta predicted by
ideal MHL theory. An examination of these plasmas is the subject of
this study,

A multipole has certain unique features that make 1t an
excellent vehicle for testing the rudimentary ballooning mode theory
common teo all miminum-average-B devices. Unlike tokamaks, which
require a plasma current to create the poloidal magnetic field, in a
multipole the magnetic field and externally created plasma are
independently adjustable, and thus a much broader range of
parameters Is accessible. Since multipoles can operate without
magnetic shear and without electric Ffield-driven ohmic currents (to
eliminate current—~driven instabilities), the analysis is simplified
and in fact, much of the original theoretical work on ideal

ballooning modesUs+1

was done for axisymmetric toroidal devices
without magnetic shear, such as a multipole, because it is such a
simple device. On  the Wisconsin Octupole, shear (through the

addition of toroidal field) and ohmic currents are optional and

independently controllable features.



1.B. Content and Organization of the Thesis

This thesis will describe work done on the Wisconsin Levitated
Octupeole in an ezxperimental study of high beta plasmas. The primary
objective to this research is to search for the beta limit for the
ideal ballooning wmode on the Octupole and study the properties of
the instability 1f it is observed. It is also desired to study the
equilibrium properties, particle transport, and microstability of
these high beta plasmas.

To achieve this we have improved our previous plasma sources
(Marshall gupns) and built additional sources capable of producing
significantly higher densities and plasma beta. Thus we have
obtained a wlde range of stable high beta plasmas from B=8% to 44%
(2 to 10 times the ideal MUHD ballooning limit of A=4.3%) in which
various mechanisms enable the plasma to exceed the MHD limit. Tt is
shown that the stability at 8=b6Z can be attributed to the finite ion
gyroradius effect in which the ballooning mode is manifested as an
oscillatory ion drift wave. At f~44%, far in excess of the ideal
MHD B Limit, the plasma remalns macroscopically stable. The finite
ion gyroradius effect mentioned above, although a strong stabilizing
effect, is not sufficient to explain the enhanced stability of this
plasma. The equilibrium properties of this plasma are revealed, hy
detailed measurements of the diamagnetic currents, to be also poorly
described by MiD. It is believed that ion gyroviscosity leads to an
observed reduction din the diamagnetic current. In that the

diamagnetic current drives the Dballooning mode, this reduction



stabilizes the plasma. Thus, this work demonstrates the general
limitacion or fragility of the MHD approximation in describing
plasma Dbehavior. In addition, these experimental results and
stabilization mechanisms are important in sugpgesting related methods
by which the MHD ballooning 1limit may be circumvented in other
devices.

Particle transpori was studied in a range of plasmas from 8=1%
to  34Z%. Transport ranges from agreement with the classical
diffusion rate at the highest beta (p=34%), lowest field plasma to
thirteen times the classical vate in a B=11%, high field plasma.
There is no evidence that this anomalous rate of diffusion is beta
related. The diffusion dees mnot scale classically either with
density or magnetilic fileld, and the enhancement above the classical
diffusion rate increases with increasing magnetic field. No single
diffusion coefficient can describe all the plasmas studied, and
there is evidence that different mechaniems, classical and vortex,
are active in the different curvature regions of the plasma.

In Chapter Z, the Octupole and the diagnostics used In this
experiment are described. The plasma sources and vesults of
experiments performed with the guns on a test stand are presented.

Chapter 3 discusses the theory of an ideal hallooning mode. A
physical pilcture of the wmode in general geometry is presented.
Based on this physical picture a discussion of various factors that
can affect the stability of the ballooning mode is Included. To aid

in the iInterpretation of the  experimental results, certain



properties of the high pf equilibrium are discussed, in particular,
the perturbation to the vacuum magnetic field due to the plasma
diamagnetism., A detailed theory of the ballooning mode, developed
elsewherelz, is outlined here using the MHD and kinetic stability
theory which is employed to interpret these experiments. The MHD
theory examines ballooning stability for dinfinite toroldal mode
number (n) and for finite, but high toroidal mode number by means of
a perturbation expansion about the n=e golution. The kinetlc theory
is derived for low frequency modes with w{<w,; where w,; is the ion
cyclotron frequency. This iIncludes the effects of finite ion
gyroradius and trapped and untrapped particles. All equations are
solved numerically for the configuration of the experimental device.

Chapter 4 will present the experimental results. This includes
optimization of the plasma sources to produce high bheta and a
detailed description of two of the high beta plasmas, B=8Z and 35X%.
Equilibrium properties measured include density and temperature
profiles, decay rates, and plasma dlamagnetic perturbation to the
vacuum magnetic field. Relevant parameters of additional plasmas
representative of the wide range of plasmas obtalned will be
presented as well as a brief discussion of additional methods that
were attempted to obtain high beta plasma.

Chapter 5 compares the experiment with theory, with the
consideration of the applicability of the theory to these plasmas
and the additional effects that are necessary to account for the

enhanced stabillty. A comparison of the measured equilibrium with



MHD and non-MHD models, idncluding viscosity effects and its
relevance to other devices is presented.

Chapter 6 examines the particle transport and fluctuations in
these plasmas. Previous work on transport in low beta (8<1%) and
low density (n<1x1013 meg) plasmas ds reviewed. Experimental
density profiles are presented for § up to 35% and density in the

ot3 cm_3. These are compared with predictions

range of 4x1012 to b6xl
from a computer program which solves the diffusion equation in
magnetic flux coordinates in octupole geometry. General properties
of fluctuvations observed in these high beta plasmas are discussed
and more detailed measurements of the fluctuation spectrum of a high
beta plasma for density, electrostatic potential, and the toroidal
and pololdal components of the mnagnetic field are presented.
Correlation of the fluctuations in density and magnetic field, and
density and potential are examined. Tinally, a measurement of
fluctuation dnduced particle flux 1s compared with both the

classical particle flux and the actual particle flux determined from

the experimental density profiles.



2.

10.

11.

12.

10

References for Chapter 1

W.M. Stacey, Jr., Fusion Plasma Analysis, (J. Wiley and Sons,
Inc., N.Y. 1981) Ch. 1.

A.M.M. Todd, J. Manickam, M. Ikabavaski, M.S5. Chance,
R.C. Grimm, J.M. Green, and J.L. Johnson, Nucl. Fusion 19, 743

(1979).

M. Murakami et al., Plasma Physics and Controlled Nuclear Fusion
Research 1980, Vol. I, (IAEA, Vienna, 1981), 377.

M. Murakami, et al., Plasma Physics and Controlled Nuclear
Fusion Research 1982, Vol. I, (IAEA, Vienna, 1983).

K.Ho Burrell, R.D. Stambaugh, et al., Nucl. Fusion 23, 536
(1983).

JEP-Z Group, in Proceedings of the Tenth Buropean Conference on
Controlled Fusion and Plasma Physics, Moscow, 2, (1981).

D. Johnson et al., Plasma Physics and Controlled Nuclear Fusion
Research, Baltimore, 1982 (IAEA, Vienna, 1983).

R.W. Schumacher, M. Fukao, A.Y. Wong, R.G. Suchannek, K.L. Lane,
and K. Yatsu, Phys. Rev. Lett. 46, 1391 (1981).

A.G. Kellman, M.W. Phillips, 5.C. Prager, and M.C. Zarastorff,
submitted to Nucl. Fusion; J.H. Halle, A.G. Kellman, R.S. Post,
8.C. Prager, E.J. Stralt, and M.C. Zarnstorff,

Phys. Rev. Lett. 46, 1396 (1981).

I.B. Bernstein, E.A. Frieman, M.D. Kruskal, R.N. Kulsrud,
Proc. Roy. Soc. A 244, 17 (1958).

JuM Greene and J.J. Johnson, Plasma Physics 10, 729 (1968).

M.W. Phillips, University of Wisconsin Ph.D. Thesis,
DOE/ET/53051-29 (1982).



il

CHAPTER 2

Experimental Apparatus and Methods

This chapter will include a machine description, a brief survey
of the diagnostics used in this experiment with additlonal detail on
the diagnostics and techniques unique to this experiment and a
description of the operation the Marghall gun plasma sources that

were developed to attain high-B plasmas.

2.A. Machine Description

The Wisconsin Levitated Octupole (Fig. 1) is a 1.4 meter major
radius toroidal plaswa confinement device with a vacuum volume of
8.6 m° of which 7.7 m3 is din the MHD stable region (absolute or
average good curvature vegion).

The wvacuum vessel is made of 2" thick high conductivity 1100
aluminum. There are four internal current carrying rings, also made
of 1100 aluminum, each with a minor radius of 8.89 cm.

The current in the internal rings is inductively driven. There
are 90 primary turns wound on an iron core, and each internal ring
is a one turn secondary. An insuvlated gap (~1/8" thick) in the
machine wall in a poloidal cross section prevents the machine wall
from being the secondary and thus allows current to flow in the
rings. In order for the machine to contain the magnetic field and

thus shape the field lines to the desired configuration, the machine



FIG. 1. Schematic view of Wisconsin Levitated Octupole.
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walls must carry the image current of the ring current. As the
image current resistively decays in the walls the field lines soak
out  of the machine. If the vacuum vessel had only an insulated gap
as described above, the image currents would flow counter to the
hoop current on the dinside of the machine and then flow on the
outside of the machine in the reverse direction to conmplete the
current path (Fig. 2a). This 1is undesirable for a number of
reasons. First, it can be seen that the machine wall carries no net
toroidal current. Thus the magnetic flux is not actually contained
in the machine, and will fill up the space outside the machine with
valuable flux. This reduces the magnetic fleld strength in the
machine and affects the external diagnostics, as well as affecting
the field peried since the Inductance is increased from the case
where all the flux is contained in the machine. A second and more
important effect 1s what happens at the poloidal gap. The image
current distribution on the ingide wall will be determined by the
position of the internal rings; more specifically, it will be
related to the local field strength at the surface of the wall. If
the machine is viewed, for short time scales, as a superconducting
can with a current inside of it, it can be seen that the current
distribution on the outside of the wall will not match the image
current distribution inside the wall. Thus, at the poloidal gap the
current will flew in the poleidal direction in order for the
distributions to match up. This will cause large field errors by

introducing radial and toroidal components to the magnetic field
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FIG. 2. Top view of machine (without 1id) showing ifnner and
outer walls, idron core cross—section, and one internal ring.
(a) Without continuity windings, the image currents return on
the outside of the walls. (b) With continuity windings, the
image currents remaln inslde the machine and do not spread out

at the gap.
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which was meant to be poloidal only. To prevent this problem,
"continuity windings" were installed that continue the machine wall
from one side of the gap around the outside of the ifron core and
then connect again ko the wall on the other side of the gap
(Fig. 2b). Thus, the wall is topologically outside the core so
there is no inductive current in the wall due to driving the primary
windings. However, thete is now a path for the image current on the
inside wall to follow when it reaches the gap. The number, poleidal
placement, and resistance of each continvity winding (there is
either one or one palr per primary winding) were iIndividually
determined fo make the wall resistance look continuous across the
gap. If this is not so, the wall currents, although still on the
inmer wall, will readjust their distribution at the gap and this
lmplies a poloidal component of the current and hence a field error.

Draket measured the field error at the gap error to be <2% at
all poleoidal locatlons. This was recently confirmed by Sprott and
Kellman,

The primary windings are fed from a 5 kv, 0.6 MJ capacitor
banlk. The magnetic field can he operated as a half sine wave pulse
with a half period of 43 msec (Fig. 3). At 21.5 msec the capacitor
bank voltage reverses and flux starts to leave the machine through
the poloidal gap. Pealk magnetic field occurs earlier than this, and
depends on the exact location in the machine due to field soak-in
effects. In the region between the outer hoop and wall, peak field

occurs at 19.45 msec. The magnetic field can also be crowbarred, in
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which case, the voltage across the poloidal gap is clamped at zero
when the capacitor banks are fully discharged and all the magnetic
filux has entered the machine. Ideally, no flux could then leave the
machine through the gap, however, in reality an ignitron switch is
used to short out the capacitor bank, and the resistive losses in
the ignitron and the primary windings allow some small voltage
across the gap and thus some flux loss through the gap. The field
also decays away due to resistive losses in the hoops and walls, and
this results in a decay time of 70 msec for the field in crowbar
mode (Fig. 3).

Figure 4 shows the contours of constant magnetic field, and
Fig. 5 1s the machine £lux plot. Each "flux line" represents a
toroidal surface of revolution such that any line drawn from the
magnetic axis of an internal ring (position of zero field) to the
flux line intercepts the same amount of poloidal flux. In the case
of purely poloidal field these flux lines are the field lines as
well. The separatrix field line (dashed line in ¥Fig. 5) separates
different types of regions of magnetic field. Inside the
separatrix, the field lines encircle only one ring. This is called
the private flux region, and all the field lines have absolute geod
carvature. QOutside the separatriz, the field lines enclrcle all
four 7rings; this is the common flux and since the field line
curvature changes direction along the field line, each line has
regions of goed and bad curvature. Between the separatrix and the

critical flux surface, ¢ (dotted and dashed line in Fig. 53), the

crit
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FIG. 4. Mod B plot in Cctupole. Mod B contours are labeled in

kilogauss. Note the large low field region in the center.
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FiG. 5. Poloidal magnetic flux plot of the Octupole, indicating
the bad curvature region where B is evaluated. Flux lines are
labeled 1in Dories with 10 Dories of total flux in the machine
at full excitation. The dotted lines are the separatrices (the
field null d1s degenerate), and the last stable flux surface,

¥, 505 L8 the dot-dash line.
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field lines have average good curvature. Outgide of Gopips there is
average bad curvature, and this is characterized by being unstable
to MHD interchange modes.

Various terms used throughout this paper refer o specific
parts of the machine. These are labeled in Fig. 5. The "bridge”
region is the region between the ring and wall; the "nose” 1is the
region mnear the indented surfaces on the inner and outer wall; the
"midcylinder” is the vertical surface passing through the center of
the vacuum region. The standard system of magnetic flux coordinates
are used in this paper. This is a vright~handed coordinate system
(¢ %, &) where ¢ is the direction perpendicular to flux surfaces
and is equal to 1/2n times the poloidal flux contained within the
surface, y measuves along field lines, and ¢ is the toroidal angle.
The flux lines are labeled, in units called Dories, from ¢=0 to (=10
Dories with =zero being at the magnetic axis of the rings and 10
being at the outermost flux surface at peak magnetic field. At
25 msec the surface of the outer ring, separatrix, and critical flux
surface are located at ¢=2.4, 5.7, and 7.8 Dories respectively.

A weak toroidal magnetic field isg obtained by flowing current
poloidally through the machine walls. Tourty-four cables uniformly
distribute the current around the machine torcidally, and an
insulated toroidal gap makes the machine wall a one~turn solenoid.
This field has a 1/R dependence, where R is the major radius, and
its maximum value on the mideylinder with the present capacitor bank

is 450 G.
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The base vacuum pressure is 1x1078 T, This i1is achieved with
two turbomolecular pumps, a liquid helium cryopanel ané extensive
use of titanium gettering. Neither the turbomolecular pump or
cryopanel do any significant pumping during a plasma shot compared
to the titvanium coating on the wall. The titanium  covers
approximately 75% of the surface area in the machine, and with a
fresh layer of titanium a pumping speed of 380,000 liters per second
has been measured for hydrogen.

A unique feature of the Octupole is that the sixteen supports
for the external rings can be withdrawn Dbefore the plasma is
injected and reinserted 20-30 msec later leaving the rings
unsupported or "levitated” for that time. This allows one to
perform an experiment (typically 1-10 msec) without metallic
supports crossing the plasma region

A complete sunmary of Important machine parameters is listed in

Table 1.

2.B. Plasma Sources

The primary sources of plasma in this experiment were three
coaxial Marshall gunsZ, Ohmic discharges and a combination of ohmic
and gun plasmas were tried but will not he reported here. Plasma
guns have long been a source of plasma on the Octupole and thus are
fully described in previous literature. For a lList of references on
construction and operation of these guns and the process of cross

field injection and trapping of the plasma in the Octupcle magnetic
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Operating Parameters of the Levitated Octupole®

Wall Inner Hoop Cuter Hoop
Current*®* 1.4 x 10% A 0.5 x 10% A 0.25 x 10% A
B max (at
surface) **% 6 kG 12. kG 5.5 kG
B min {at
surface) ** 1 kG 5.3 kG 3.4 kG
BT (Cﬁnter
of toroid) 768 G
Energy of Pulse 0.6 x 10° J
Total Peak Core Flux 0.72 Wb

Inductance L: L. = NZLO, N = 940, L0
Capacitance

Volume of Vacuum Region

Volume inside Y-critical @ 20 msec
Hoop Minor Radius

Inner Hoop Major Radius
Outer Hoop Major Radius
Half sine Period (BP)
Half sine Period (BP + B
Crowbar time

)

Crowbarred field decay time

0.6 uH (calculated)
0.048 F
8.6 m*
7.7 n®
8.9 cm
0.99 m
1.79 m
43 msec
47 msec
25 msec
65-90 msec

*All parameters are for full amplitude at 20 msec.

**Approximate values.
Pp
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field see the paper by Kellman3. In order to obtain the high beta
plasmas for this experlment certain modifications were made to
existing guns and a new gun was built. The modifications and new

equipment will be described below.

