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ABSTRACT

AMBIPOLAR FLECTRIC FIELDS AND TURBULENCE STUDIES

IN THE WISCONSIN LEVITATED TORCIDAL OCTUPOLE

Charles Jesse Armentrout

Under the Direction of Professor D. W. Kerst

Detailed studies of hot ion plasmas (Ti> Te) in the poloidal field
octupole show that the ambipolar electric field which is perpendicular
to the flux surfaces is well explained by the observed properties of
the miéroturbulence structures in the plasma.

The radial electric fields decay at the rate which is the sum of
the decay rates of the ion temperature and the inverse density scale
length, The potential in the plasma is related to the density by the
ambipolar relationship with the diffusion and mqbility coefficients
treated as unrelated phenomenclogical parameters. This relationship
between the electric field, the ion temperature, and the density is
seen to hold for a variety of operating conditions, It is shown that
ambipolarity need not require vector equality between the icn and
electron fluxes at every point in space and a particie fiux imbalance
may well exist., This imbalance has important implicétions for the
experimental measurement of various quantities.

The turbulence structure has been measured by correlation tech-
niques which are carefully described. In these experiments, signals
were studied which are aperiodic in time and space, short lived com-
pared to the decay times of the bulk plasma paramerters, short ranged
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compared to the machine size, and are therefore classified as micro-
turbulence structures. The resulting spatial and temporal correlation
functions (CFs) are well fitted to a Gaussian function and the associa-
ted correlation lengths or times are the half width at half maximum of
the CFs. The correlation length is measured to be the ion gyro radius
for the hot hydrogen plasma and somewhat less for the helium plasma.

The measured correlation time is comparable to the disassembly time of

such a cell from the influence of the magnetic gradient and curvature

drifts.

The observations suggest a model in which the cell-like structures
are composed from the electron dist;ibution. Electron diffusion
results from the vortex motion of an electron in the cell field until
the cell decorrelates. The resulting electron mobility coefficient is
zero. The ion-cell interaction results in both diffusion and mobility
coéfficients. This model explains the cobserved ambipolar electric
field and gives an estimate of the diffusion coefficient which is
within a factor of four of the previously measured value,

The amplitude of the cells is larger than predicted for sponta-
neous random thermal fluctuations., Suggestions have been made that
such cells could be driven in amplitude by long wavelength coherent
oscillations. Such waves are always seen to coexist with the turbu-

lence structures and are identified as hot ion flute modes.
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CHAPTER I: THE WISCONSIN LEVITATED TOROIDAL OCTUPOLE

A Description Of The Octupole
(i) Mechanical And Filectrical Construction

The Wisconsin levitated toroidal octupole is shown in the diagram
of ¥igure 1. The machine is composed of four current carrying rings
inside a 9 cubic meter toroidal vacuum chamber of noncircular cross
section and is constructed of high conductivity aluminum. It measures
9.5 meters between the top 1id of the chamber and the laboratory floor
and 4 mervers in cutside diameter. The four internal rings shape the
magnetic field into an occtupole pattern which is modified by the
presence of the é@nductive walls. The current in the rings is induc~
tively driven by the iron core fransformer, the rings being four sihgle
turn secondary windings linking the core in parallel.

The device is the second generation successor of the smaller octu—
pole leocated in the Wisconsin physice department. It was @esigned
partly to discover what poertion of the plasma loss is due to the
gupports which hold the rings in position. The machiﬁe was built to
do this using two majior modifications of the design of the first gener-
ation device., The outer and inner walls are indented to enclose the
rings partially. This allows the rings to be positioned so that the
set vertical and horizontal forces on them due te the wall currents are
zerc. Because of this free-force positioning, the rings nerely rest on
their supports which need hold them only against gravity. During the
field pulse, the supports may be removed from ring contact for a total