2.8.1. Bip Gun

There are two "big guns” used in this experiment which have
essentially the same design and assoclated hardware. The mechanical
construction of the gun is shown in Fig. 6. Hydrogen gas is puffed
into the region between the inner and outer electrodes (parts #1 and
#2) by retracting the acoustic rod (#3) from the teflon vacuum seat
(#4) and allowing the gas to flow from a 1 cc plenum through the
slots in the inner electrode. After a delay of several hundred
microseconds, a high voltage capacitor bank is connected batween two
electrodes. A breakdown occurs in the hydrogen gas allowing current
to flow between the two electrodes and creating a magnetic field
between the electrodes. The resultant jxB force propells the plasma
out of the gun. As the plasma is accelerating out of the gun, it
ionizes the gas it encounters, building up the plasma density as it
progresses until finally leaving the gun. In order to produce the
high beta plasma required in this experiment, the plasma density and
temperature had to be increased. Typically, this type of gun
produces a majority of the plasma with low Ti~50 eV and T, below
that. A small fraction (~1%) of the plasma has an energy in excess

of 1 kV and thus centains a significant fractlion of the energy;



28

FIG., 6. Mechanical diagram of plasma gun ~ Big Gun #2.  All

three guns have similar design with only small modifications.
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however, these particles are not well confined at Jow mnagnetic
field, and the temperature decays very rapidly for the fraction that
is confined. Thus, the high beta results are achieved by increasing
plasma density, and this requires additional energy in the gun
capacitor bhanl. The higher energy bank required an upgrade of the
switches and transmission Lline to handle the higher current. The
upgraded system 1s shown in Fig., 7. A 20 &V, 100 puF capacitor bank
Is comnected to the gun through a 1/4" aluminum parallel plate
transmission line. The power is switched through a low inductance
rail gap switch capable of handling curvents up to 1 MA (Fig. 8a).
The rail gap is used instead of a spark gap because it allows
nultiple arc closures along the rails and thus reduces the switch
inductance as well as the current density in each arc channel which
increases the switch life. The rail gap is triggered by a 30 kv
trigger from a smaller spark gap switch (Fig. 8b). Both the
inductance and resistance were variable by adjusting the separation
of the transmission line plates and by the addition of an adjustable
length 0.010" stainless steel strip in the transmission line.

Figure 9 gshows a typical transmission line current waveform.
The rise time of the waveform Is less than one-quarter of the period
of oscillation because the gun inductance is low when the current is
located near the input terminals, and thus little magnetic flux is
contalned Dbetween the electrodes. The plasma typically leaves the
gun near the time of peak curvent, and this is seen as a "gliteh” on

the current trace. There is an accompanying inductlive voltage spike
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CAPAC, RAIL VARJAC%ER TO
ANK GAP INDU B
B | s ResisTor| GUN

mj“" 30 KV

 PULSE
SPARK
GAP
128
X-FORMER
20V
PULSE IN .
SCR
I TRIGGER
CAPACITANCE: 100 £d @20 KV, 1/2¢cv? = 20 ®J

INDUCTANCE:  Lpank + Ly-Line = 50 nH
Loyn = 0 - 175 nH

RESISTANCE: 0.02 £x

CURRENT: 0.5 MA peak
PERIOD: 30’ysec
Rise time - 4 - 5 ﬂsec

FIG. 7. Block electrical diagram of charging and trigger
circuitry for the plasma guns. The capacitor bank discharges
through the high current rail gap switch which is triggered by

a 30KV pulse.
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F1G. 8. Schematic drawing of (a) rail gap switch. This is used
for switching the gun capacitor bank instead of the (b) spark
gap switch because the multiple arc channels in the rail gap
give a lower inductance. The spark gap d1s used in the low

current trigger circuitry.
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NO RESISTANCE
ADDED

0.06.L ADDED
T0 X-LINE

FIG. 9. Current waveform in transmission line. {a) Current
underdamped. (b) Resistance added to nearly critically damp
the current. Plasma typlcally leaves the gun barrel near peak

current. The "glitch™ has been filtered out for clarity.



which prevents the current from going to zero when the plasma leaves
the gun by causing the arc to restrike within the gun barrel.
Magnetic field measurements taken inside the gun in the region
between the gun harrels indicate the distribution of current in the
gun as well as the position of the leading edge of the current as a
function of time. With the capacitor bank charged to 16 kV, these
measurements Indicate that the plasma in the leading edge of the
current is continually accelerated while inside the gun, and exits
the gun with a velocity of 27 cwm/psec or approximately 400 eV
directed energy (Fig. 10). At 12 kV, the behavior was similar, but
the exit velocity was decreased to 20 om/psec or 200 eV.
Measurements of the magnetic field strength at different
positions in the gun (Fig. 11} indicate that the curreant is not
confined to a thin sheet that remains intact as it moves down the
barrel (current denslty is proportional to the derivative of the
magnetic field strength). Although there is some indication of a

4
current sheet?

early in the acceleration process, there is always
some current behind this sheet, and as time Pprogresses the
distribution might best be described as uniforwm.

When dustalled on the Getupcele these big guns are each capable

3

of producing plasma densities of 5%103 can © and electron and ion

temperatures of 40 eV,

2.8.2, Intermediate Density Gun
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FIG. 10. (a) Velocity of the leading edge of the current
distribution in the gun. (b)Position of leading edge vexsus
time. The wmeasurement dis taken with a magnetic probe placed

inside the gun electrodes.
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FIG. 11. Magnetic field distribution i1inside plasma gun at
different times from the time of firing (t=0.0 psec). This
field structure indicates only a slight peak 1in the current
distribution at the leading edge, followed by a more uniform

distribution.
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This 1s just a swmaller version of the hig guns. Tt has an
adjustable size gas plenum (0-0.5 cc), a 6 kJ, 20 kV capacitor bank
and 1s capable of producing 2x1013 cm"3 and Te~T1~ﬁU eV. An
additional gun, the "small gun™ which produced a low density plasma

168m1010 cm~3 was not used in this experiment.
Z2.C. Diagnostics

2.C.,1., Langmuir probe

This 1is a brief gummary of the main points of electrostatic
probe theory relevant to the use of probes in this experiment and of
the plasma parameters that can be measured using probes. For a more
complete description of the theory see the article by Chen? and for
a complete treatment of practical electronics for probes see
Sprott6.

An ungrounded piece of metal inserted into a plasma will reach
a steady state "floating potential”, Vg, such that the there is no
net current to the metal, 1.e. the d1on and electron fluxes are
equal. TIf the probe is blased positive or negative with respect Vf,
it will attract or repel electrons or idons and will draw a net
current. If the probe is biased negatively enough, no electrons are
collected and all the ions traversing the effective probe area, A,
(equal to the actual arvea if we neglect the plasma sheath) will be

colliected. The expression for this "ion saturation current” is
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1
si = 2:,=:1ef—w*’" where v¥ = [____. T <T s

and n, my;, T

i i» and T, are the ion density, dom mass, ion

temperature, and electron temperature respectively.

Thus the density can be determined if the area of the probe
tips and the electron temperature is known. In practice this is
used only for relative density mneasurements, and an absolute
calibration 1s determined by other means.

It can be shown that for a single tipped probe, the sglope of
the current voltage characteristic at the floating potential is

given by

d1 _ eIsi

I ive
avive KT,

Thus to determine the electron temperature, we can plot the full I~V
curve either by point by point measurements taken on different shots
or by sweeping the bias wvoltage fast enough that the electron
temperature does not change significantly during the sweep.
Typically, a Dbias voltage of a few times the electron
temperature assures that the probe is collecting the ion saturation
current. If, however, there are large floating potential variations
(on the order of the bias potential) the probe might not always be

collecting saturation current since the bias voltage is set with
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respect to ground and not the floating potential. Alternatively, if
an I~V characteristic is being weasured and the plasma potential is
changing with time either because of fluctuations or plasma decay,
it is difficult to malntain a constant probe to plasma potential
difference. To prevent this problem, a floating double probe has
been wused thliroughout most of this research. For this probe, two
probe tips biased relative te each other are not referenced to
ground potential. The entire systems "floats” and can follow
changes in the plasma potential. Tt can be shown that if the fwo
fips have equal area then the total current to the probe is
I = Ig; tanh (eV/2kT.)

where I 4 is the dion saturation current for a single probe tip and V
is the potential diffevence hetween tips. Thus, as for the single
probe, we can determine the electron temperature by measuring the
slope of the I~V characteristic at V=0. For the more general case

of unegual tip areas,
at e [Isil IsiZ]
el =0 T |
dv kfe Isi1+Isi2

An alternative method7 of determining the electron temperature,
alsc based on measuring the slope of the I~V curve at Vg, can be
used to obtaln a continuous measure of the temperature by measuring

the admittance, Y, defined as
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K dvlVe kT,

The admittance can be measured by use of a capacitance bridge that
is balanced for zero output signal in the absence of plasma. The
addition of plasma unbalances the bridge and if the output of the
bridge is calibrated against known resistances, the admittance or
inverse resistance of the plasma sheath can be determined. The
electron temperature can be determined if the ion saturation current
is measured simultaneously. It is cruclal that the area of the
probe tip used for measurement of I . and ¥ are the same size and
shape. Much of the electron temperature data in this research used
this technique. A triple tipped probe was used, with one tip for
admittance and the other two serving as a floating double probe for
measuring ion saturation current. The agreement 1is very good
between the electron temperature determined wusing this admittance
method and by direct measurement of the slope from point by point
data.

Floating potential measurements are particularly simple with a
single probe and are obtained by measuring the voltage across a high
impedance termination, such as the 1 MR input impedance of an
oscilloscope,

The terminating impedance should be much larger than the plasma

sheath resistance, Rs’ but this is easily satisfied in low
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temperature, high density plasmas where Rg is typically less than
100-1000 Q.
Measurement of the electric field, E, can be obtained using the

relationship between plasma potential and floating potentlal,

kT, Ly
Vp = Ve t e Rn(a_) for Ty =T,
[

] kT,
E o= =WV, =W, - 3.8Y( - ).

Thus, if we neglect any fluctuation in the temperature gradient, the
fluctuating electric field is just the fluctuation in the floating

potential gradient.

2.C.2. Ion Temperature Probe

Ton temperature neasurements were performed using an
electrostatic lon energy analyzer that was mounted on a 1/4"
diameter probe.8 The probe has three grids and a collector
(Fig. 5). The first grid in contact with the plasma is at the
floating potential. Behind this is the discriminator grid biased
positive with respect to the ground. This only permits dons with
energy E>vdiscrimmvplasma to be collected. The third grid is biased
negatively with respect to the grids and collector to repel incoming

electrons and also to suppress secondary electrons emitted from ion
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impact on the cellector. The collector is blased negatively to
collect don current. Collector current is monirored as a function

of the discriminator voltage, and the ion temperature is calculated

from the relationship E%gi,ﬁ 2.

Iy

2.C.3. Charge Exchange Analyzer

For a complete description of this diagnostic see Fortgangg.
This device measures the lon temperature by looking at the fast
neutral flux coming out of the plasma. Fast plasma ions charge
exchange off of neutral gas iIin the plasma and turn into fast
neutrals. These freely move through the magnetic field and can be
detected externally by reconverting them to fast ions in a mnitrogen
stripping cell through the reaction BO+N8»>Hf+NE. The resultant
fast lons can now he detected, and their energy is measured using a
curved plate electrostatic energy analyzer. This allows the
reconstruction of the ion energy distribution from which the ion
temperature can be determined. There is a lower limit on the
temperature that can be reliably determined since there is a strong
energy dependence of the stripping reaction and the cross section is
not well known below 150 eV. Thus, only the high energy part of a
low temperature idon distribution can bhe measured. Typically, the
lowest temperature that can be determined is ~40 eV,

This device was only of limited use in this experiment for two
reasons. The ion temperature of the gun plasmas decayed very

guickly after injection, and thus charge exchange measurements could
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only be obtained for the first 100-200 psec. Secondly, at high
enough plasma densities, the fast neutrals leaving the plasma may
not be ryepresentative of the bulk ion temperature but only of the
temperature near the plasma edge. Consider the case where the
ceniral lon temperature dis 100 eV, the electron temperature is

ol3 -3 A

25 eV, and the plasma density is 5xl cm 7. charge exchange
neutral created at the plasma center will have a mean free path for
ionization of 15.6 cwm and thus will probably not make it out of the
central region. More dimportantly, at these parameters, a neutral
coming in from the wall at room temperature has a mean free path for
ionization of 0.25 cm. Thus, there will be a strong neutral
pressure profile across the plaswma, and the flux of charge exchange

neutrals from the central or burned out regions will be strongly

reduced because of the lack of neutral particles.

2.C.4. Interferometer

Plasma density is measured  with a 70 GHz nicrowave
interferometerlo that views the plasma along the mideylinder.
Because most of the path along the mideylinder is bhetween two
separatrices (see TFig. 5), the interferometer essentlally measures
the density on the sepavatriz. For 70 GHz, the maximum plasma

densiry through which the beam will propagate is given by
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2
m_w
e o 13 -3
Ncrit = ey 6.08 x 10 cm .
4 e

Basically, the system measures the phase shift of a microwave beam
propagated through the plasma relative to a beam in a reference leg.
When the plasma is injected, the index of refraction changes because
it depends on the plasma density. This causes a phase shift between
the plasma leg and the reference leg, and digital civcuitry converis
the phase shift to an analeg output which is proportional to plasma
density. The calibration depends on the electronics and the
microwave hardware, and for this interferometer is 21013 cm—3/volt.

Two corrections are necessary.

(i) The index of refraction is given hy the expression

where N i1s the plasma density and N is the critical density at

crit

cutoff. If N/N <<l then we can linearize this relation, and

crit
since the phase shift is proportional to the change in the index of
refraction, 1t is also proportional to the change in plasma density.
Thus, when the digital circuit counts the numnber of fringes (25 of

phase shift per fringe), dts output voltage 1s proportional to

density. When we are near cutoff, the above linearization is not
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valid. Wear cutoff, the phase shift per wunit change in density
increases, and the wvalue for the density 1s too high. Using the
exact expression for the index of refraction, we find that the
actual density, N, 1s related to the density weasured by the

interferometer, Nm by the expression,

N = NM(}—NM/QNcrit) .

{(ii) TFor densities far below the cutoff density, the
interferometer output 1is proportional to the line averaged density
along the midcylinder. Although most of the plasma along the
mideylinder 1s at the separatrix density, significant difference in
the shape of the density profile off of the separatrliz will alter
the relationship between interferometer output and the separatrix
density. The interferometer output is proportional to the phase
shilft which can be related to the line averaged density by

Ap = EEN L e

A crit ©

where £ is the total length in the plasma. If we define a
normalized profile, f(x), with a peak wvalue of unity on the

separatrix, then

M{x) = N £f(x)

sep
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and

N
-EE ,&ep f f(x)dx .
A Nepjp 0

A =

For our interferometerll a phase shift of 21 corresponds to a
density of gx10M en™3, Thus, we can solve for the wvalue of the
integral,

f f(x)dx = 65.1 em .
o

If the profile shape is of the form

then the value of the idintegral yields a value of o=0.64 Dories.
Density profiles with a different value for this line dntegral
require adjustment of the interferometer calibration to determine

the actual separatrix density.

2.C.5. Magnetic probeg

Magnetic probes are used to measure the vacuum magnetic field,
the plasma dlamagnetic perturbation to the vacuum field and magnetic
fluctuations. The principal type of magnetic probe used in this

experiment is a B-dot probe which consists of a multiturn coil which
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puts out a signal proportional to the time rate of change of
magnetic flux through the coil. A number of different variatioms on
this basic probe were used in this experiment. Most of the early
data on plasma diamagnetic perturbations to the vacuum field were
obtained with one type of probe. The 300 turn coil was inserted
inte a 1/4" diameter grounded stainless steel tube that was welded
closed at the end inserted into the plasma. Because the probe had
problems with electrostatic pickup, the coil was center tapped with
the two sections wound in opposite directions. The center tap was
grounded, and the signal measured differentially thus eliminating
the electrostatic part of the signal. The signal was integrated
with a passive RC network. The RC time was chosen to be much longer
than the signal frequency; RC=500 msec for the main vacuum field
pulse and 10 mgec for the fileld perturbation due to the plasma.
This latter signal typically had rise times of 100-200 psec and
decay rates of 500 psec.

More vrecent data taken on magnetic fluctuations has been taken
using a probe that substituted a glass tube for the outer stainless
steel Thousing. Electrostatic shielding was provided by enclosing
the wires in a stainless steel tube which fit inside the glass tube.
The shield was continued arvound the tip of the coil by wrapping it
with .001"~.002" aluminum foil. This coil did mnok have problems

with electrostatic pickup and thus it was not center tapped.
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Magnetic field measurements were also made inside the plasma
gun. These used a probe identical in design to the second one
described above except that a small slit was cut in the aluminum
foil surrounding the coil to allow fileld penetration. The time
scales for these signals were very short (rise time <1 psec), and a
continuous foil strip would have decreased the frequency response of
the probe. Only five turns were used in this coil since the signal

sizes were s0 large inside the gun.

2.C.6. Spectroscopic Diagnostics

Doppler Broadening

The wavelength shift of radiation emltted from a particle moving at

a speed v in the direction of obhservation Is

Ay = A (v<<e)

ol <

where M\ is the unshifted wavelength. TIn a plasma with a Maxwellian

distribution of velocities, the intensity of radiation emitted B&A

away from the unshifred wavelength is given bylz

I
T{AN) =
LI

where I, is the total line intensity. Thus for a hydrogen plasma
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with temperature T, the full width at half maximum intensity is

given by

MRy = 7271 x 1075 A(AyTH/ 2 (ev).

Aky g is 0.7h for the Hﬁ line in a 4 eV plasma. Measurement of the

line intensity, I(AN), was performed with a Jarrell-Ash

13

monochromator which had a resolution of 0.1-0.2A.

VUV Monochromator

This device had a resolution of ~1lA and was used to monitor

various lmpurity lines during the optimization of the plasma gun.

Various other sgpectroscopic signals were routinely monitored to
check.  on  plasma  reproducibility. These included HB(4861A),

CITY 4647R, OITT 37608, and NIIT 4515A.

2.D. Fluctuation Measurement Techniques

This section describes both the experimental and computational
techniques used to measure fluctuating plasma quantitcies.

The quantities of interest, density, potential, electric field,
and magnetic field are measured in the range of 20-160 kliz.
Three-pole Butterworth filters are used to filter out the low and
high freguencies. The high frequency filter is wused to avoid
"aliasing" which occurs when there are freguency components in the

signal which are above the Nygquist frequency (fN=1/2At), wvhere At is



data sampling interval. For At=2 psec, £,=250 kliz. Since at the
Nygquist frequency mno information about the magnitude of the
frequency component can be determined, the actual upper fregquency
used 1s below fy. Most data is data taken with At=] psec, so
fN=500 klz.

There are two main techniques for determining the frequency
characteristics or the power spectrum, P(w), of a fluctuating
signal: the Blackman-Tukey method using correlation functions, and
direct determination of the power spectrum using the Fast TFourier
Transform (FFT). Both of these methods, as well as other numerical
methods for treatment of digitized signals, are well discussed in

14’15’16. Using the FET

the literature and will not be reviewed here
method, both the power spectrum and the cross power spectrum of Lwo
different signals are easily obtainable, and this method has been
used for all the data in the experiment. All raw data have their
mean value and a linear fit subtracted out and are then multiplied
by either a Hann function or a cosine taper to make the signals

periodic and reduce leakagela,

The power or cross power spectrum is
then determined. Given the power gpectrum, the total power, P, is
simply

-0 don
p = f P(w)dw = f | FCw)F* () | dw

where F(w) is the Fourier Transform of the signal. Tt is important
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to nete that the power is proportioral to the square of the signal
amplitude.

Since the frequency resolution of the power spectrum 1is
AfR=1/?, where T is the total time for sampling, T should be made as
large as possible. In this experiment, however, the plasma is
decaying and often the frequency spectrum changes with time. Thus,
if T 4is too large, the results are not meaningful. In general if
the frequency of a mode changes by more than AfR in a time T, then
the sampling time 1 should be reduced.

In order to compare two different power spectra, a frequency

correlation coefficient 1g defined as,

Ff(w)Fz(wH N P]_Z(w)

n(w) = 172
[(Fp CoIFF(w)) (FE (¥, ()] 75 [Py ()P (w)

]1/2

where Fy and Fy are the Fourier Transforms of the two signals and
thus n{w) is Jjust a "normalized” cross power spectrum. It can be
shown that as defined, n(w)=1 for all w. 7To make this a meaningful
gquantity, it 1is redefined such that the three terms are averaged
over a frequency interval Aw about w before they are combined in

nw), i.e.

<Poa{w)>
n(w) = 12

(<P (w)><Py ()> 172
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where <s<+> indicates a frequency average. Thus, f{w) indicates the
degree of similarity of two power spectra within a frequency
interval, independent of the phase. If the frequency interval
chosen 1is the entire frequency range measured, then this total or
integrated correlation coefficient, 7, indicates the similarity of
the two power spectra. The maximum value of n{w) or n is unity

indicating wmaximum correlation.

2.E. Timing and Data Handling

Figure 12 shows a typical timing sequence. If toroidal f£ield
ig desired, 1t is triggered at t=0 with the poloidal field. Both
fields have the same period so the ratlo of thelr amplitudes remalns
constant.

Early data were taken on oscllloscope and stored on Poloroid
film. Currently, all data is taken on the computer. The two types
of digitizers used are LeCroy models 8210 and 2264. The 8210 is a 4
channel, bipolar, 10 bit digitizer that can digitize at up to 1 psec
per sample. Each 8210 hag 32 X memory to be divided among the
number of channels used. The 2264 is an 8 channel, bipolar, & bit
digitizer with a maximum sampling vrate of 0.25 psec per sample.
Because the resolution of the 2264 is only 8 bits, it is typically
used for routine monitoring of spectroscopic diagnostics. For both

digitizers, data sampling is done simultaneously on all channels.



FIG. 12. Typical timing sequence.
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70 GHz Interferometer Klystron turn-off

Poloidal field crowbar {(optional)

Gun trigger - Plasma injection

Int. Dens. gun —val -

Big gun #1,42 >—gas-valve trigger
Computer trigger -~ start data acquisition
Poloidal {and toroidal) field trigger

70 GHz Interferometer Klystron turn-on

Timing sequence start
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CHAPTER 3

Summary of Ballooning Mode Theory for Multipoles

This chapter contains a brief summary of ballooning mode
stahility theory. A physical description of a ballooning mode in
general geometry is presented with a discussion of factors that can
affect ballooning stability such as plasma shape, shear, and
resistivity. This is followed by an analytic solution to the low,
but finite-B equilibrium iIn the bridge region in the Octupole,
Finally, the theoretical treatment of balleooning stabllity in a
meltipole is presented including infinite and finite toroidal mode
number MHD theory and a usore detailed kinetic treatment of the wode
including the effect of finite ion gyroradius. It ig shown that for
infinite toroidal mode number, the critical beta for ballooning is
4.3%, and this increases with decreasing toroildal mode number. The
kinetic treatment reveals that large ion gyroradius can be strongly
stabilizing. Al}l solutions are solved numerically for OCctupole
geometry. The ballooning mode stahility theory and numerical

solution for the Octupole presented here were obtalned by Phillipsl.

3.A. Physical Picture

To aid in interpretation of the experiment it is useful to
precede the theoretical analysis with a discussion of the physical

mechanism of the ballooning instability, including the source of
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free energy, the force that drives the wode unstable, and the role
of curvature.

The first thing to note is that the mode grows through a
decrease in magnetic energy, rather than internal energy. This 1is
evident from inspection of the change in the energy due (o

displacement § as written in the MHD energy principlez
1 - e
W = = [ de(1Bl% + (Jo EXB) + (E+Vp)(V:E) + yp(veE)?) (1)

where Evis the magnetic perturbation and j, 1s the equilibriam
diamagnetic current {ohmic currents are lgnored). The first two
terms represent changes in magnetic energy, and the last two terms
represent changes in internal energy p/(y-1). It will be shown in
the next section that at marginal stability the wost unstable mode
is incompressible or Veg=0. Thus, the last two terms in 8W are
zero, and only the magnetic energy changes 1In the most unstable
mode .

The second peint of interest is that the force that drives the
mode is a Lorentz jOXE_force due to the diamagnetic current. This
force is dincluded in the second term, the only destabllizing
contribution to the energy integral. Instability occurs 1f the

diamagnetic current is sufficiently large so as to overcome the

3y
stabilizing effect of the first term which 1is peositive definite.

Thus, from the point of view of the instabllity dynamics, the
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pressure or plasma beta is a critical parameter only in that it
produces a diamagnetic currvent and a destabilizing Lorentz force.
This magnetic energy source is the same as that which drives the
Suydam or Mercier Interchange modes which are also incompressible.
Thus, the ballooning mode can be viewed as a localized interchange.
However, the interchange mode that is often heuristically derivedd
and results from compressional change in plasma internal energy is
unrelated to the ballooning modes since it has a different energy
source.

The details of the instability are clarified through Fig. 1
which displays a cylindrical region of plasma in a bad curvature
field, with eguilibrium field EOmBOé, field gradient “IVB%Q,
pressure  gradient HIVPIQ, and equilibrium diamagnetic current
joﬂ(IVP§/BO)£. To examine the radial force bhalance we note that a
radial displacement will create a poloidal field perturbation given

(by expanding E?Vx(gxﬁo)) by

~ (514 3L o8
By = = Bylogr + opn] = B ee (2)
Ot dr dz rooar
0L, 0,
Thus, for example, if ...k is sufficiently positive the poloidal

or 8z

flux will be varefied, the fileld weakened or ﬁe<0, as shown in

Fig. 1. The resultant XEG radial force is radially outward and

1y

enhances the original perturbation with instability ensuing.
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FIG. L. Physical picture of ballooning instability indicating

VB Vpo, and perturbed

equilibrium  quantities B

Lo ..i()’ o?

quantities § (displacement), B and JOKE {(force). The z—axis is

out of the paper. Plasma ds shown in a field with bad

curvature.
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The role of curvature is somewhat subtle. Interestingly, in a
good curvature region both the destabilizing and stabilizing forces
are enhanced. Curvature enters explicitly in the 680/6r term in
Fg. (2). This term is destabilizing in good curvature (bBo/ar>0)
regions only. Thus the contribution of this tern In the good

curvature region makes BG more negative (the direction required for

instability) but also enchances its magnitude |B8

. The increase in
|BGI enhances the quadratic stabilizing term, |B|2, of 8W, more than
the destabilizing Qoxﬁe which is only linear in ﬁg. Thus the added

stabilizing field compression in good curvature favors  mode

localization to bad curvature regions.

3.8, Factors Affecting Ballooning Stability

There are many factors that can affect the actual value of the
f~1imit for the ideal Dballooning instability; in particular the
magretic geometry and detailed kinetic properties of the plasma.
Furth, et 314 showed that wminimizing the connection length between
the good and bad curvature regions increases the B-limit. This
principle has heen applied to tokamaks and in & recent paper by
Bernard and Moores, it was shown that elongation of the discharge
and addition of triangularity on the outside edge decreases the
connection length between good and bad curvature and thus increases
the g~limit. By optimization of the discharge shape the calculated
maximam stable volume averaged beta was increased to 10.2% from a

typical value of 3%.
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Lagazian and Pari86 have shown that high magnetic shear cap
alse be wvery stabilizing. In a Reversed Tield Pinch device, which
has bad curvature throughout, high shear can provide stability to
ideal ballooning modes up to high values of beta (~20-30%). Tang,

Connotr and Hastie7

showed for general geometry that the inclusion of
finite ion gyroradius increased the B-limit from the ideal MHD value

by an amount proportional to (pi/Ln)(pi/Ki) where py, L, and A are

n’
the ion gyroradius, density scale length, and perpendicular

8 examined the

wavelength respectively. Comnor, Chen and Chance
effect of resistivity and ioun perpendicular viscosity on the stable
region between the ideal MHD limit and the higher limit due to
finite gyroradius effects. They found that resistivity can
destabilize the mode in this region but that ion wviscosity reduces

the growth rates. Dagazian and Parisg

showed that perpendicular ion
viscosity always reduces the growth rate of electrostatic ballooning
noedes; however, they point out that these results do not necessarily
apply to the ideal ballooning mode since it is electromagnetic and
the plasma dynamics along a field line are also different for the
two modes.

In the following sections we ftreat the effects of finlte
toroidal wavelength, particle trapping, and finlte ion gyroradius
and apply the results to the Qctupole geometry. A more heuristic
treatment of the effect of dion gyroviscosity is presented in

Chapter 5.
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3.C. MHD Equilibrium Theory = Finite - 8

For all stability calculations presented in this paper the MHD
equilibrium of the Levitated Octupole was treated by nunerically
solving the Grad-Shafranov equation for a givén pressure profile,
with the requirement that both the pressure and pressure gradient
must go to zero at the critical flux surface, at the plasma edge,
which possesses neutral average curvature. The field lines and
pressure profile ave mapped out in flux cocrdinates for subsequent
use in the stability calculations.

The equilibrium equation can be solved analytically, however,
in the bridge region for the perturbation to the vacuum magnetic
field due to the finite-p plasma. As stated in the introduction,
the standard orthogonal flux coordinate system (¢, ¥, ¢) will be
used. The starting point for the derivation is the MHD force

balance equation,

L
b
o

i

Vp (3)

where j is the diamagnetic current (there are no other currents in
the plasma), B 1is the total magnetic field and p is the pressure.

Solving for the diamagnetic current, we find

.. Rdp

50 o - (42

- g
J =
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Substituting j into Ampere’s law, j =¥V x ﬁ, the ¢ component

becomes,

1 3 ‘ o dp .
75 (JBAB) TR Fr (5)

where J 1is the Jacobian, AR 1is the perturbation to the vacuum

magnetic field, B due to the diamagnetic current, and BEBV+AB.

dB
BAE ¢ v, and using JNBmz,
¢ od

v

With the assumption that AB/BV<<1 and

Eq. (5) reduces to

2 0 (ABy _ op
By 6@ (E;J L7 5@ (6)

which can easily be solved for AB,

LU w{_,_g% dp + K . (7)

If ¢, 1s chosen as the surface of the ring, then X is related
to the field perturbation at the surface. The constant, K, can be
detaermined by requiring rhat there Is no net change in flux beiween
the ving and the wall. This Is a good assumption because of the
fast time scales in this experiment and the high conductivicy

aluminum ring and wall. This requirement reduces to
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wgll
RABdr = O (8)

ring
With this condition, the full solution for AB can be found. This
solution, however, is only valid in the Dbridge region since the
assumption on the relative size of AB and BV is elearly invalid in
the center of the machine where B, is low everywhere and is actually
zero at three locations.

As an example, consider a gaussian presgure profile peaked on
the sepavatrix of the form, pmpoexp{w(rwrs)2/2rg], where r, 1s the
radial distance of the separatrix from the center of the ring and
rom(ahrs)/B, where a is the minor radius of the internal ring. If
the magnetic field is assumed to have a 1/r dependence, Eq. (7) can
be integrated analytically to obtain an expression for AB(x)
invoelving errvor functions. The quantity AB(r)/Bsep, where Bsep is
the vacuum field on the separatrix, is plotted in Fig. 2. For this
choice of profile shape, the constant X is very small and has not
been added to the solution shown, but is plotted separately as the
dotted line iIn JFig. 2. It can be seen that the agreement between
this analytic solutien and the full pumerical solution fo the
Grad-Shafranov equation (also shown in Fig. 2) is very good.

An  Interestiog properiy relating AB and 8 can now be derived.
Congider a pressure profile with a peak wvalue on the separatrix

equal to Dy - Thus, the pressure can be written as

P(4) = pgp () (9)
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FIG. 2. Apalytic solution for plasma diamagnetic perturhation
to the vacuum magnetic field (solid line). The small
correction due to the change in the ring current 1s shown as
the dotted line. The full numerical solution to the
Grad—-Shafranov equation for a (=2.5% plasma is shown for

comparison.
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where p{¢) i1s the normalized pressure profile with a wmaximun value
of unity. Upon substitution of Eq. (9} into Eq. (7) and solving for

the constant, K, the solution can be expressed as

Al

APy ) +n (10)
(BVBS g(d
where

) o P 2

g(¢) = + ﬁio [66/(Bv(¢)/BS)]d¢ ’

1wall _
Ering Bv(r)R(r)g(r)dr

wall
T Bv(r)R(r)dr

ring

and the subsceript “8” refers to gseparatrix  quantities.
Equation (10) dis an important result because the entire right-hand
side depends only on the shape of the vacuuwn fileld and the pressure
profile but not on the magnitude of either. Thus, for a given
profile shape, the quantity AB/ER does not depend on the value of
magnetic field or @B, i.e. the fractional clhange in 2 is

proportional to 8.
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3.D. MHD Stability Theory-—Infinite Toroidal mode Number

The equation for the MUD stability of an axisymmetric system with no

shear was one of the first applications of the MHD  energy

principlez’lo“lz. The multipole has no shear, and the modes can be

Fourier analyzed ir the toroidal, ¢, direction. One finds that the
mode with infinite toroidal mode number, n=e, is the most unstable
mode2 since at n=e the stabilizing magnetic perturbation §¢ (~§¢)
due to field line bending (first term Fq. (1)) is minimized relative
to the destabilizing %x(~n£¢), second term Eq. {1). In this case,
n=o, the modes are localized on a flux surface, and the question of
stability is reduced to solving a second order ordinary differential
equation on each field line. For marginal stability, w2=0, the
critical pressure gradient for the most unstable mode is given by
the eigenvalues, pJ, of the equation

3] 1 dX

= )

| = Jp poDX = Jp DI . (11)
OX yr?p* OX oe °

which 1is obtained in ref.{(1) by minimizing OW with respect to ¥, Z,
N A . 1 a5 Ml | L
and % respectively, vhece p 20p/d¢, D=C - e is related to the

J B¢ )

covarlant component of the curvature, K¢, by D$~2K¢, YEwin§¢/R,

ZE&X/B, XERB§¢ is the covariant component of the displacement §¢, J
' 1

is the Jacobian and f(¢)ﬂ§JDde/[pO§de%,+ __éde]. The field lines
) YP

are closed in the multipole so X in ¥q. (11) wust be both periodic
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and continuous along the field line. Integrating #q. (l1) around a
closed field line and using the periodicity condition yields £(§)=0.
It can be shown that £($)=ypV+E; thus at marginal stability, the
most unstable mode is incompressible. In an up~down symmetric
multipole, modes are either symmetric or antisymmetric with respect

to reflection about the midplane. Modes with even symmetyy have
¥,
ax

midplane. The equilibrium pressure gradient is plotted in Fig. 3

on the widplane, and modes with odd symmetry have X=0 on the

along with the critical pressure gradient for both even and odd
modes. The plasma is marginally stable when the equilibrium
pressure gradient is equal to but not greater than the critical
pressure gradient at one or more points. In the Levitated Octupole
this occurs at B=4.3%, where B is defined as the local beta on the
separatrix between the outside ring and outside wall. Outside the
separatrix the mode with even symmetry is the most unstable since 1t
bends the field lines the least. At the separatrix the modes with
even and odd symmetry are degenerate, and the boundary conditions
%=0 and 8%X/dy=0 on the midplane are satisfied simultaneously.  This
minimizes the effect of the inverse curvature golng to infinity at
the field null. Near the eritical flux gsurface X is
interchange—-like, On  flux surfaces closer to the separatrix the
magnitude of X maximizes in the bad curvature region, charvacteristic

of a ballooning mode.
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FIG. 3. MUD critical pressure gradient for even and odd modes
and equilibrium pressure gradient for p=4.33%, ¢Sep=0.5318,

oy =0+ 8245,
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6.H. MHD Stability Theory——¥inite Toroidal Mode Number

Since beta values well above the MHD critical beta of 4.3% have
been observed experimentally, MHD has proved inadequate for
predicting the Dbeta limit attainable by the Cctupole experiments.
Before discarding MHD theory completely it 1s wuseful to consider
modes with finite n, i.e. n<e. It is well konown that some low
frequency modes (w/wci<<1) with short perpendicular wavelengths
(h(pi) are stabilized by {finite Larmor radius (FLR) effectsl3.
Thus, the actual beta limlt may be set by lower n number modes. An
equation for high, but finite, toroidal mode number MHD is obtained
by minimizing 6W/6Ki with respect to Y, 42 and X in that ordexr and
using a perturbation expansion in orders of 1/n2 for the minimizing
Y. Here 6W is the MHD energy integral for displacement E, 6Kl is
perturbed perpendicular Lkinetic energy and Y, Z, and X are the
covariant components of §¢, gx, and £¢ as defined in the previous

section. This wyields the partial differential equation, with the

finite n terms on the right~hand side,
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- 2 JX
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where p, 1is the mass density, n is the toroidal mode number and m2
is the frequency of the mode. The modes were assumed
incompressible. As in the n=e theory, we will treat the marginally
stable w2=0 case, so that either p” or m can be specified with the
other solved for as the eigenvalue of the cquation. For any p~ (for
B>4.3%) there will be a corresponding n above which the plasma is
unstable; equivalently, for given n, or toroidal wavelength, there
is a critical p” or P above which the plasma is unstable.