of about sixty miliiseconds to keep the rings from falling more than a



Figure I 1

The Wisconsin Levitated Toroidal Octupole
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few millimeters. It requires 20 msec to move the supports approximate-
ly 10 cm below the rings (this is outside the confinement region), and
20 msec to reinsert them. The total time they are held out, then, 1is
also 20 msec. During the support free period, the rings receive a
gravitational impulse which the supports must absorb after reconnec-
tion. The ring-support system then undergoes a series of damped oscil-
lations between the final resting position and a point very near the
wall. This process.is called levitation because at the largest possi-
ble magnetic fields, the wall currents help support the rings in posi-
tion against the gravitational field and the final cushioning oscilla-
tions are small. Levitation may be programmed to occur at any time in
the field pulse or not at all and in the levitated experiments reported
in the later chapters, all supports are fully removed at the time
plasma is injected. Table 1 summarizes the major electrical and
mechanical features of the device. More complete descriptions are

available elsewhere.l’2’3

(1i) The Magnetic Field

The machine was designed to have the capacitor bank discharge into
the transformer to produce a half sine magnetic field pulse 43 mgec
long. It then was modified to allow the transmission line to be "erow-
barred" (CBR) shortly after peak field, that is, shorted at the capaci~
tor bank. The resulting magnetic field decay rate varies according to
position but B/B is everywhere longer than 70 msec.a It is well

3

known that sometime after peak field in the balf sine case the

Poynting vector at the surface of the rings reverses direction and flux



TABLE 1 1

OPERATING PARAMETERS OF THE LEVITATED OCTUPOLE

Capacitance
Maximum Voltage on Capacitors
Energy of Pulse

Maximum Core Flux

0.048 F
5 kv
0.6 x 10°% J

0.72 Wb

Inductance L: L o= NzLO, N = 90 L, = 0.6 yd (calgulated)
Volume .of Vacuum Region 8.6 m?
Volume inside Y-critical at 20 msec 7.7 m?®
Ring Minor Radius 8.9 cm
Inner Ring Major Radius 0.99 m
Quter Ring Major Radius 1.79 m
Wall Thickness "5 cm
Half Sine Period (Poloidal
Field Only) 43 msec
VALUES AT MAXIMUM CORE FLUX
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

* Approximate values



beging to reemerge from the surface, This occurs between 31 and 32
msec in the field pulse. This effect has a major influence on the
bulk motion of the plasma as will be shown in chapter III. Plasma
profiles of density and potential‘for the gine field prior to about

30 msec are similar to those seen for the CBR case., The plasma evolu-
tion in the sine field becomes dominated after 32 msec by the motion
of the magnetic field.

Figures 2 and 3 show the magnetic field lines in the octupole and
the lines of comstant magnetic field strength at 25 msec, shortly after
the CBR. These diagrams are cross sections of the torus and the field
lines close in the plane of the cross section. When rotated about the
toroidal axis, the closed field lines generate closed toroidal flux
shells which are symmetric about the central axis. In some regions of
the torus, all flux shells enclose a gingle ring, in others, they all
enclose two and in yet others all four rings. The magnetic lines which
generate the boundaries between these regions are called the separatri-
ces and are the dotted lines of Figure 2. An interesting and important
observation 1s that each separatrix passes through the zero magnetic
field strength region. These field nulls act as non-adiabatic scatter—
ing centers for any charged particle whose center of gyration about a
magﬁetic field lipe is within its gyro radiﬁs of a separatrix. When
the gyration center moves along the field line and enters the field
null region, it loses all information about its previous magnetic
moment and can scatter into any of the magnetic flux regions of the
machine, The final destinatjion depends only on the phase of its orbit

about the magnetic field as it enters the field null region. This



Figure 1 91,

Cross section of the octupole éhowing the magnetic field
lines at 25 msec into the field pulse. The field lines are

numbered with the value of U assuming a peak core flux of 10

units.
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Figure I 3

Cross section of the octupole showing IBI at 25 msec.
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process has been discussed by others7’

and is partially responsible
for maintaining continuity of the plasma parameters {density and tem-

perature) across the various regions.