Phillips1 developed a method for solving Eq. (12) based on a
perturbation expansion about the n=« golution. An  alternate

14

solution method was used by Adler and Lee for solving Bg. (12).

They adopted the procedure used in Spies15

of expanding the solution
in terms of a cowmplete set of eigenfunciions along a fileld line.
The equation for the high n stability then becomes an infinite set
of coupled differential equations in the variable (. Generally only

the lowest order equation is kept. The method we wuse 1s more

similar to a straightforward perturbation expansion. Using a
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perturbation expanslon it is easier to obtain an explicit solution
to the problem including the ¢ dependence of the mode, A
perturbation expansion about the n=« golution ylelds to lowest order
a solution of the form XO(¢,X)=UO(¢,X)RO(¢) and reduces the problem
to solving two ordinary differential equations. The =zero order
{n=w) equation which determines the structure of the mode along

field lines is

>, 1 0oU

0 -
S (SRS TN | nU =0 (13
0% yplp? bx) HoPo™ o ‘
where pg is the critical pressure gradient for the n=« wmode. This

equation yields the parallel (y) dependence of U+ Since the
parallel structure 1s different on each magnetic surface, UO 1s also

a function of ¢. Yor marginal stabllity the equation for the radial

envelope R0(¢) is

g au, 2 BU, dRO(q,)}
T T W Y Ta@
8u 2 U 2 9 9
[} T [¢] v a . \ )
’ {a.,q.;[gﬁ By T Ty dx] ~ T[W U, ] dxlr,(9)
= n? {u,(p7-p,") § IU2ax}r, (¢ (14)

where we assumed low beta. The solution for U, from Eq. (13) is

used as dinput to Eq. (14). The boundary conditions for R (¢) are
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that R, g0 to zero on conducting surfaces. In addition, we take RO
to be =zero on the edge of the plasma to treat the ballooning
instability, an internal mode, and to eliminate the interchange mode
which 1s always marginally stable at the critical flux surface.

For bheta slightly above the n=e critical beta the radial (¢)
extent of the mode is limited, and a good approximation to the
lowest marginally stable wmode number, n, 1is obtained by WKB
analysis. Ignoring terms involving 2;E~(approximate for a radially

local mode where U, varies slowly in the radial direction relative

to RO) Eq. (14) reduces to

PR (H)
WMMWﬁwW.+ 1 Q(¢,p’)R0(¢) = ) (15)
dd
where
e - 2
o (PP )$IDUSAY
Q) = — 02 e
ou .
r oyZ2
iﬁﬁfﬁﬁf) dy

The eigenvalue p is the eritical pressure gradient from FEq. (13),
and p” is the equilibrium pressure gradient. Using the WKB turning

point formula yields an expression for the critical mode number s
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n, = x . (16)
[od
2 [¢? o2 (0,p72ax
a

Here ¢, and ¢y, are the turning points where (=0 (or p’=p0’) with
|p'|>§P;| for ¢a<¢<¢b‘ Modes with n>nc are unstable, and modes with
n<nC are sitable.

For equilibrium beta significantly greater than the  n=e
critical beta, the ¢ extent of the mnode 1s radially nonlocal,
Lq. (16) is inaccurate and Iq. (13) and Eq. {(14) are solved
numerically. Ffor this purpose, we agaln take RO(¢) to be zero at
the outer edge of the plasma as one boundary condition. Inside the
separatrix, in the absolute good curvature region, the critical
pressure gradient jumps by a factor greater than ten. The mode
amplitude is therefore expected to decrease rapidly inside the
separatrix; thus we take RO(¢) to be zero at the separatrix as the
other boundary condition. The pumerical results for the Levitated
Octupole configuration are shown in Fig. 4 where B versus 1/nc (or
toroidal wavelength) 1is plotted. The bheta limit is roughly
inversely proportional to l/nco Hence if n were limited Dby some
means such as finite ion gyroradius, one would expect an increase in
the beta limit of the device. However, if as an exercise one merely
sets the toroidal wavelength equal to the thermal ion gyroradius,
corresponding to ncZSUO, the beta limit is only negligibly enhanced

and cannot model the experimental results. The full strength of
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FIG. 4. Critical B for dinstability versus 1/n,. 1/n_ =
{toroidal wavelength/ toroidal circumference). For a given 8,

modes with n>nc are unstable and modes with n<no are stable.
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finite {on gyvroradius stabilization is included in the next section
through a proper kinetic treatment. Nevertheless, the fully
reconstructed eigenfunction XO(¢,x)=U0(¢,X)RO(¢) is calculable and
is shown in Fig. 5 for f=4.5% and B=5.0%Z. The width of the mode is
proportional to 1/J;:. For beta values slightly greater than the
n=w critical beta the modes take up the whole region between the
separatrix and the critical flux surface. As n, bhecomes larger the
radial extent of the mode becomes narrower until at n=« the radial

part of the eigenfunction is a delta function in ¢.

6.F. Kinetic Theory

The influence of kinetic effects, such as finite d{on
gyroradius, on ballooning modes, is treated in detail through the
linearized Vlasov equation. A general set of kinetic equations for
low frequency modes in multipoles can be derived by small freqguency
(w<<w,;, the ion cyclotron frequency), small gyroradius (pi<<Lp’LB’
the pressure and magnetic gradient scale lengths) expansions in
order o obtain the perturbed distribution functionl6. Moments of
the perturbed distribution function are calculated and used in the
quagsi-neutrality condition and force balance equations to obtain a
complete set of equations governing the modesl, Considering an
additional low frequency constraint wl{wy;, w<<wy,, where w, is the

hounce frequency, and expanding in powers of 1/n2, the equations,

written to first order in ion gyroradius, can after much effort be
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FIG. 5. X, elgenfunction for the marginally stable mode for (a)
f=4.5%, n=2525 and (b) B=5.0%, n=621. The mode §fills wup all
the available flux space between ¢sep and ¢,.q, For only small
increases above the ideal MHD limit of B=4.33%, where ¢sep and
opip are the locations of the separatrix and the critical flux
surface. The eigenfunction peaks Iin the outer bad curvature
region wnear the flux surface with the steepest pressure

gradient. The plot is shown for half the field lines since the

machine iIs up-down symmetric.
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combined fo form a single partial differential equation for the

modes
i) i X X
N U I | DX+ . —~wF )J
ax Jrsz ax) p‘op p’ononllm(u’ Lﬂl) r2B2
NI 6[r2 b (X, BoP” x)1 - BoP™ 3 or? > (K, PoP” 2]
n2 8¢ oy~ J By " B2 dy"J By 0 BZ
5 2,8% | HoP
+ n m, - )Jre Sl e X
a‘p[p'() 01 ]_w(w (l‘)l) (a¢ 1))2 )]
hoP” 53X . WHoP”
- . Wiy o) {2+ 2 X))} . (17)
B2 o ag B2
nTi -
where w§=w e P48 the don diamagnetic frequency, n, is the
e p

particle density, and my is the mass of the ions. In the limit Ti+0
the kinetic ballooning mode equation, Eg. (17), reduces to the MHD
ballooning wmode equation, Fg. (12). The effect of heat flow along

1 of

field lines was neglected to arrive at Eg. (17). Calculation
the beta limit wusing the Kruskal-Oberman energy principle which
includes heat flow along field lines, but does not dinclude FLR
effects, has shown that the critical beta limit of the n=« mode in
the Levitated Octupole increases to 4.70%, compared to 4.33% for the

MHD  case. Since this represents a small relative correction,

neglecting the effect of heat flow along field lines is Justified.
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It Is interesting to note that if we start with the original
kinetic equations and take the limit wdw,,, wdw,,, to lowest order
in gyroradius, we again get Bq. (17). Thus, if the effect of heat
flow dis small, Bg. (17) is correct In either limit of the ratio of
wave to hounce frequency. This is similar to results of Lee and

Cattol7

who found that the kinetic-ballooning mode equation for
tandem mirrors could be generalized for arbitrary ratio of wave to
Lounce frequency.

As  before (Section E} the lowest order solution to Fgq. (17) is
written as XO(¢,x)=U0(¢,x)RO(¢)~ The equation for the parallel (y)
structure UO(¢,x) is the same as Eq. (13). Either pj or w_, the
zeroth order solutions for pressure gradient and complex frequency,
can be specified with the other solved as the eigenvalue. The FLR

effects are contained in the equation for the radial (¢) structure

R0(¢) which 1s

dR ()

4 [A<¢>m_ﬁ;_—] + [B(e) +nZc(4) R () = O (18)

dds
where

Ald) = a, " BoheMy m(m*w*)al

B() = ¢ [ag=p o nwlo-wfag] ~a, + porom;wlwwf)ag
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S = =g p ™G )ag + w3 ongny () Jag

and the coefficients a, to ay are surface integrals which are given

in the appendix. FEquation (18) contains three unknown
constants-—~the real oscillation frequency w, the toroidal mode
nunmber, n, and the temperature, Ti, appearing in uﬁ.

Two additional constraints are necessary to eliminate two of
the congtants with the third remaining as the eigenvalue of
Eq. {18). The first constraint is obtained by multiplying ¥Eq. (18)

by R, (¢) and integrating over ¢ to obtain

by, drR 2 .
jq) {A(<p)(.,_é,,q.§’.) = [BCo) + 2 REW }de = 0 (19)

éa

where the limits ¢, and ¢, are the boundaries of RO(¢). FEquation
(19) is quadratic in  w. The condition of marginal stabilitcy

(Im(w)=0) requires the discriminant of quadratic Eq. (19) be zero or

2 2 .
T, (n“C_+C, ) (n"Cyh+Cq)
i b , 01 273 (20)

— . = 4

where f.:-“a'l‘(__al'l‘:.L and the coefficients €, to Cg are g-integrals which
involve p~ and Ro and are given in the appendix. Equation (20)

gives a relation between Ty and n for a marginally stable mode. As
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shown schematically in Fig. &, for a glven B, Ty has a maximum as a
function of n. For an arbitrary temperature Tio <Tmax’ shown in the
figure, all modes with nl<n<n2 are unstable. Thus, each point on
the stability boundary (f versus p; plot shown later in Fig. 7) is
determined by the mode with T1=Timax and corresponding N, e For
temperatures T)Tmax, all modes in the plasma are stabilized by FLR
effects. The stability boundary to the right of the maximum point
also represents the effect of FLR stabilization. ¥or fixed Ty, if
the boundary is crossed by increaging n, stabllity occurs since the
gyroradius increases relative to the decreasing toroidal wavelength
(~1/n). The left boundary represents the stabilizing effect of low
n that is present in MHD (making n=«= most unstable) and discussed in
Section I

To determine the node number, n and its temperature Tiqu at
2 S

c,
the stability boundary, we use Eq. (20) to set the derivative of T,
with respect to nz, holding <t fixed, equal to zero. This yields a

cubic equation in nz,

al al 6 — 4 2 T al ==

For given p~, this determines the mode nuwber n at the stability
boundary.
The real oscillation frequency for marginal stability is easily

computed from Eq. (19), the quadratic equation in w, and is given by
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FIG. 6. Schematic representation of Eq. (12) showing T, versus
toroidal mode number, n, for wmarginally stable modes at a given
value of 8. For some 'lio'(TimaX there is a range of unstable
modes with ny<n{n,. If T, is Increased, FLR stabilization
increases and for ’i‘_j>'l‘imaX all modes are stable. Thus, for a

given B, the stability boundary is determined by the mode with

the maximun Ti'
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(22)

In the case where the mode is higly localized it can be easily seen
that m:(l/Z)w§ where w% is the local diamagnetic frequency.

In swmmary, determining the stabllity boundary consists of
solving five simultaneous equations: Eg. (13) which is an ordinary
differential equation in y which is solved on each flux surface and
determines the structure of the modes along field lines, Eg. (18)
which is an ordinary differential equation determining the structure
In  the radial ¢-direction for a given mode number n, Eq. (20) which
determines the fon temperature for a given n, Eq. (21) which
determines the toroidal mode number at the stability boundary, and
Eq. (22) which determines the oscillation frequency. This solution
procedure was applied using the experimental pressure profiles to
find the marginally stable beta at a given don gyroradius, Py
Results, shown dn Fig. 7 indicate the strong stabilizing influence

of finite gyroradius.
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FIG. 7. Finlte pgyroradius kinetic theory prediction for the
critical B versus p;, where p; is the ion gyroradius on the
separatrix in the bridge. The theory is solved for the

Levitated Octupole device.
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CHAPTER 4

High Beta—Experimental Results

This chapter contains a brief swmmary of the optimization of
the plasma guns to obtain high beta, a survey of the high beta
plasmas obtained, and a more complete discussion of the equilibrium
and stability properties of some representative plasmas. In
particular, plasmas are found to bhe sgtable far in excess of the
ideal MHD limit of B=4.33%, and often thelr equilibrium properties

differ widely from ideal MHD equilibrium predictions.

4.A. Optimization of Gun Plasmas

The high beta plasmas are created from simultaneous or nearly
simultaneous injection of three Marshall guns. FEach gun dis
individually optimized for production of high beta, and optimal
results from the configuration are achieved when each gun is
operated at its "personal” best.

The gun plasma parameters are most sensitive to the gun
capacitor bank voltage, the gas fill pressure, and the resistance of
the transmission line. Broad ranges of other variables can be found
over which gun performance is relatively unaffected. These include
the delay between the gas puff and the gun high voltage trigger, the
transmission line inductance and the length of the inner electrode.

The optimal value of the gun voltage depends critically on the
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resistance of the transmigssion line. Figure 1 shows the behavior of
electron density and temperature as a function of gun veoltage for
different amounts of resistance added to the transmission line. The
amount added varies from zero to enough to critically damp the
capacitor Dbank. The densities and temperatures quoted are measured
on the separatrix between the outer ring and wall at 400 psec after
injection of the gun. Resistance was added to the transmission line
in order to reduce the number of oscillations of the gun current and
volitage and potentially minimize the production of impurities and
cold plasma that accompanies each subsequent oscillation after the
main burst of plasma. It can be seen that additional resistance
requires Increasing the capacitor bank voltage in order to achleve
optimal parameters; however, the mawimum value of the nT product is
not significantly different for any of the resistance values except
for the case of full damping resistor whera hoth the density and
temperature are still rising at the highest voltage tested.
Therefore, for the high B experiments, the gun was operated with
either ne additional resistance or one-quarter of the critical
damping resistance. Plasma density increases almost linearly with
increasing gas fill pressure in the gun (Fig. 2). The density
eventually falls at sufficiently high gas pressure for a fixed gun
voltage, however, if the voltage is dncreased or the resistance
reduced, the Llinear behavior can be sustained to a higher gas
pressure. Comparison of the experimental dara with the predicted

densities if 100% of the injected gas is ionized indicates that the
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FIG. 1. Density  and femperature versus gun voltage for
different amounts of resistance in the transmission line. Peak
value of the nT product does not improve significantly when

registance is added.
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ionization fraction is approximately 75Z. The deviation from linear
behavior at low gas pressure may be due either to a larger
percentage lonization or an increased utilization of gas adsorbed on
the gun electrodes.

For a fixed gun voltage the electron temperature decreases as
gas pressure Is Increased (Fig. 3). Although higher temperatures
can be recovered if the gun voltage is increased, typically the peak
temperature at high gas pressure 1s below that for the lower gas
pPressures.

Temperature and density are relatively insensitive to the delay
between the gas puff and application of the gun high voltage
(Fig. 4) for delay values between 500 psec and 1500 psec. TFor delay
times shorter than 500 psec, spectroscopic observations Indicate
that the arc breakdown does not occur at the rear of the gun and
thus part of the ioput gas 1s not fonized. The addition of up to
300 nH series with the tramsmission Iine does not significancly
affect the gun performance. Typical eperating parameters for the
big guns are shown below. Similar optimization was performed on the

intermediate density gun.
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FIG., 2. (Upper figure). Density versus gas {ill pressure in
the plasma gun plenum. At  pressures above 50 psia, the
fraction of the input gas that is jonized and trapped in the

Octupole field is approximately 75%.