(iii) Flux Coordinates

It is convenient for the purposes of the following discussion and
for the work of the later chapters to employ flux coordinates which are
non~linear in the usual Cartesian "¥,y,z" spatial coordinates but which
provide a geometry-independent description of the processes occuring in
a magnetic device. Flux coordinates are fully described elsewhere.
For the purpose of orientation, envision two axes for a torus: a linear
"eoroidal” axis which is the symmetry linme of rotation used in Figure 2
to produce the torus from a cross section, and a circular "mid circle"
axis which runs through the center of the "donut" and encircles the
toroidal axis. In Figure 2, the mid circle would be the locus of the
central field null under rotation about the toroidal axis. The "mid
cylinder" is the figure generated by moving the mid circle parallel to
the toroidal axis. The toroidal position is provided by the azimuthal
angle { measured about the toroidal axis along the mid circle. The
poloidal position (the short way around the torus, in the plane of the
cross section of Figure 2) is specified by the poloidal magnetic scalar
potential ¥ which is measured along a field line in the direction of B.
The third coordinate is the total magnetic flux ¥ between the toroidal
axis and point in space being identified (including the core flux). It
may be shown9 that ¢ is a constant aleng a field line and is the coor-

dinate used to label the flux shells described sbove. It serves as a
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radial coordinate for the set. The coordinate directions are oriented
by the fundamental relationship B = Vx = Wx VL., ¢ is zero inside the
rings (if super conduc;ing) and increases for flux shells successively
further from any ring. Since ﬁ is parallel to B, & must be opposite
the direction of the ring current.

The field lines of Figure 2 are labeled with the calculated value
of Y. The convention used for the calculation is the assumption that
the core contains 10 unité of flux at peak field. The units of Y are
named for Dory, who originated the convention. The conversion from the
tabulated wvalue wt to the actual value is ¥ = A¢t where A is .1 times
the actual core flux by 0, 1s easiﬂy calculated to be (LC)]'/2 VC/N
where N is the number of turns on the transformer. L, €, and N are
obtained from Table 1 and A 1s 1.52 x 1072 VC wh/d where Vc is the
initial capacitor bank voltage in kV, Drakelo has measured ¢c and
gives the experimental A to be (1.45 & .04) x 1072 VC. Figure 4 plots
¢t(x) v.s. position in centimeters across the outer bridge which is the
region between an outer ring and the outer wall. wt is shown for wvari-
ous times in the half sine pulse. The wt(x) for the CBR field is
assumed to be given by the 25 msec curve. At 25 msec, the separatrices
are near 5 cm, the flux lines wg that just graze the walls are near
10 em, and the flux linpe wc which separates the region of stably con-
fined plasma from the outer region near the wall of unstable plasma is
near 9 cm. The arrow heads indicate the direction these surfaces move
in time.

There will be occasions in later chapters when a repfesentative

value for the magnetic fiemld is desired for a given flux surface.
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Figure I 4
The flux function w(t) v.s. position in the outer bridge
region, between the ring and the wall. w(t) is calculated

assuming that the peak magnetic flux in the core is 10 units.
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Figure 5 plots the actual magnitude of the magnetic field in kG v.s. ¥
at 25 msec for an initial capacitor bank voltage of 2.5 kV. Several
average values are given, the maximum and minimum values along the
line, as well as the values for the outer bridge region {(between an
outer ring and the wall) and the mid cylinder. The average of B around
a field line is <B>l = ég-q;/édl where the integration is along the
field line and dl = Xdx/B. The average of B along a tube of comstant

flux is <B> It has been shown elsewherell that the flux tube

v'e
average of a quantity A is <A>,, = (éA dl/B)/(édl/B) s0
<B>yy = §d1/§d1/B. The values for the integrals are from computed

tabulations.l2

B: Plasma

There are a number of different mechanisms available for generat-
ing plasma in the octupole but in general they fall into one of two
classes: (a) hot ion, relatively low<dEnsity plasma with low neutral
pressure, and (b) cold ion, higher density plasma with high neutral
background pressure. The principle source for the hot plasma is the
small coaxial gun of the type described by Marshal13 and others,l4’15
mounted on the end of the drift tank outside the toroidal chamber
(Figure 1). The gun fires its plasma into the torus through a 10 om
aperture and its neutrals are initially deposited in the drift tank.
A nude ion gauge in the torus indicated16 that the neutral gas enters
with about a 10 msec rise time. The ambient background pressure in the

torus is typically 1 to 2 X 107 Torr, just prior to injection of the

hydrogen plasma and the initial electron-neutral collision time 1is
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Figure 1 5
Representative values of the magnetic field B, in kG, v.s.
the P of Figure T 4 assuming that the main capacitor bank was
charged to 2.5 kV. <B>v, is the average of B over the flux tube,

<B>, is the average around the field line.
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about 2 msec, A helium cooled cryo panel was installed for the
majority of the work reported here so the principal initdal background
constituent is HZ’ as seen by the residual gas analyser installed on
the torus. The ion temperature is about 30 eV one millisecond after
injection and the electron temperature is 8 eV. Table 2 presents the
important plasma parameters for this plasma. The details of their
measurement are presented in later chapters.

The cold, dense plasma is produced by either one of the microwave
sources oOr By a somewhat larger gun which discharges directly into the
t:m:us..l'7 Both plasmas are associated with neutral pressures of at
least the upper 10°°% Torr region with electron-neutral collision times
of less than 100 jsec. The initially hot fons from the large gun are
known to drop in temperature below measurability within the first few
milliseconds. The principal advantage of these plasmas over the hot
plasma from the small gun is the high particle density, 1019 to 10'2
meB’ and the high degree of reproducibility. Microwave plasma typi-
cally exhibits shot-to-shot variation in its parameters of less than 5%
while the drift tank gun user must accept 10 to 20%Z variation. The
high density readily allows probe measurements of most parameters such
as potential and density, while the low density plasma measurements
have problems because of large debye length and high sheath impedance
(see Chapter II). 'The principal disadvantages are the ion temperature
and high collisionality. Thermonuclear plasmas will be nearly colli-
sionless due to their extremely high temperature. In addition, finite
ion gyro radius effects should be expected in these plasmas. Neither

of these operating regimes are available to cold, high density plasma



TABLE I-2

WISCONSIN LEVITATED TOROIDAL OCTUPOLE

13

OPERATING PARAMETERS (RINGS LEVITATED AT INJECTION)

- 3]

NEUTRAL
PRESSURE

HYDROGEN PLASMA
DENSITY

ELECTRON
TEMPERATURE

ION
TEMPERATURE

PEAK VALUE IN MACHINE
ONE mSEC AFTER INJECTION

5 kG (POLOIDAL ONLY)
-7
1 x 10 TORR

PRINCIPALLY HZ

8 x 10° cm"3

8 eV
{SPATTALLY UNIFORM)

30 eV
{SPATIALLY UNIFORM)

Table I-2

E-FOLDING TIME
OF PEAK VALUE

~-70 msec

+10 msec

~18 msec

-30 msec

~11 msec
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and it is for this reason that hot ion plasma was chosen for the inves-—
tigations presented in the later chapters.