FIG. 3. (Lower  figure). Electron temperature versus gun
voltage for different gas fill pressures in gun. For higher
gas pressure, a higher gun voltage is required to achieve the

same temperature.
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ZABLE 1

Big Gun #1, #2 1.D. Gun
VAILVE~-GUN DELAY 600~700usec 400 usec
GUN VOLTAGE 1516 kV 16 kv
GAS PRESSURE 95-115 psia 95-115 psi
INDUCTANCE 200 nH 600 ny

{w/o gun)

RESTSTANCE £1/4 R Lo A/ R4y

Simultaneous injection of gun plasmas leads to higher plasma
beta than any gun can produce individually, however, the resultant
heta dis less than the sum of the separate plasma beta {(Table 2).
The decrease in the temperature of the combined plasma was typical,
but not a rule. Ten percent changes in electron temperature in both

directions have bheen observed.
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TABLE 2
Big Gun #1 Big Cun #2 Combined
N, 2.85 x 1083 e 3.1 x 1083 o3 4.8 x 1043 o3
Te 10.0eV 9.7 eV 8.7 ev
190 ma 223 ma 290 ma

jsat

Slight increases of up to 10% have been observed if plasma from
one gun is injected 100 psec before the simultaneous injection of
the remaining two guns. The process of injection of two or more gun
plasmas 1s not well understood and may depend on the relative
=0

position of the guns toroidally. These guns were located at 135

(B.G. #1), 155° (Int. Gun), and 315° (B.G. #2).

4.B. Alternative Methods of Obtaining High B

Various methods of attaining higher plasma B than the gun
plasma were examined, such as ohmlic heating with oscillating
electric field in the toroidal or poloidal direction, gun injection
inte ohmic discharges, and ion eyclotron resonance heating (ICRH) of
gun plasmas. Two methods, oscillating poloidal electric field and
TCRH look promising although neither method succeeded in actually
producing higher B plasmas than could be achieved with the guns
alone. The advantage of heating a gun plasma to achieve higher beta
is that one could watch the plasma instability turn on. TFor gun
plasmas, the plasma may go ballooning unstable early in time causiag

poor confinement and a large plasma loss and then settle into a
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stable configuration. Thus, in some sense, experiments with the gun
plasmas alone are exploring regions of parameter space that are
stable to ballooning modes whereas by heating one might hope to
observe the instability growth.

Heating plasma with an oscillating poloidal electric field has
been studied extensively1 in lowerx density plasmas
(nc<lx1013 cm_3)e These experiments indicated coupling of
gignificant power to the plasma; however, a current driven
instability degraded plasma confinement and prevented significant
heating without plasma loss. At the higher plasma density in these
experiments, there is some indication that the plasma is not as
unstable. Sufficilent power is coupled to the plasma to sustain the
beta at modest levels, however, arcing of the toroidal gap at
voltages above 75 wvolts prevents coupling in enough power to
actually iIncrease plasma beta above the peak values.

ICRH experimental results are promising (Fig. 5)2. Plasma beta
up to 3% is sustained for 10 msec by gas puffing and heating. For

thig case ne=1x1013 om™

» Tg=15 eV and T;~40 eV, and the input power
is 1.1 MW. Plasma heta continues to improve with input power up to

the highest power available; however, additiconal power is required

to sustain the highest beta plasmas.
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FIG. 5. Electron and total plasma beta versus RF power coupled

into the plasma.
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4.C. ¥High Beta Plasmas ~ Introduction

Plasma injection occurs at peak magnetic field so there is
neghigible toroidal electric field during the plasma lifetime.
Because the plasma lifetimes are typically short in these
experiments {1~5 msec), the passive crowbar 1s generally not
required., After injection, the plasma spreads toroidally around the
machine and adopts a pressure profile peaked on or very near to the
separatrix after which it decays diffusively. Here, as in the
theory sectlon, B 1s evaluated locally on the separatrix between the
outer ring and wall at 400psec after injection. B is evaluated here
since the ballooning mede should maximize in this region between the
separatrix and the eritical flux surface where the field lines have

local bad curvature.

4.D. Torolidal and Poloidal Symmetry

At 400 usec after injection, the plasma has fully spread around
the toroid, injection transients have damped away and the separairix
pressure varies toroidally by less than 20%.

Figure 6 shows the vratios of ion saturation current taken at
five different locations toroidally and poloidally to a reference
probe at  45° in the lower outer bridge (LOB). Perfect axisymmetry
is indicated by ratios that are independent of time. The ratios are
not the same for different pairs of probes because of variations in
the probe tip areas. The intermediate gun plasma (Fig. 6a) data are
-3

for an electron density, iy, of 8x10M% ¢p and an electron
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FIG. 6. Ratio of ion saturation current at various locations to
ijon saturation current at 45° lower outer bridge. AlL probes

are located on the separatrix.



ISAT/ISAT{45°L0B]

45°L.0B)

‘;-.J
“C
)
[

AT/

[94]
-

[# 4

e

O
in

0.0

0.5

0.0

B, 5406 I.D. GUN
.&‘;w_"__w__md___ﬁ...,A..--mA---tuw e o 5 5 o L O B
T T T T 357108

E h"“""‘"*w-}-—-.--_‘.‘“,.,,.,,,+. . ..,,-_,_M4.,_ _____ M 4 5 @ U OB
oo e 555 oy
A\A-'n'“ﬁ ,,,,,‘,u,MA,‘A,..,,,MA.M_M,&M--—--f‘“"”"'ro & A 3 3 O L O B

Bp=860 ¢ BIG GUN#2
et 55°L0B

L 3
4
4

1 1 1 i i 1 |

0 pd 3

TIME (MSEC)

i11



112

temperature, T,, of 16 eV. Tor all probes except the one located
near the gun injection port (135° LOB), the ratios are constant in
time to within experimental error (5-10%). The probe near the gun
injection port has a higher value than the other probes for the
first 6G0-800 psec. This may be due to jonization of neutral gas
drifting out of the gun after injection or of neutrals knocked off
the wall by plasma not trapped during injection. This equilibration
time is sometimes as long as 1500 psec. For big gun plasmas the
results are similar but the asymmetries are typically larger. For
the plasma shown in Fig. 6b, ne~2x1013 cmmB and Tewll eV at
400 psec. Axisymmetry was examined for wvarious pgun plasmas by
varying wvalve-gun delay time (300-800 psec), gas pressure
(5-80 psig), and magnetic field (200~1000 G). Typically, the
separatrix pressure varies less than 5% over distances of five times
the expected toroldal wavelength of a balloounlng mode (5-10C cm), and
less than 20% around the entire toroid. Radial profiles taken on
the outer bridges hetween the hoop and wall show excellent agreement
everywhere toroidally for the intermediate gun plasmas (Fig. 7a).
The data have been normalized to allow comparison of profile shapes.
The slight misalignment of the profiles dis probably due tfo an
uncertalinty in probe position. Profile shapes for the higher
density big gun plasmas do not agree as well (Fig. 7b), however, as
in the previous case, the agreement is within 5% over distances of

5~10 times the ballooning toroidal wavelength (45° LOB~559 1LoB).
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FIG. 7a. Radial profile of ion saturation current at 5
different toroldal azimuths in the lower outer bridge for an
L. gun plasma . Plasma density and temperature on the
separatrix are n~9.5x1012 meB and TENES ev, with Bpw860 G.

Toroidal agreement is very good.
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W

FIG. 7b. Radial profile of ion saturation current at
different toroidal azimuths in the lower outer bridge for a Big
Gun plasma . Plasma density and temperature on the separatrix
are n~1.5x1083 cn™ and T,~6 ev, with Bp3380 G. Agreement 1s
good for small probe separation (45° to 55%), but is not as

good for large separations.
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Density invariance along field lines has also been verified.
Comparison of 1ion saturatlon current in the upper and lower outer
bridges (¥Fig. 6 45 UCB/45 LOB) and separate measurements of n, and

T, 1in the bridge and mideylinder (Fig. 8) indicate the agreement is

within the experimental uncertainty after 300 psec.

4.%. High Beta Plasma Parameters

A wide range of plasmas with beta significantly above the fdeal
MHD  f limit of 4.3% have been created. Some representatlve cases
are summarized in Table 3. These plasmas are macroscoplcally stable
in that beta decay times are in excess of 1000 Alfvén transit times
(typical MHD growth times) or 10 drift wave periods and no B-related
fluctuations ocecur,

For these plasmas, the measured Te and T, are equal, as
expected, since the electron-lon equilibration time d1s ~50 usec
which 1is much less than the energy decay time of ~300 psec.
Electron temperature measurements with double TLTangmuir probes are
checked by time~dependent computer modeling of observed oxygen line
radiation> and by measuring intensity ratios of different CITII line
radiation (CIII 4647RA and CLIT 977R). Heasurement of the Doppler
broadening of HB radiation Jindicates that the neutral hydrogen
temperature is ~50% of the electron temperature. This is consistent
with the measurement of equal ion and electron temperatures since in
this temperature range (~l0 eV), the typical energy of a neutral

backscattered from the wall is ~40% of the incident ion energya.
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FIG. 8. Measurement of density and temperature along the sanme

field line 1n the bridge (dots) and on the wmideylinder

(clrcles) indicate the agreement is within experimental

uncertainty after 300 psec.
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The various diagnostics yield a measurement of B with a relative
ervor of (.25,

It c¢an be seen that the plasmas obtained can be divided into
three groups. The  highest B plasmas ocecur at vrelatively low
magnetic field and are highly collisional with large ion gyrovadii.
The ratio of ion—ion collision time to a lon gyvroperiod, fci/vii’ is
less than one, and the mean free path, A, is much less than the
connection length, L.s between good and bad curvature. At a higher
magnetic field, Zless collisional, smaller gyroradius plasmas have
been obtained. The final group, represented by a pB=12% plasma, is a
large gyroradius plasma with kNLC, For this plasma, the
electron~ion equilibration time is long enough for T, and T, to
differ significantly, and thus we obtained 8=12% at nem&.7XE012 em™3
with T =15 eV and T,=7 eV,

The highest beta plasmas achieved to date with all three plasma
guns are B~i1% at 860 G (with a=5.7x10"3 en™> and Te~T;~18 eV) and
B~44% at 380 G (with ne=5,9x1043 cm~3 and TewTiwlé e¥). Spatial and
temporal profiles of density, temperature and plasma pressure are
illustrated in Fig. Y for the B~11% case. Beta decay times are
200 psec (1000 Alfvén times) and 350 psec (3000 Alfvén times) for
the 44% and 11% cases, respectively. Hereafter, however, twoe lower
B plasmas will be discussed (8% and 35%) because their egquilibria

are more fully documented and it is easier to distinguish the

dominant effects that lead to thelr enhanced stabilicy.
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FIG, 9. B=11% plasma. (a) PBlectron density and temperature on
the separatriz and (b) pressure and electron temperature radial
profiles at =400 psec. Radial profiles are measured between
the outer ring and wall. p is evaluated at =400 psec on the
separatix field line (5 cm from ring) where B=860 G. Typical
error bar of 10%Z due to shot to shot variation 1s shown. t=0

is the time of plasma injection into the machine.
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The §=8% case 1s obtained with Bpm860 G, 0=3.6x1013 ™ and
TGNTiNZO eV, ¥For this case, there are 5> ion gyroradii in a pressure
scale length (25 Dbetween the ring and wall), and wcimiim23, where
is 2n times the ratio of ion-ion collision time to an idon

W.:T

ci®ii

gyroperiod. The B decay time is 600 psec or ~6000 Alfvén times.
Measured equilibrium diamagnetism agrees well in both magnitude and
shape with ideal single fluid theory predictionsg (Fig. 10a). The
magnetic Reynolds number, S, (resistive diffusion time/Alfvén time)
is 1500, so that the effect of resistivity is negligible (see
Chapter 3).

At a lower magnetic field, in the highly collisional, large

3

gyroradius regime, we have obtained B~35%, with ne=2x1013 cm ~ and

To~T;~8 eV and a poleoidal field of 200 C (Fig. 11). As  stated
above, the coulomb mean free paths are much less than the connection
length bhetween good and bad curvature (0.3 m). Finite ion
gyroradius effects will be important since there are barely two lon
gyroradii in a pressure scale length (pi/LP=.42). Gyroviscous
effects are also dmportant in this plasma since the ordinary
Reynolds number R=VA£p/u~l and mciTii=3 where V,, %, p, and p are
the Alfvén s8peed, perpendicular scale length, mass denslity, and
ordinary viscosity respectively. A Reynolds number of unity implies
that inertial and viscous forces are of comparable magnitude. The
magnetic Reynolds number d1is 100, so vresistivity can again be
ignored, and the f decay time is ~270 psec, which is 1000 Alfvén

transit times. Tor thig plasma, the measured diamagnetism 1Is a



FIG. 10. Single fluid theoretical and experimental radial
profile  (between outer ring and wall) of perturbation, AB, to
the poloidal magnetic field due to the equilibrium diamagnetic
currents at =400 psec for (a) P=8% and (b) B~35%. Typical

ervor bhar is shown.
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FIG. 11. B~35% plasma. (a) Electron density and temperature on
the separtrix and (b) pressure and electron temperature radial

profiles at =400 psec. B=200 G.
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factor of five smaller than predicted by ideal single fluid theory,
but the profile shape is correct (Fig. 10bL).

For the plasmas we have studied, no beta related fluctuations
have been identified to within B/BCO.1% and n/n<5%.  Although
fluctuation levels for magnetic field, electrostatic potential, and
density maximize in the bad curvature region, these fluctuations are
typically small when the beta ig highest, with the fluctuation level
increagsing as the plasma bheta decreases. Classical particle
transport (DmnTml/zB—z) is observed in the low magnetic field
(BPzZOO G), high beta plasma (f~35%). The particle diffusion rate
is above the classical rate for all other cases studied ia the range
of 8 from 1% to 35%, and the enhancement factor above classical
increases with magnetic field.

Diffusion and fluctuations will be examined in more detail in

Chapter 6.

4,F. High Beta Equilibrium

In order to interpret these results the equilibrium must bhe
andalyzed further.

In Section 3B it was shown that the quantity AB/BB depends only
on the profile shape; i.e. for a given profile shape AB/BS does not
depend on the magnetic field or B. Heasurement of this quantity,
however, indicates a strong dependence on the magnetic field
(Fig. 12). As  the magnetic field is raised and the ratio of ion

gyroradius to density scale length decreases, there is a steady
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FIG. 12. Theoretical and experimental fractional change In the
magnetic field {at the separatrix in the bad curvature regilon),
AB/B, due to plasma diamagnetic currents versus the poloidal
magnetic field strength. AB/B is normalized to the separatrix
B value so that single fluid theory yields a horizontal 1ine

(Sect. 3C).
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improvement Iin the agreement between the experimental values and the
predictions of single fluid theory. TFor these data, the value of
ranges from 27 to 30%Z and typlcally, the B decreases as the field is
increased. The theoretical value has been shown as a constant
because its value on the separatrix dis a wealk function of the
profile shape.

Similarly, Dbecause the profile shape changes only slightly
during a beta decay time, both AB/B and B should have the same decay
time. Experimentally, however, AB/B decays wore rapidly than B.
This is true even at high field where the § decay time 1s 520 psec
and AB/B decays with a time constant of 250 psec (¥Fig. 13)}.

It was shown above that independent of the absolute magnitude
of AB, the shape of the experimental and theoretical AB profiles
agreed for both large and small gyroradius plasmas at 400 ugsec after
injection. This agreement between the predicted and measured shape
continues throughout the decay of the plasma (Fig. l4). An
interesting thing to note about the profile shape is that the plasma
"dismagnetic"” current actually causes the magnetic field to increase
near the ring and wall. As pointed out in Chapter 3 this 1Is a
consequence of the fact that the rvesistive skin time for the
magnetic field diffusing into the aluminum ring and wall dis much
longer than either the rise or decay time of the plasma diamagnetic
effect. Thig effect can be clearly seen in the data. Detailed
measurement of AB near the ring surface shows a positive magnetic

field perturbation which increases as the ring is appreached and
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FIG. 13. Comparison of experimental AR/B to electron f. Ideal
MHD predicts similar decay times, however, a more rapid decay

is observed for AB/B, even at high magnetic fields.
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FEG. 14. Comparison of experimental and theoretical radial
profiles of AB in bridge region for t=400 psec and 1400 psec.
Agreement 1n sign and shape 1is good at all times. The

magnitudes have been adjusted to allow shape comparison.
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then falls off rapidly inside the surface of the ring. Access to
the inside of the ring is obtained by insertion of the probe into a
3/8" hole that is drilled inte the ring.