Effects of collisionality may be investigated in a controlled
manner by puffing neutral gas into the torus just prior to injectiom,
The reproducibility of the gun is another problem. Figure 6 presents
three series of oscilloscope records of plasma shots taken to show the
gun behaving in different manners. These records were taken weeks

apart. The traces are of the plasma current drawn to a single tipped

probe biased at -45 ¥V to repel electrons and located on the separatrix

in the lower outer bridge region., It i shown in chapter II that such
current is proportional to ion density times the square root of the
temperature. All three sets are triégered at the beglnning of the
field pulse and sweep at 5 msec per division across the photographs.
The machine operating parameters are the same in all three cases: B
only, supported rings, Vc of 2,5 kV, and the torus pressure of about

1 x 10 7 Torr. Figure 6(a) shows the optimal behavior of the gun. The
records of ten shots are seen to overlay one another within a 5% devia-
tion. In addition, one levitated trace is shown and demonstrates the
fact that levitation causes a factor of 2 increase in the drawn cur-
rent. An acceptable plasma variation is shown in (b) which is the
overlay of 5 shots. This is a typical variation in the gun parameters
and appears to be due to variations in the plasma density. Figure 6(c)
shows an unacceptable case where the behavior of the gun was pathologi-
cally bad. Such behavior is presumably caused by wide independent
variation of density and temperature. The gun must be removed from the

system at this time and cleaned. Visual inspection of the gun elec-
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Figure 16
| Ion saturation correot drasn by the.same.orobe biased to
~45 V at w 225° lower-outer bridge region. Triggered on field
- pulse, horizontal sweep at 5 msec/division.- Gun injection of
hydrogen at 25 msec into CBR field._eﬁé = 2 5 kV, ?T 1 x 1077
- Toxx. . . . | |
A) 10 supported ring traces, 1 levitated trace,_lOO pA/D.
This is optimal plasma from gun with newly polished electrodes.
(B) 5 acceptable traces, 50 uA/div, rings supported,
(c) 7 unacceptable shots, 50 uA/div, rings Supported. After

removal of gun, electrodes showed discoloration and severe arcking

patterns.
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trodes shows surface scarring due to improper arcking of the plasma in
the gun. JInspection of the gun surfaces after operation in mode (a)
shows no such surface problems. The operation modes of (b) and (c) may
generally be restored to that of (a) by careful polishing of the elec-
trodes before reinstallation. Mode (¢) has also been caused by exter-
nal arcking of the plasma between the gun's outer electrode and the
conductive drift tank wall. The distribution of plasma inside the
octupole for this case is documented in Chapter III. An extendef was
provided for the outer electrode wﬁich moved the muzzle of the gun
further from the drift tank lid and appears to solve the external arck-
ing problem., For reproducibly smooth behavior of the gun, it was found
necessary to remove and repolish the electrodes every several weeks,
after about a thousand shots. This record compares well with what the
investigators who develop gun design call reproducible.18 Such guns
are specially assembled, tested for 50 to 200 shots, then disassembled
and modified (and cleaned!). Plasma from such guns are reputed
"always" to look like Figure 6(a).

Figure 7 is included here for later reference. It plots the gyro
radius p of a 20 eV proton as a function of the tabulated wt for the
octupole field when VC is 2.5 kV. Shown are the flux tube and line
average of ¢ which are equivalent to the averages of B—l and the speci-

fic values for p in the bridge and along the mid cylinder.
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Figure I 7
Representative values of the ion gyro radius pi(w), in mm,

v.5. ¥ for Ti = 20 eV hydrogen, Vc = 2.5 kv.
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CHAPTER II: DATA ACQUISITION AND ANALYSIS TECHNIQUES

A:  Probes g . | . -
(i) Physical Construction

The basic tools for acquiring the data presented in later chapters
are high and low impedance probes. These have been discussed in detail

? Figure 1 shows the diagrams of the three probe con-

many places.
structions used in ;his work. The tips of all three probes are smaller
than an ion gyro diameter (>6 mm) so the ion flux to the tips may be
assumed to be isotropic. The high Z probe comnsists of a tungsten
cylindrical tip sealed with epoxy in a glass tube. A 20 Ml resistance
was placed just behind the tip and shielded by a copper foil electri-
cally connected to the tip. Grounded shield coaxial cable was connect-
ed to the resistor and led to a "probe box'" which provided a frequency-
compensated voltage divider and an amplifier. Full description of the
circuits used is found elsewhere.2 This probe was used to acquire the
early injection data of Chapter V.

The type 1 low Z probe consists of a cylindrical copper tip
epoxyed to a hypodermic needle which is in a teflon sleeve. The needle
is electrically connected to ground through the stainless steel main
body of the probe. The tip is connected via a wire to grounded shield
coaxial cable which leads to the outside world. ¥Yor frequencies below
500 kHz, it was found that the same response could be obtained for this
probe attached to a Tektronix 10x, 10 M attenuating probe as for the
20 M high Z probe with the balance box and amplifier just described.

Since this probe has the additicnal advantage of presenting a smaller
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Figure IT 1

Diagram of three basic probe types used in the experiments.
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profile to the plasma, it and the type 2 probe are used in the majority
of the experiments.

The type 2 probe is similar but the tip is a small sphere on the
end of a thin ceramic stalk. Both platinum and gold were used for the
tips but platinum has proven to be most useful because of its high
melting temperature and ease of handling. In addition, pure platinum
may be purchased while gold is always alloyed, usually with copper.

The gold-tipped probe has proven to suffer from problems with surface
contamination (see below). The ceramic stalk leads to the hypodermic
needle.of the type 1 probe.

It is important to bring the coaxial shielding as close to the tip
as possible to avoid capacitative coupling to plasma fluctuations which
are distant from the tip. R. Richards has reported3 that for the same
D.C. plasma, a major difference was observed between the measured
potential signals from two probes which differed by the presence of
coaxial shielding along the stalk of one. The shielded stalk allowed
him to obtain a consistent phase relationship between potential and
density fluctuations, which was not obtainable from the unshielded
probe.

For all probes of type 2, the ceramic stalk is at least 1 cm long,
however. Large obstacles generate turbulence which affects the meas-
urements of a second probe. It is for this reason that the high Z
probe was abandoned and the low profile type 2 probe is preferred for

all fluctuation measurements.
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{i1) Simple Probe Theory

A number of problems arose when these probes were used., As indi-
cated below, they are the result of the expansion of the plasma sheath
as a function of probe tip bias, and of surface contamination of the
probe tip itself. These problems may be understood using "simple probe
theory" which ignores the presence of a magnetic field and the expan~
sion of the sheath. Full details may be found elsewhere.4

Probe theory treats the ion or electron collectioﬁ by an object
embedded in the plasma. If the object is at any potential other than
the plasma's potential, VP, a space charge_layer called the sheath
forms which shields the plasma from the object's potential V. "Simple"
probe theory assumes that the ions and electrons have a Maxwellian
velocity distribution and that the sheath's thickness 1s independent of
AV = V - VP. This discussion will use the thin sheath approximation
where the sheath area is the same as the probe tip area.

Figure 2{(a) shows the equivalent circuit for such a probe with
impedance Rm to the 1abératory ground. For AV < 0, all ions incident
on the sheath are collected and accelerated4 to the ion sound speed
ey = (eT'/Zﬂmi)llz. Here, m 6 = ion mags, T' = Ti for Ti > Te or is 'I‘e
otherwise. All temperatures are expressed in volts. The sheath
retards the electrons so RS = Re is the electron current impedance
which grows as exp(]AV]/Te). For a tip which is deeply enough biased,

|avi =3 ... 5 % T, the current drawn has a saturated value given by

the isotropic ion flux
—Z’Hm,
g

-1
L,=7m A [1I-A-1]
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Figure 11 2
(A) Equivalent circuit for a single tipped probe.
(B) Characteristic plot of the current I(v) drawn to a probe

tip v.s. the tip's bias voltage.
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For AV > 0, the situation is reversed and RS = Ri is the ion current

impedance which grows as exp(AV/Ti). Figure 2(b) shows the character-
istic graph of probe bias versus current drawn. When no net current is
drawn by the probe, the tip bias is called the floating potential, Vf.