There is an additional discrepancy between the  measured
equilibrium and that predicted by ddeal MHD theory. Numerical
solution to the Grad-Shafranov equation for high heta plasmas in the
Octupele indicates that both the separatrix and the eritical flux
surface for MHD stability move closer to the ring as the plasma beta
is dncreased (Fig. 15). The position of wsep moves from 5.0 em to

3.4 cm from the ring as § increases from zero to 30Z. Over the same

range of §, moves from 9.3 em to 6.7 cm. Thus, the radial

borit
pressure profile for the p=34% plasma (Fig. 11) should be much
narrower than is observed with its peak near 3.4 cm and ifts edge
near 7 em. This 1s not observed. Moreover, the fluctuation level
at 7 cm (8I/1 measured with a Langmuir probe) is less than 25Z% when
the plasma beta is high, whereas fluctuation levels of 50-80% are

typically observed outside of ¢ In addition, the time decay of

cric’
the ion saturation current at 7 cm and & cm do not resemble typical

time decays for positions outside of borit (Fig. 16).
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The

and the

numerical

solution of the Grad-Shafranov equation predicts that bhoth move

in toward the ring as B increases.
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FIG. 16. Fluctuations in the fon gsaturation current at three
radial positions from the ring surface. Fluctuations outside

of

bopie typically resemble the 10 em trace shown here. ¢,,.4,

is located at 9.2 om with no plasma.
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CHAPTER 5

Interpretation of Experimental Results

5.A. Application of Stability Theory

The experimental results make it evident that the ideal MHUD
ballooning mode theory is not sufficient to explain the stability of
these high beta plasmas. As described 1in the previous section,
inciusion of certaln kinetic effects can substantially increase
plasma stability to ballooning modes. Resistivity is ignorable in
all the experimental cases since S>>1; also, since the predicted
ballooning-mode amplitude varies along the field (5-&#0), which is
shearless, special resistive effects such as magnetic reconnection
and defeat of shear stabilization play no role. The so~called
rasistive ballooning model’2 {(or resistive intevchange) has not been
addressed in this work, either experimentally or theoretically.
Experimentally, we have searched for a mode that becomes unstable
above a critical value of beta (such as the ideal MHD ballooning
mode which is localized along a field line), whereas the resistive
ballooning mode is unstable at all beta values (and 1is nearly
constant along B). Although 8S>>»1, the growth rates for short
toroidal wavelength (high-n) resistive ballooning modes are rapid
enough dn these low temperature plasmas for these modes to grow in

times less than the f-decay time; however, no clear indication of
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rheir presence is seen, and if they ewist in these plasmas, they are
of small amplitude and immersed within the low level {luctuation
spectrum {(f/n{5%, ﬁ/B<O.S%). Trapped particle effects yield a
negligible increase in plasma stability as demonstrated by the
collisionless Energy principle of  Kruskal and  Oberman
(Phillips~Ref.16 Ch.3). The stability of the two cited cases, B=8%
and B=35%, are attributed to different causes. The p=8% case is
explicable by the finite Larmor radius effect which is described in
Chapter 3 and enhances the critical $ value through coupling of the
ballooning mode to an oscillatory ion drift wave. YHowever, this FLR
effect is not sufficient to explain stabillity at B=35%4. Stability
in this case 1s attributed to¢ the observed vreduction in the
diamagnetic current, (presumably due to ion gyroviscosity) which, as
explained in Chapter 3, is the energy source for the ballooning
wode .

For the A=8% case, the requirements are satisfied for the
applicability of the kinetic theory described in Section 3F; namely,
m/wci<<l, pi/LB<<1 and pi/Lp<<1 where the wave frequency
w:w§/2375 kHz; the ion cyclotron frequency w.q~L.3 MHz, electron
bounce frequency mbe21.7 MHz, ion bounce frequency mijAO kilg, ion
gyroradiusZ0.5 cm, magnetic gradient scale length LBZIS cm, and
pressure gradient scale length LPZZ.S em.  The theory predicts that
for the given profile shape, Ior pi/LpZO.Z, the crictical bheta for
ingstability dncreases to ﬁc=10% (¥ig. 1). Thus, the (=84 plasma

described above should be stable, and this is in agreement with the
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FIG. 1. Comparison of stability theory and experiment. The
solid line i1s the finite gyroradius kinetic theory prediction
for the critical § versus pi/Lp’ where pi/Lp is the ion
gyroradius nommalized to pressure gradient scale length. The
dashed line is the gyroradius independent ideal MHD prediction
for B Stable experimental plasmas (including the B=8% and

35% cases) are shown for comparison.
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experimental observation. Within experimental uncertainty, the
B=11% plasma (pi/Lp=O.l9) may also be stabilized solely due to this
FLR effect. Additional stabilizing forces may be present, however,
because there 1is no indication that either the B8=8% or 11% plasmas
are limited by instability, but rather a limitaction of the plasma
sources available.

At the lower magnetic field (BP=200 G), Pp=35% plasma, the
gyroradius increases to pi/Lp=O.42. The kinetic theory requirements
on the gyroradius, density and magnetic scale length, and hounce
frequencies are satisfied for this plasma as for the p=8% plasma.
The FLR effects dncrease the critical beta significantly to 17Z.
However, this is still a factor of two below the observed value.
Comparison of the experimentally measured AB with that predicted by
ideal MHD for this profile shape and beta reveals that the measured
value 1s a factor of five too small, whereas, for the smaller
gyroradius B=8% plasma, agreement with theory Ils very good (Section
4K}, For this plasma, the role of collisional gyroviscosity must be

considered.

5.B. Role of CGyroviscosity

A calculation of the effect of gyroviscesity on ballooning
stability d4is outside the scope of this work; however, the role of
gyroviscosity in explaining the experimental deviation from single
fluid equilibrium can be examined, and this may give some insight

into its effect on stability.
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To investigate the equilibrium, the regien between the ring and
wall 1is modeled by an infinite straight plasma annulus bounded by
two coaxial cylinders, representing a ring and the wall. This model
accurately describes the corvesponding octupole region; the
analytical single—fluid coaxial solution is nearly identical to the
exact solution of the two-dimensional Grad Shafranov equation for
the Octupole. Gyroviscosity is included through the two—fluid

equilibrium equations3

v,
Lo T “aqa(ﬁfﬁxﬁ? S P %a + Ry (1)

where Py is the scalar pressure, 7 is the stress tensor, and Ra is
the friction force Dbetween ion and electrouns. If we mneglect

electron viscosities which are smaller by the mass vatio, Eg. (1)

becomes

nMVirVir = neEr - nevizB - p7 - mn(v]._rMVer)\;ei
Le 2rpy (2 2 2y~ - - ,
+ ;{w 2“5E§(1+w )i, — wwvi, ]} (2)
ithw™ T
My, vi = nef  + nev, B - mn(vizwvez)vei
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i 2rpt (1 - -
* Floa (e vt )
1+40" T
v, Vg, = -nel tnev B - p7 + malvy v v, (4)
v, V" = -nel, - nev,.B + wn{ vy, =V, ) Vay (5)

o - ) v, . . ' X .
where d/dr, and Vips Vaps Vigs Vg W and <t are the ion and

electron radial and axial velocities, lon cyclotron frequency, and
ion-ion collision time, respectively. Although electron viscous
terms are absent, the electron velocity can deviate from its single
fluid value since electrons collisionally and electrostatically
couple to lons.

Assuming radial wvelocities on the order of the collisional

diffusion wvelocity, the don viscous terms are of comparable

magnitude to the other terms for the B=35% plasma. TFor wt>l, the

relative magnitude of the viscosify increases  as (pi/Lp)z,
indicating a large effect as gyroradius Increases. With the assumed

ordering, terms containing vy and Ve A€ small (except near the

r r

edge where p becomes small). Setting vir=ver=0, permits an

E Iz and

analytical but qualitative solution for w, re -

iz? v

@’

consequently, axial {(toroidal) current density, j,
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j= p /B~ C(wt) /rh (6)

where C 1is an integration constant. The last term represents the
degsired deviation from single fluid theory due o lon gyroviscosity.
For (<0, this 1last term diminishes the current density, bhut
maintains the overall shape as observed experimentally.

In any event, reduction of the diawagnetic current, by whatever
cause, decreases the energy source for the instablility and thus, may

account for the enhanced stability of the B=35% plasma.

5.C. Summary and Discussion

Ideal MHD theory predicts that above a critical bheta, B.=4.3%
for the Octupole, the plasma becomes unstable to an ideal ballooning
mode. Experimentally, a wide range of MHD stable plasmas has Dbeen
created with beta significantly above this ideal MHD stability
Timit. A kinetic treatment reveals that the ballooning mode couples
to a electrowagnetic drift wave (w~w§/2) due to the inclusion of a
finite ion gyroradius effect whereupon it becomes oscillatory and
stable. The dmportance of this effect on the stability of the
ballooning mode increases as the ratio of the gyroradius to pressure
gradient scale length increases. For a B=8% plasma, (twice the
ideal limit) with pi/Lp~0.2, this effect is sufficient to explain
the plasma stability. For a $=35%Z plasma with pi/meﬂ.kz, the
affect is not large enough to explain the stability. Inn this

plasma, the diamagnetic current is much smaller than predicted for
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an ideal MHD equilibrium, which may be due to don gyroviscosity.
The enhanced stability c¢an be understood as a combinatlon of the
reduced driving force {(i.e., diamagnetic current) for the
instability and the collisionless FLR effect examined in detail in
Chapter 3.

In current tokamaks and proposed reactor-silze rokamak
experiments, the magnetic field is large and pi/Lp is small., While
the stability may not be influenced by the gyroradius size of the
bulk plasma, the beta limit may be enhanced significantly due to the
large gyroradius of unthermalized neutral beam particles. Since the
total plasma beta is the combination of the pressure of both the
bulk plasma and the beam component, the predicted beta limit should
include any stabilizing FLR effeclts due to the beam. This is true,
not only for beam particles, but for minority species and diwmpurity
lons with large gyroradii that may also affect the overall plasma
stability. This would be particularly important In inherently low
magnetlc .field devices such as reverse field pinches, spherowmaks,
and field reversed mirrors.

The effect of lon gyroviscosity may also increase the stabllitcy
to ballooning modes in other plasma experiments, since for the
simple model considered above, if wciTii>1’ the viscous terms that
remaln scale as (pi/Lp)z. Thus, for the above situations this

effect should also be included in calculations of beta limits.



151

References for Chapter 5

1. R.M. Kulsrud, Plasma Physics and Controlled Nuclear Fusion
Research, 1965 (International Atomic Energy Agency, Vienna,

19665, Vol. 1, p. 127,

2. G, Bateman and D.B. Nelson, Phys. Rev. Lett. 41, 1804 (1978).

3. 8.1. Braginskii, in Reviews of Plaswa Physics, edited by
M.A, Leontovich (Consultants Bureau, N.Y., 1963), Vol. I,
p. 205; 8. Chapman and T.G. Cowling, The Mathematical Theory of
Nonuniform Gases (Cambridge Univ. Press, Cambridge, 1961).




152

CHAPTER 6

Particle Transport and Fluctualtions

This chapter will present the results of a study of particle
transport and fluctuations in high density, high beta plasnas.

5

Previousg experimental work!” on particle transport in the Octupole

12 -3

has examined low B (B<lZ) and low density plasmas (o<lx10"%cm 7).

—3) low

Garner6 examined the transport in a high density (ix1013 Chl
beta plasma and separately in a lower density (6x1012 cmm3), high
beta (B~10%Z) plasma. This work extends the range of densities and B
to 6><10l3 CHFB and 35% respectively, which are obtained over a range
of field strengths from 200 & te 2500 G. An exawminatlon of density
profiles shapes and decay rates and results of a computer model
indicate that the diffusion is classical for the lowest field, high
beta plasma and 1is enhanced above the classical rate at higher
magnetic fields. The enhanced level of transport is predominantly
in the bad curvature region which may also account for the inward
motion of the profile which is typically observed at the higher
fields,

Fluctuations 1in density, electrostatic potential, and magnetic
field are examined in plasmas with 8 from O0.1% te 40%. Though
fluctuation levels ave largest in the bad curvature region, they are

not corrvelataed to B and have similar properties over the entire
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range of f which includes values considerably below the ideal MHD
limit. Particle transport induced by the density f{luctuations is
shown to be too small to account for the enhanced transport observed

in the common flux region.

6.A. Particle Diffusion Equation

The derivation of the diffusion equation proceeds from the
particle continuity equation
odn

e T e T = ‘
gt V=0 (L)

where n 1s the particle denslity and I is the particle flux. Using
Fick”™s law to relate the local flux with the local density gradient,

I=-DV¥n, Eq. (1) can be written as

o2
)
<]
=

&

=}

1 2 ‘ 1 I
~ — o (JRBD V1) = e e i
75 TR 75 ax( B
where J is the Jacobian and D) and Dy are the diffusion coefficients
perpendicular and parallel to the magnetic field. Multiplying by J
and integrating along a field line eliminates the second term.

Substituting JEC/BZ, where C is a constant on each flux surface,

this can be written as

on 1 d¢dn , 2
S DAY ) &4 d
" aq)[% Jrep dx] (3)
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d 1 e , ; . X
where V’Eéﬁé is the differential volume between flux surfaces and it
P
is assumed that the denslty is constant along a field line so that
dn/d¢ can be taken outside of the Integral. The final form for the

diffusion equation is given by

Y
gitl - i‘;l _%[né ,g% R G LARETY (4)
where we have expressed Dl=D0n6TYBB and it is assumed that there is
no temperature gradient, VI=0. This latter assumptlion is
appropriate for the experimental data since the temperature very
rapidly adopts a flat profile and the diffusion coefficients that
will he examined here have [y|=1/2, so small variations in T across
the profile are unot significant. The Iintegral I(¢)EéRng+ldR
depends only on the form of the diffusion coefficient and the
magnetic geometry of the machine.

In general, &8#0 and this 1s a non—linear partial differential
equation. The properties of this equation, however, have heen
studied extensively by Berryman and Drake7. A key feature is that
the equation is separable into a spatdial and temporal part. Thus,
for a giver form of the diffusion coefficient, there is a time
Independent "normal mode” shape, i.e. at each position across the
profile, the decay rate is the sane. Oreenwoodt calculated the
normal mode profile shapes in the Octupole for different diffusion

coefficients. The shapes for different values of § are shown in
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Fig. L. Thus, by examination of the shape of the density profile,
the density scaling of the diffusion coefficient can be determined.
Although the shapes are sensitive to the density scaling, they are
relatively insensitive to the magnetic field scaling for the
diffusion coefficients examined here (-248<0). Magnetic field
scaling can be determined by measurement of the particle flux to a
collector mounted on the surface of an internal ring and using the
local density gradient to determine the diffusion coefficient. In
the prasent experiment, this cannot be done bhecause the particle
collectors on the internal rings have been removed. TInstead,
comparisong of experimental decay rates at different field strengths
are used to examine the magnetic scaling. The forms of some common

diffusion coefficients are listed below.

Clagsical D~ nTmi/Zan
Rohm ~ T~}
Okuda~Dawsonl7 ~ ’},‘Bi/znml/2

Kamimura Dawson? Tl/zn_l

Ton-neutral ~ nOTB"z
For jon-neutral cellision dominated diffusion, n, 1s the neutral
density.

If the inltial profile 1is not a normal mede shape, Berryman
showed that it will relax to the normal wode in a time short
compared to the particle confinement time. The full initial value

problem can be handled numerically and the vesults of this are

presented in section 6.0,
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6.5. Experimental Results

All  experimental profiles presented din this section were
measured radially across the lower outer bridge between outer ving
and outer wall in 1/2 cm to 1 cm intervals. Since the electron and
ion temperatures are equal in these high density, low temperature
plasmas, the particle density can be obtained by measurement of the
ion saturation current. Fach point is an average of several shots,
and the line averaged interferometer density is used to normalize
the shot to shot variations, If either the interferometer or the
signal to a reference Langmuly probe is more than 207 from the
average value, the shot is discarded. Typical shot to shot
variation 1s only 10%Z and averaging and normallization generally
improves the variability. Large amplitude fluctuations (f/I>10%),

generally observed In the common flux reglon, are smoothed over.

Certain features of the profile shapes are common ko wmany of
the plasmas. The initial profile shape, 300 psec to 400 psec after
injection, 1s mnarrow with most of the plasma near the sepavatrix.
Lower fleld profiles are typically broader than at high field in
both the private and common Fflux regions. The concave up shape
(62n/6¢2>0) in the private flux at low field quickly (T(Tp) broadens
and vrelaxes to a wmore time independent shape as is expected for a
normal mode (Fig. 2). Althoupgh some broadening occursg in the common
flux 1t is not as pronounced since the initial profile shape is not

concave as in the private flux. The normal mode shape is relatively
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FIG. 2. Density profiles for (a) B8=3.5%, (b) p=9.1%, and (c)
p=10,2% plasmas at Bp=380 G. Increased density accounts Tor

most of the increase in B.
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symmetric across the separatrix. For a Fized £leld strength the
profile shape 1s broader at higher density (Fig. 2).

The broadening of the profile shape in the private flux is also
observed at the higher fields (Bp>500 G). The time for relaxatlon
is longer than at low field, but this consistent with a diffusion
coefficient that varies with an inverse power of the fleld strength.
The broadening of the profiles from concave ko convex shape
indicates that the diffusion coefficlent d4s proporticnal to a
posltive power of the demsity.

There are certain differences, however, between the high and
low field profiles. At high field, the profiles are not symmetric
across the separatrizx (Flg. 3). The initial concave shape in the
common flux remaing concave with the density decreasing everywhere,
This profile evolution indicates that the diffusion coefficient (if
it 1s actually a diffusive process}) in the common flux 1s
proportional to an inverse power of the density. Moreover, the pealk
of the profile moves inward toward the ring as the profile evolves.
This may indicate a higher level of transport in £he common flux
than in the private flux., There 1s some Indication of this at
intermediate fields (BPEBSO G), however, the asymmetry is most
noticeable at the higher fields. This inward motion has been
independently  verified by  nmeasurements of the diamagnetic
perturbation to the vacuum magnetic field (AB).  Measured profiles

of AR agree with the shape of and positlon of the pesak of
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FIG. 3. Density profile at high field (BpmSGO G). The inward
motion of the profile and strong asymmetry of the profile

across the separatrix is typical of the high field profiles.
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theoretical AB profiles that use experimental pressure profiles as
input.

It is interesting to note that I1f the density and pressure
profiles move in toward the ring so that the pregsure peak is iunside
the separatrix, then the region between the peak and the separatrix
is MHD unstable. Yluctuation levels of the ion saturation current
for profiles peaked on the separatrix are typically less than 17 in
the private flux region up to the sgeparatrix. For these high field
cases, however, fluctuations with E/I Zﬁ% are observed on the
separatriz and the onset time is within 200 usec after the peak has
moved into the private flux. Similar fluctuations are also observed
at positions wup to 3.5 em from the ring with onset tilmes that
correspond to ilaward motion of the peak (Fig. 4).

Other investigators have seen "2-reglon” diffusion before.
Drake, et.al.B reported Qkuda-Dawson diffusion in the private flux
and levels enhanced ten times above that in the common flux due to a
trapped dion mode. Greenwood - reported inward motion of the profile
peak in much lower density plasma; however, for that case, the
motion was only observed when the rings were levitated. TIn the
present case, levitation of the rings does mnot change either the
evolution of the profiles shape or the decay rate (Fig. 5).

Measurements of the decay times also indicate that the scaling
is not classical, Since the classical diffusion coefficient

DNHTHI/ZBMZ the confinement time should scale as TmLz/DmLleszz/n

3

where L Is the dengity scale length. Thus, m:/Tl/2 should he
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FIG. 4. Ton saturation current on the separatrix in the lower
outer bridge for a low and high § profile. Fluctuations are
observed in the high field profile associated with the inward

motlon of the profile.



lee

xIOn

>

- 10

O

> 8 SUPPORTED

2 er

ful

© L, LEVITATED
2.....
0 — |
0 | 2 3 4

TIME (MSEC)

FIG. 5. Comparison of density profiles for cases with the

internal rings supported and levitated. (Bp=860 G).



167

2 for a given profile ghape. ¥ig. 6 is a plot of

proportional to B
this quantity as the field was wvaried from 200 G to 2650 G.
Although 1t dncreases with magnetic field, the increase is wnuch
siower than predicted by classical diffusion. Since the scale
length varies only by a factor of two over this range, the effect of
profile shape is not enough to bring the classical and experimental

decay times into agreement. This is treated wore exactly in the

following sectlon with the computer model.

6.C. Computer Model

In these high B plasmas, the beta decay time is generally much
less than the density decay time because the temperature decays
rapidly. Thus, by the time the profiles have relaxed to a normal
mode shape, the plasma beta 1s no longer high. In addition, if the
relacive amount of different diffusion mechanisms is changing with
time, a normal mode shape will not be adopted. In order to treat
these problems, a computer program for the octupole diffusion was
developed.

The progran solves the particle diffusion equation in magnetic
flug coordinates (Eq. 4)  for the octupole magnetic geometry with
magnetic scaling coefficient =—2,~-1, or 0, density coefficient
&>-1, and any temperature coefficient vy. The treatment of &= -1
(relevant to Kamimura-Dawson diffusion) Is discussed by Berryman and

Drake7 and more recently by Berryman and Hollandg. The program
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¥FIG. 6. Comparison of experimental density decay tiwme and that
predicted by classical scaling. The quantity nrn/Tifz should
scale as BZ, for similarly shaped profiles, 1f the diffusion is

classical.
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permits any of the above diffusion coefficients to be combined in

the form,
D= C (4D + Cy(g)D,e M

which enables the 2Z-region diffusion problem to bhe treated as well
as the damping of one of the diffusion mechanisms.

Eq. (4) is a parabolic equation which is solved as an
initial~boundary value problem, i.e. the ipnitial density profile
and the boundary conditions for all times are required input. The
boundaries of the profile are the surface of the internal ring and
the critical flux surface. The mneasured time dependence of the
electron temperature and magnetic field strength are also required
in order to evaluate the transport coefficients.

In order to solve Eq. (4), it is rewrltten in the form

o0 _ (A 32ntL 5 | onfM

on =0 (5)
Bt B T 42 517 B

where,

I
A= 2 T ()Y (Y,

vV (4)
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B = 0 meeyy 3L
vV ()

3

1(¢) = sr%ePlag,

and V™ and D, are defined in Section 6.A. Eq. (5) is solved
nuperically by expanding 1t into a finlte-difference equationlo—lz.
The differencing scheme chosen is the Crank-Nicholson implicit
nethod. FExplicit schemes use the value of the density at a time
when it 1is known to predict the density at the subsequent times.
This has the advantage of simplicity, however, the stability of the
gsolution depends on the choice of the time and spatial steps, At and
A, The Crank~Nicholson scheme is stable for any cholce of At and
A, The 6 point differencing scheme is shown in Fig. 7. The index,
n, represents the time steps and j 1s the spatial position. If the
density is knowo at time n, the spatilal derivatives at position ]
are evaluated at a time (n + (1-0)}), where ® 1ig between zero and
one, by appropriately weightling the derivatives at step n and wotl,
Thus, the density at time n and position j is given in terms of
other unknown densities at that Ctime. The Crank-Nicholson
differencing scheme with ©=1/2 was chosen not only for its stability
properties, but because of Ilts high accuracy and more importantly

because 1t conserves particles which is essential for a particle
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CRANK-NICHOLSON 6 -POINT
CENTRAL DIFFERENCING SCHEME

N+ | o N+ | .n+£
. . . :
j~1 ] 1+

|
or.1+ /2
J
n . n n
L , :
i1 J 141
1 +1 +1
df My 1(f31+1 £371 L ST fj—l)
dd 4 2 2A4) 2Ad)
1 n+l 1 ntl n . n n
a? g 2 (a2 (a9)?
1 ntl n
agvhy _fy —f
dt j At

FIG. 7. Crank-Nicholson differencing scheme used for writing

the diffusion equation as a finlte-difference equation.
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transport codel3. The scheme is accurate to second order in both At

and Ad.
The non~linearity is handled by the expansion of the non-linear

tEll’l'ii]' 0 ;

S+Lontl . -8F1m ' ey entl o
EHE < (PO 4 (s (£ 3T . 6)

in this way, the nonlinearity has been transferred to a time when

the functlion 1s known. The solutions are obtained for the

okl f9+l_fg

transformed variable wj i i

Thig differencing method results in a system of j-2 equations
and j-2Z wunknowns where j is the number of spatial grid positions.
The density at the end points is specified as a boundary condition.
Fach equation contains only three unknowns which vesults In a
tridiagonal matrix., The system of equations 1s solved iteratively
using a Generalized Newton”s Method with an initial guess of wj=0.
Tterations are continued wuntil the relative difference between
successive solutions 18 less than 5%1077, Once a normal mode is
reached, the number of iterations vrequired per time step is
generally only five or six. Typical time steps chosen are 2-10 usec
with the shorter time step used for the larger wvalues of the
diffusion coefficient. TIf the tlme step 1s varied, the solution can
he seen to converge to a value that is within 0.3% of the solution
that 1is presented here. Similar behavior is seen with variation in

the spatial step. The actual step size used for these results was
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AQp=0.2 Dories which results in 29 spatial positions between the ring

and ¢ The houndary condition chosen is small, but non-zero, to

erit’®
permit treatment of 6<0, and is also independent of time. The

3 which 1is smaller than

actual boundary value used is n=5x1010 op”

any densities in the region of Interest. Varying the edge density
]

from 5x107 to 2x1012 cm ~ has a negliglble effect on the density

decay rate and on the density wore tham onre spatial step from the

boundary.

6.D. Results of Computer Model

The results presented in this secltlon are comparisons of
experimental profiles and decay rates with those predicted by the
model for various diffusion coefficlents.

6.D.1. Classical

The fivst diffusion mechanism examined is classical diffusion.

Comparison of the classical decay time, v,

el tO the experimental

decay time, Toxp indicates that the enhancement over classical
increases with increasing field strength. This Is qualitatively the
same result as in the rough scalilng presented in Sectlon 6.3. The
average enhancement ranges from 1.5 at Bp=200 G to 3.0 at BPZSGO G.
There are some high [ield cases (Bp=540 G and 860 G) where the
enhancement 1s considerably larger (up to 13 x classical), however,

the trend with magnetic fleld is clear. Speculation on these

ancmalously high cases will be discussed later.



There does mnot seem to be any clear dependence of Tcl/Texp on
plagsma density. At a density of 2.25x1013 cm—3i0.2x1013 cm"3, the
enhancement varies from 1.0 to 6.7, while at a constant field
strength of 380 ¢, rcllreXPRZ,OSi.30 over a density wvariation of
more than a factor of seven.

There 1s also no Indication of any direct dependence of the
enhancement on the plasma heta (Fig. 8). It can be seen that at
B~11%, the enhancement varies as much as a factor of six, from 2.2
to 13.0. 0Of particular interest 1s that for the highest beta
profile measured, the decay rate agrees with clagssical. Figure 9
shows the comparison between Lhe experimental density decay and
profile shape and those predicted by the model. The agreement for
both is very good and the conclusion is that the diffusion in this
high B, low field plasma is classical.

Even at this lowest field, however, the lower density profiles
do not match classical diffusion. The results are similar at
glightly higher field (Bp=380 G); the lower density profiles are not
as convex as classical predicts but rather are more angular. Tt 1is
only at the highest density profile at this field (ne~3,lx1013 cm“3,

Fig. 2¢) that the curvature approaches classical.
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FIG. 8. Ratlo of classical density decay time to experimental
decay time (Tcl/fexp) versus f. No dependence on 8 is

obgerved.
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FIG. 9. Comparison of experimental density decay and profile
shape with those predicted by the model for classical

diffusion. p~30%Z at =400 psec with BmeOO G,
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6.0.2. Neutral Dominated Diffusion

All these profiles indicate that if the diffusion is determined
by a single coefficient, ¢then D~nd where §20. Figure 10 shows a

particular case where Dwnl/2

gives a reasonable match to the
experimental data although the match is not perfect., In particular,
however, no single diffusion coefficient is able to match all the
profile shapes even at one field setifing. Since more angular
profiles result from a diffusion coefficient that is independent of
the density, it 1is worth examining the possibility that the
diffusion is a combinatlon of clagslical diffusion (D~ni) which is
due to iom—electron collisions and neutral dominated diffusion
(D“ﬂo) which 1is due to ion~-neutral diffusions. (For the
cross—sections used in the following discusslon, see Ref. 14 and
15.)

There are problems with this interpretation of the diffusion.
Firgt, this doeg not predict the motion of the peak of the profile.
Thus, still ancther wechanism would need to be postulated te account
for that., Although the don-neutral diffusion coefficient is
independent of ion density, it does depend on the neutral density,
n, - Different levels of transport on the inside and outside of the
profile are possible if the neutral pressure profile is not the same
in hoth vregions and thus, this cannot be ruled out. Triangular

profiles will only result if u, is unliform throughout the machine.

This is unlikely since in these high density plasmas the mean free
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FiG. 10. Comparisou of experimental density decay with the
prediction of the model for Dmﬂl/z (upper plot). The predicted
profile  shape (lower plot) has a similar shape to the

experimental profile (Fig. 2b).
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path for ionization is smaller than profile scale lengths. This is
particularly true for molecular hydrogen, however, the high energy
Frank—Condon wneutrals might penetrate to the interior for the lower
temperature plasnas. A detailed treatment of the problem s
required for each plasma in order to determine the neutral profile,
however, there is no apriori reason to expect a flat neutral profile
and thus a triangular plasma density profile,

There 1is a more fundamental problem with ion-neutral dominated
diffusion. TFor the range of plasma parameters In this experiment,
the peutral pressure required for don-peutral diffusion to be
comparable with classical diffusion is nlofvlmlml()—4 Torr. Measured
edge nsutral pressures from a fast ionization gauge are typlcally in
the wid 1072 Torr range during the early part of the shot and are
most  likely lower din the central plasma region. Moreover, for
plasma temperatures above 10 eV, thls neutral density would lead to
an electron temperature decay time of ~5 pusec due to excitation and
ionization16. This is inconsistent with the observed decay times of
300-1000 psec. Even at low T ~2.5-5 eV, where excitation and
ionization are drastically vreduced, the ion-neutral diffusion
coefficient is Ffive to ten times smaller than classical for a
neutral denslty that could lead to the observed electron temperature

decays . Thus, 1t is concluded that the diffusion is not due to

{on~neutral collisions.
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6.0.3. Vortex (Okuda-hawson) Diffusion

The theory of vortex diffusion has been treated extensively iIn

the 1iteraturel7’18

, 50 details of the theory will not be presented
here. An excellent summary of the theory and its relevance to the
Octupole is given by Navratil”. Basically, this diffusion is due to
thermally exclted plasma vortices caused by electrostatic convective
cells. These cells are created by excess charges on magnetic field

lines and they Dhehave 1like d.c. electric filelds. The cell

structure damnps out on  a time  scale TN(p%k%)ﬁl, where

i3 (kT
#y Tﬁ(ﬁz
kL=2n/LJ, where L, is the perpendicular scale length of the cell.

)(l/miirii) is the higher order ifom gyroviscosity and

It can be seen that when the cell size d1s larger than the fon
gyroradius, kipi<l’ then the damping time is larger than lon—ion
collision time, and this mechanism can lead to enhanced plasma
transpott. For high dielectric constant plasmas, such as those in
this experiment (e>105), the form of the resultant diffusion
coefficient 1s DvortmTl/z/nl/z. Note that this diffusion is field
independent, aud that it yields concave profile shapes which have
been observed in the common flux in the experiwment.

Convective cells and the regultant vortex diffusion have been

2,3,19

observed on the COctupole in the past Particle transport was

enhanced above the classical level in a low temperatute and density
plasma (nwlOg cth, Ta~la5 eV) and in a slightly higher density,

very collisional plasua (n~10ll cmmB, TENO,Z eV) for fielde above
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100 G. The current experimental plasmas are collisional and have
large gyroradii, and thus the damping times for the convective cells
are short. Table 1 1is a summary of the damping times In some

representative plasmas.

Table 1
n I B z
2 x 1083 ep3 10 ev 200 G 85 psec
2 % 1013 10 eV 380 G 310 psec
2 x 10%3 15 eV 540 G 760 psec
1 x1013 20 eV 860 G 4400 psec

It is clear that the damping time in Che lowest field, high 8 plasma
is too short to observe vortex diffusion, however, for the other
plasmas, din particular, the high field cases, vortex diffusion
should remaln long enough to be easily observed. In addition, since
the classical contribution scales as Bmz, as the field increases the
relative contribution of classical to vortex decreases, and the
higher fields should wmore closely resemble vortex, as is observed.
It should be noted that if T is the thermal equilibrium plasma

temperature then <KDy It was shown in previous

Dvort ass’®

investigations that non-thermal fluctuations relating to the initial

conditions of plasma injection give rise to an effective temperature

-3

T*>>T 1%~10% eV was measured in a 101 cm plasmaz.

thermal”

Determining the magnitude of the diffusion coefficient from the

decay rate can thus indicate the enhancement above thermal levels.
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If the diffusion is modeled by classical enhanced by vortex,
the decay rate can be matched; however, comparison of the predicted
profile (Fig. 11) with the wmeasured profile (Fig. 2Zb) indicates that
the shape is not corvect. Ia addition, if the enhanced level of
diffusion 1is the same strength in the common aad private flux, the
inward motion of the profile cannot be matched. This requires an
agymmetry in the particle flux between the two reglons.

The experimental particle flux can be determined from the
observed density profiles by using the contlnuity equation. If
<P>E§Rf¢d2, then it is easily shown that

an

— -l' T
TP = <T($)> + 7= é 5T Vidg .

Choosing ¢, at the peak of the profile so that T($,>=0 (assuming all
the flux is diffusion)}, the flux can be determined at each 4§. The
results for a high field profile that wmoves Inward indicate that, as
expected, the particle flux on the outside (common Flux) i1s much
higher than on the inside (Flg. 12). For cowparison, the expected
classical flux for this profile is also shown., In the common flux
region, the classical and experimenral flux disagree 1in both
magnitude and shape, whereas on the inside the agreement I1s wmuch
better, At 1000 psec, it should be noted that the actual flux is
less than classical. This may be due to a mnmisplacement of the

baseline for zero flux if there is an error in the location of the
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FIG. 11. Comparison of experimental density decay with the
prediction of the model for classical diffusion enhanced by
vortex diffusion {(upper plot). While the decay rates can be
made to agree, the predicted profile shape (lower plot) does

not match the experiment (Fig. 2b).
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FIG. 12. Comparison of experimental particle flux (determined
from the measured profile evolutlon) with classical and vortex

flux calculated for the actual profile shapes. (a) t=400C psec

and (b} t=1000 psec.
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profile peak (T(¢0)=O), or if there is a small amount of
non—diffusive flux near the peak of the profile so that F(¢peak)%0.
Alternatively, reflux from the surface of the ring could reduce the
net particle flow out of the plasma reglon.

With this understanding, a good match can be obhtained for a
f=11% plaswma at Bp=540 G with classical diffusion on the inside and
classical enhanced by vortex on the outside (Fig. 13). The decay
time for the vortex diffusion for the best match 1s 600 psec which
is approximately what is expected due to classical dion viscous
damping (line 3, Table 1). In a similar wanner, other profile
shapes and decay rates for high field plasmas can be matched. In
addition, some Intermediate field profiles can be matched, in
particular, those that exhibit some inward motion.

As mentioned earlier, there are three high field plasmas where
the enhancement above classical was considerably larger than the
rest. These plasmas were "big gun” plasmas, whereas the other high
field cases were intermediate gun plasmas. The magnitude of D
indicates that the effective temperature, T%, for the big gun
plasmas 1s the same for most cases studied and is 100 times higher
than the intermediate gun plasmas. This 1s consistent with the
interpretation that T* dis rtelated to the plasma formatlon and
injection process and thug should be different for the two guns. A
higher plasma injection velocity from the big gun would require a
larger electric field and polarization charge to allow the plasma to

cross field lines. This could account for the higher T% for big pun
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¥I1G. 13. Comparison of experimental and theoretical density
decay rate and (b) profile shape (following page) for a Pp=l17%

plaswua with the inward wotlon observed (Bp=540 G).
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plasmas. For convective cells of the same size as were previously
measured, 1 0L eV for the hig gun and 109 eV for the intermediate
guls These large enhancement levels above thermal are required in
order for vortex diffusion to dominate ak these hlgh densltles since
Do L2,

There are difficulties, however, with this interpretation. The
profile shape for many of the Intermediate and low field plasmas
cannot he matched, particularly when there is no inward profile
motion which is generally true at these fields. In order to match
the profile shape at these fields, some vortex diffusion must exist
in the private flux. In addition, to match these cases, the decay
times for vortex diffusion needs to be much longer than is predicted
from classical 1on viscous damping. This implies that some
mechanism 1is required to continually regenerate the energy in the

6, the

vortex spectrum. Although this has been observed before
mechanism has not been identified. Moreover, no mechanisu has been
identified that would lLead to rapld damping of the convective cells
in the private flux but not in the common flux.