An iscolated object will charge to Vf and draw no further net current.

It is easy to use Iio = Ieo exp(Vwap)/Te to show that (ve = the elec-

tron thermal speed)

<}
il

Vp - Te 1n(ve/ci) [IT~A-2]

T ) [2mm,)1/2 |
s " (nea) (em') - [11-a-31

The relation for the sheath impedance, R evaluated at V = V., is

!
i

given by Sprott.5

(iii) Effects of Sheath Expansion

More realistic probe theoriesG’7’

show that the expansion of the
sheath modifies the saturated (constant) value of Iio in {1] dinto a

nearly linear function of (V_ -~ V). Rudmin has verified9 that the pre-

£
dicted shape of the characteristic graph for a probe is very nearly
that which is actually observed.

One interesting feature is that the floating po&ential can wvary by
as much as 3 or 4 Te across flux space at any instant. Such piasma
profiles are presented in Chapter III. This will cause misinterpreta-
tions if simple probe theory is used to construct density profiles from

the current drawn by a probe biased to repel electrons. Figure 3

illustrates this point. Consider the exaggerated case of a constant
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Figure ITI 3
Characteristic plots for a probe with a fixed bias Vb at two
positions in a plasma with a potential gradient but no density

gradient. The operating points of the probe are marked by an x.
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density profile (i.e., one with no density gradients), but with a large
potential gradient. Two identically shaped characteristic probe curves
are drawn for the two different positions in the plasma. A fixed probe
bias is assumed and the two currents drawn by the probe are marked by

the x's. An observer who uses simple probe theory to obtain a density

10,11 would obtain a density gradient pro-

profile as is commonly done
portional to the potential gradient. One method of circumventing this
problem is to bias the probe more deeply into the ion collection

branch. A deep bias of 5 X V_ for the octupole would be about ~150 V.

f
Before the data from this biased probe could be used, however, one

would need to show that the flux tubes were not depleted of ions,

especially in the private flux region where the field lines are short.

(iv) Double Probes
A second method, and the one adopted here, would be to use a low
impedance double probel2 as illustrated in Figure 4. Suppose initially

V = 0. Then both tips 1 and 2 would be at V As V increases, tip 2

£
moves up the probe characteristic curve drawiag ions. Tip 1 rides down
the exponential curve collecting electrons until the electron current

to 1 equals the ion current to 2., These final points are controlled by

Te, Ti, and n, but are independent of V Figure 4 shows the circuit

£
used in all double probe measurements for the isolated microammeter
schematically shown in Figure 5. There is 1013 {t isolation between the
diode ammeter circuit and the optically driven differential amplifier

circuit. For the circuit shown, the transconductance I is

through/vout

an essentially constant value from 5 YA to 10 mA., Figure 6 shows
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Figure 1II 4 %

(A) Circuit schematic for double probe operation.

(B) Diagram illustrating the principle of operation.
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Figure 11 5

Circuit diagram of an optically isolated microammeter for the

circuit of Figure 4 A,

U
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Figure IT 6

(A),‘(B) Single tipped probe characteristic for a hot ion
gun injected plasma 6 and 11 msec after injection (labeled .031
and .036 on graph). Each point is the average of three to five
points. Vertical units: 76.3 nA/division. Horizontal units:
~45 ¥ to +45 V.

(C), (D) Double probe characteristic for the same shots
which were used to generate A, Vertical units: 23.2 pA/division.

Horizontal units: <45 V to +45 V.
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double and single probe characteristics taken for the same set of

'pulses taken at w in the_.Bp supported octupole. For the density pro-

files of Chapter III the floating double probe has a relatlve blas of

_45 V which places the ion collecting tip well into the repelled eleC”

tron_brancn of.the_curve.:

(v) Surface Contamination

_ The existence of contaminates on the surface of a probe tip gener—

'ates a wide range of problems. Many of the diffiCulties have been

studied prev1ously.l3 Only those aSpects of the problem.will be dis-
cussed here which have a direct bearing on the studies presented in the
later chapters. The faulty measurement of both density and floating
potential profiles is probably the most obvious error caused by surface
contamination.