Finally, the addition of magnetic shear, via toroidal field,
should affect vortex diffusion20° The addition of toroidal field
opens the magnetic field lines and allows charges Lo flow and short
out vortex electric fields. Tor a mean free path, A, shorter than
the shear length, Lgs the damping time for the vortices is

independent of Lg and is simply the time for parallel diffusive

flow, 1D=(R%D")m1, where D"ﬁhz/me and 1, is the electron collision



196

time. For the parameters in this experiment, the expected damping
time 1s a fractlon of a millisecond, so the cells should damp out.
Addition of small shear (BT/BP>0.1) was observed to damp out the
convective cells 1w previous investigations by Navraril, Fost, and
EhrhardtZI. In the current experiment, the additfon of toroidal
field (BT=220 G, Bp2860 G on outer bridge separatrix) increases the
density decay time slightly from 5000 to 7000 psec; however, the
profile shape is not observed to change to classical. Both the
shape and inward motion are similar to rthe BT=O CASE. Just as a
short mean free path can restrict charge flow along field lines,
magnetic mirrors along field lines can trap excess charge and
enhance the convective cell diffusiomzz. The mean free paths in
this experiment are approximately ten times longer than in the
experiments by Navratil, and this might account for continued
copvective transport.

In sunmary, vortex diffusion in the common flux and classical
in the private flux can explain the profile motion and match profile
shapes at thigh field (B>500 G). The observation of classical
diffusion in a low field, high density plasma Is consistent with a
damping time of 85 psec for vortex diffuslon. In addition, where
some profile motion 1s observed, this model also matches the
intermediate Ffield cases. The dnability to match all the
intermediate and low field cases, however, suggests that there may
be another transport mechanism that leads to these Lower enhancement

levels, In addition, since no mechanism has yet been identified



197

that can lead to different levels of vortex diffusion in the private
and common flux regilons, positive confirmation of vortex diffusion

requires the detailed measurement of the convective cell structure.

6.FE. Fluctuations

This section presents a survey of the general properties of
fluctuations that are observed in plasmas with B ap to 40%. This is
followed by more detailed description of fluctuation properties for
E, %, anc E, density, electrostatic potential and magnetic field, in
a B~3% plasma which is typical of the plasmas studied. In additioen,
until the enhanced transport reported above is conclusively linked
to convective cells by dilrect mmeasurement of the  potential
structure, the possibility of other non-diffuslve transport
mechanisus must be considered, and in partlicular, the plasma
fluctuatlons could be the cause for the enhanced transport. Thus,

the final section presents the results of a calculation of density

fluctuation induced transport.

6.E.1. General Properties

For all the plasmas studied in the range of 0.14<{B<40%, the
fluctuation levels are strongly peaked in the bad curvature region
outside of the separatrix. 1In the good curvature region Inside the
geparatrix, fluctuation levels of E/n are typleally less than 1-2%.
Fluctuation levels greater than 1% have been observed on the
separatrix in some plasmas. Density fluctuations with n/n~l0-20%

have been measured for various plasmas including those with B up to
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40%, however, the fluctuations do not onset when the beta Is at 1ts
peak value and the fluctuation level ilncreases with time even though
beta 1s decreasing (Fig. 14). These large fluctuations often
persist as late as 2-3 msec which is 5-10 e-folding rimes for the
plasma beta. Fluctuatlions have not been observed which onset early
in time when beta is high (above the MED B limit) and turn off when
the beta decreases. A typical fluctuation is observed in the
previously mentioned p=11% plasma at a poloidal field of 860 G.
Fluctuation levels of less than 2% are measured in the good
curvature of the private flux up to the separatrix. OCOutside of the
separatrix, E/n increases to 50%. The onset time for the
oscillatlon on the separvatvix 1s 700 psec at which time § has
decreased to 5%. The ounset time is zarlier as one moves further
into the bad curvature region. The fluctuation continues until
~2 msec even though the B decay time is ~400 psec. The fluctuations
are a wuwixture of frequencies with the deominant osclllation at
f~30 kHz.

In general, the oselllations are not a single frequency
although at the lower magnetic Ffilelds the fluctuations are more
often a purer frequency than at high flelds where the fluctuations
are almost always less coherent and there is a mixture of many
frequencies. In all cases, 1f there ig a dominant frequency 1t is
superimpesed on Jlower level background fluctuations that have a much
broader frequency spectrum which is peaked in the low frequency and

decreases monotonlcally as the frequency increases.
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FIG. 14. Density fluctuation in bad curvature region in outer
bridge. Note that the fluctuation onsets after 8 has decreased

significantly and n/n remains large even for RKLlZ%.
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Because Lthese are decaying plasmas, the frequency spectrum is
not constant In time. In all cases, the frequency of the
oscillations observed decreases during the plasma decay. In
addition, the frequency of the dominant wodes is typlcally lower in
the higher density plasmas. These modes are most likely drift waves
because thelr frequencies are in the correct range (f~30-100 kHz)
and the parameter dependence of the frequency is correct. The
diamagnetic drift frequency, wﬁ N.% g? ~ %. L;l decreases as the
temperature  decreases and the denslty gradient scale length
increases, both of which occur as the plasma is decaying.

There 1s no indication that any of the Fluctuations observed
are fideal ballooning wmodes. Although all fluctuation levels
increase strougly ia the bad curvature rvegilon, this Is true of low
beta plasmas (p<1l%) as well. The properties of the fluctuations are
similar over a wide range of beta, and there 1s no critical beta
above which a new oscilllation is observed. Drift wave oscillations
with properties similar to those observed here have been studied

23

extengively by Rose No changes occurved in the wave structure as

the plasma beta was varied from 8% to as low as 0.004%Z,
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6.E.2. Detailed Fluctuation Properties

The fluctuation properties of a high density (n~3x1013 cm~3),
B=3% plasma with B,=860 ¢ were studied in more detail. Density,
electrostatic potential, and the poloidal and toroidal wmagnetic
field fluctuations, gP and ET’ were mueasured, and their power
spectrum and correlations are presented. All  the fluctuation
gquantities have propertles similar to those mentioned above. Any
differences will be specifically noted.

Figure 15 shows a power spectirum fFor toroidal field
fluctuations. The power, P(f), falls off rapidly as the frequency
increases with .’x"(f)we—Cf and  e~b=5x1077 sec, where f 1s the
frequency in sec” k. Figure 16 shows a typical Ffluctuation observed
7 em from the ring in the bad curvature reglon. In the 500 usec
interval shown, the frequency changes from 45 klz to 20 kiz. Thus,
the total sampling period must be chosen to be shorter than 300 usec
for this case. Depending on the rate of change of the frequency,
the sampling Interval is chosen anywhere from 128 psec to 512 psec
resulting in frequency resolution of 8 kHz to 2 kHz respectively.

Although the power spectra are similar on the same field line
in the upper and lower outer bridge regions, the dominant modes are
not exactly correlated because there are slight differences in their
frequency. A radial scan between the riug and outer wall shows that

the shape of the frequency spectra are similar across the bridge

region (Fig. 17). Probes separated toroldally by 6, 12 and 30 em
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FIG. 15. Log of power gpectrum of Bt/B where it is the

vac?
fluctuating toroldal magnetic field and Byac is the wvacuum
magnetic field (poloidal field only). The upper frequency
cutoff for this particular shot was 300 kliz and the data

sampling rate was 1 MHz. The peak value of f;t/Bvac is 0.012%

at ~30 kHz.
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TIME (ioc0 /usac/mv)

FIG. 16. Typlcal densgity fluctuation observed 7 em from the

outer ring in the bad curvature region. (p~3%, BP=860 G).
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indicate that the dominant modes are coherent over ~10 em. For the
full spectrum, a toroidal probe separation of 6 cm yields an
integrated frequency corvelation coefficient, 7, of 0.8-0.9. For a
toroldal separation of 30 cm, 1n0.6~-0.9 with poor reproducibility.
The frequency resolved n(w) averaged over 20 kHz frequency bins was
relatively independent of frequency wup to 160 kHz, the highest
Frequency measured. Variatlons in n(w) versus frequency exist but
are not reproduclible shot to shot.

As mentioned in the previous section, the level of all
fluctuations increases strongly in the bad curvature region,. This
is true for density, potential, and both poloidal and torcidal
components of the magnetic field (Fig. 18). Power levels of density
fluctuations measured on the same field lime in the bridge and nose
(¢=7), i.e. the bad and good curvature regions of the field line,
differ by a factor of ~100 with the reduced level in the good
curvature. Although this is a sizable decrease, the power level in
the nose is still higher than 1n wost of the private flux regilon.

The cross—correlation coefflcient between the density and
potential fluctuations for a probe separation of ~0.2 cm is
0.7-0.9. This value of 17 is relatively unchanged from 4.0 to
10.0 cm from the ring which includes both good and bad curvature,.
For comparison, mn~0.95-1.0 for the cross—correlation of density
fluctuations measured by two Langmuir probes with a similar probe
separation. The poorer correlation between o and $ than between

similarly separated n measurements seews to be due to a higher
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FIG. 18. Total fluctuation levels for (a) density, (b)
electrostatic potentlal, and (c) poloidal and toroidal magnetic
field. The total power is the Integral of the power spectrum
over the frequency range 20-160 kHz. The wagnltudes are in

arbitrary units.
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percentage of low frequency components present in the potential
measurements.

It can be seen from Fig. 18c that the toreidal fleld
fluctuations, gT’ are typically two to three times larger than the
poloidal field fluctuations, ﬁp. This is true not only for this
plasma, but for other lower density plasmas (2x1012<n<lx1013 cm~3)
at the same magnetic field. The correlation between n and ET is
good with 1~0.8-0.9 across the entire bridge region, good and bad
curvature (¥ig. 1%a). The correlation between n and EP is also good
in the bad curvature region (n0.8-0.9), however, it is slightly
worse in the good curvature region (¥Fig. 19b). The magnitude of the
magnetic fluctuations is small with a peak value at 7 cm of
gT/Bvac=0.014% where B .. is the vacuum poloidal field. (The vacuum
toroidal field is zero.) Although this value 1s small compared ko
a/n, it 1is mnot negligible when considering the coupling of a drift
wave Lo an ALfvén wave. Although detalled analysis is a topic for
future vesearch, preliminary results indicate that (E/B)/(E/n) is
roughly proportional to B so that as p decreases, B/B decreases
relative to g/n. The results dindicate that for Be~o.4%,
RE(ﬁT/B)/(;/n)~l.l%. The value of this ratio (R/Be) is not a
constant as $ decays, however, the trend of decreasing R as f3

decreases is clear from the data.



212

AN

3 4 5 6 7 8 9

YN

UNCORRELATED
\l \ I\

AN NN
\

\

2

<

]
i

- ” 4 o+

- =+ “\i ~ 4+ 4+
-

- A L L
vt

L _\\\HM\\A. L+ +
i

..l++ *\R\I - IT....T

o

e -7 R
NS
\

-+ + i W\u = + +
.

L 4+ m\\\\\\w L+ 4
_\\\\\\

f— + — o - n_l
|
|

i i i i { i
W © T N O O g WY

T
= Gl <
RC

4 -——
2
O

FIG. 19. Radial profile of the total correlation coefficient,

Bt'

{(a) n and

n, for density and magnetic field fluctuatlons.

(b) n and B,



213

6.F.3. Non-Diffusive Trausport

As shown above, the fluctuation level of all plasma quantities,

~

H, #, and B increases dramatically as one moves from the internal
ring to the outer wall. Thus, fluctuation induced transport could
provide the required enhanced transport in the common flux regiomn.
Measuremants of n and E in the frequency range 10 kHz~160 kllz were
obtained in the lower outer bridge region. A time averaged flux was
computed over 200 psec, intervals and this was compared to the
experimentally determined F£flux from measured density profiles
(Fig. 20). Since the experimental flux 1is actually éRFdl, the
fluctuation induced flux measured at one location was multiplied by
éRdR for the field line on which the measurement was taken. This
provides an upper limit on the induced transport since power level
of the fluctuations in the bad curvature regilon In the bridge Is
typically 100 times higher than fluctuwations In the good cutvature
regions on the same field line.

Comparison of the actual flux and the Induced flux indicate
that the effect of fluctuations ds too small to account for the
observed transport. At 400 psec, fluctuwatlon induced traunsport is
less than 1% of the observed transport. Fluctuation levels varied
by more than a factor of ten from shot to shot with wno noticeable
effect on observed transport. Similarly, the direction of the
induced flux at a fixed position changed direction from shot to shot

and sometimes during a shot with no effect on observed transport.
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FIG. 20. Comparison of fluctuation induced transport with

experimental flux determined from the density evolution.

“+~ indicates that the flux 1s toward the outer
“0” indicates that the flux is toward the riag.

shown for each position.
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The magnetic fluctuation levels also increase in the common

flux region, and thus they are currently under investigation as a

. . 4
possible wmechanism for the enhanced transport. Theoretical workzg

suggests this as a possible mechanism; an expevimental study on a
tokamak has been performed with no apparent correlation between

fluctuations and transport observed .29
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CHAPTER 7

CONCLUSIONS AND PROPOSAL FOR FUTURE WORK

A wide range of stable high B plasmas has been obtained with 8
values significantly above the ideal MHD f limit of 4.3% for the
Octupole. Plasmas with B wup to 44%Z have been achieved Dy
aimultaneous cross-field injection of up to three coaxial Marshall
guns. These plasmas are macroscopically stable with beta decay
times in excess of 1000 Alfvén times. Although fluctuation levels
of equilibrium quantities (demsity, electrostatic potential, and
magnetic field) increase strongly in the bad curvature vegion, they
are not correlated with high values of B; moreover, thelr properties
are similar down to values of B below the MHD B limit.

This paper has considered two partlcular plasmas, B=8%4 and 35%
in wmore detail, At p=8z (B,=860 G), it 4is found that  the
equilibrium is well described by single fluid theory. The enhanced
gtability is explained with a kinetic treatment developed by
Phillips that dincludes the effect of finite Larmor radius which
couples the ballooning mode to a stable ion drift wave. Heat flow
along field lines was an additional, although swmall, stabilizing
effect, At a lower magnetic fileld (BPEZDO ), a more collisional,
larger gyroradius plasma 1s obtained with 8=35%. For this plasna,

the FLR effect is unot sufficient to explain the enhanced stabililty.
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Tn addition, measured equilibrium does not agree with ideal MHD, and
in particular, the perturbation to the vacuum magnetic fleld due to
the plasma diamagnetic current s a factor of five too small. This
is probably due to don gyroviscosity, and since the balloning
Instability 1is driven by the diamagnetic current, this may account
for the stability. Thus, non—-ideal effects play a dominant role in
the stability as well as the equilibrium of the plaswas, and can

significantly alter the predlictions of ideal MHD.

Particle transport is enhanced above classical for all but the
highest beta, low field plasma. The level of enhancement increases
with magnetic field strength up to thirteen tiwes the classical rate
in  a B=11%, high field (BPxSGO G), high density plasma
(nz5.9><1013 cmmB). The enhanced transport 1s predominantly din the
commonr flux region, particularly at high magnetic field, and this
results in an inward wotion of the density profile. Profile shapes
and the density decay rates are compared with a computer model of
the diffusion in the Octupole. DNo single diffusion coefficient can
match all the profile shapes and decay rates; however, it is found
that a good match to many of the profiles can be obtained 1if the
enhanced transport im the common flux is due to vortex diffusion.
No mechanism has been identified that would account Ffor the
existence of vortex diffusion in the common flux region only. Other
possible mechanisms to enhance the transport, such as neutral-ion
collisions and density fluctuation induced transport are shown to be

too small.
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There are many possible directions that future research could
follow. In the search for the ballooning iustability, the most
promising prospect is plasma heating with TCREH. by producing  a
sustained, high B plasma, many of the problems assoclated with a
decaying plasma can be eliminated, in particular, those asoclated
with the measurement of fluctuation propertiles, In addition,
increasing plasma B by heating would permit the observation of the
growth of the mode.

Aside from the goal of searching for the B limit, investigation
of high P plasma properties should be pursued. Convectives cells
have been wmeasured in low density and low $ plasmas where they are
purely electrostatic, however, they have never been identified in a
high beta plasma. In addition, direct measurement of the convective
cells would conclusively verify the Intevpretatlon of the particle
trausport.

Study of the magretic fluctuations should also be pursued. A
full examination of the coupling of drift waves to Alfven waves
requires the measurement of the radial magnetic field perturbations
as well as the components that were measured here. If as in this
experiment, mwodes with long coherence lengths cannot be found, the
measurement of the magnetlic field and corresponding density
oscillation should be done with the same probe in order to get

better correlation. Fimally, a measurement of fluctuation iInduced
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transport due to the small scale magnetic fluctuatioms should be
pursued. The high values of 8 routinely available and the ability
to wuse ptrobes in the plasma provide a wunique opportunity for

investigation.



APPENDIX

In Fq. {10) for the radial structure of the ballooning wode,

the constaants a,ay are as follows:
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The constants C,~Cg appearing in Egs. (12)~(1l4) are:
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b uomip'a7Rgd¢ ,
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are defined above and the limits ¢, and & are the

boundaries of RO(¢),
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