T Saturatlon Current Measurements: . It iS'clear, even from the

simple probe theory of [1}, that a partial coatlng of the probe tip by

an insulating material such as oxide will reduce the effective collec~-

tion area A and therefore I . Figure III~29 presents data taken with
;three saparate goldwtipped probes of type 2 When those data were
'being acquired the 45° probe inltially measured an I which was 1/3

_the value of the other two. All three probes were ramoved cleaned

with alcohol very lightly abraded, and then the spark of ‘a hand-held
Tesla coil was lightly played over the surface to break up any surviv-
ing large areas of oxide. The probes were reingserted and all readings
were within ten to twenty percent of each other. If a double probe is

also to yield a reasonable estimate of n, both tips must have nominally
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the same collection area. It is essential that the tips be clean.

2. Fleating Potential Measurements: Vf may be measured by making

the impedance, R in Figure 2(a) much larger than the sheath impedance.
Equation {[3] shows that Rs can be very large for a low density hot
plasma2 and the criterion that Rm >> Rs may be difficult to meet. If
R,m = Rs’ the laboratory ground will be an electron source or sink
(@epending on the sign of Vf) for the sheath with an "output” impedance
comparable to that of the plasma., The operating point for the tip will
drift to the region where fewer (or more) plasma electrons are collect—
ed and the measuring instruments will no longer read Vf.
A contamination coating on the tip can only worsen the situation.
Figure 7 shows the equivalent circuit for a probe tip with a surface
coating, such as an oxide, whose impedange is Rc' The tip voltage

measured by the experimenter is V., = [Rm/(Rm + RC)]Vf, agsuming that

1

(Rm + Rc) >> RS. Vl may be significantly reduced from V

resistivity contaminate is very thick. A factor of 2 increase in the

. if the high

magnitude of V_. has been observed after cleaning a badly oxidized

£
(i.e., dark, cloudy surfaced) gold ball tip of a type 2 probe. It is
pertinent here to re-emphasize that pure gold is very difficult to
obtain because it is usually alloyed with copper which has severe oxi-
dation problems. The best material for a probe tip is platinum, which
is easily obtained pure, has a high melting point, and is quite non-
reactive.

This contamination problem has important implications both for

measurements of floating potential profiles, which are done with a

single tip, and for direct measurements of the local electric field E
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Figure II 7 |

Equivalent circuit for a probe tip with a surface contamina-

tion layer.
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by subtracting Vf from two neighboring probes., Electric field measure-
ments are especially suspect because Rc will certainly have different
values for different tips. In the course of these studies no electric
field has ever been measured which unambiguously retained its value
when the tips were interchanged. Figure 8 shows the best subtracted
measurements from the "self cleaning” platinum tipped expandable double
probe described below. Two Vf signals A and B are connected to the (+)
and (~) input termigals of a 1A7A differential amplifier. The ampli-
fier-—probe set-up had a 100:1 common mode rejection ratio, which is
well below any error visible in the photographs. Figure 8(5) shows
three shots. The top trace of each shot is A-B and the botteom is A.
The tips A and B are aligned along the same field line. Figure 8(b)
shows another three shots of the same electrical comnections (A-B and
A) but the tips have been rotated 180° with respect to the field line.
The subtracted amplitudes are not the same in beth cases for both
orientations nor are the shapes the same, but they do at least reverse
in sign. Gold and tungsten tips, cleaned as well as possible prior to
insertion, when used in this manner have never been observed to reverse.
It could easily be true that with a much higher plasma density, the
tips might be plasma cleaned and suchAa measurement might well be
meaningful. It should be stressed that this is the best electric field
data taken during these studies. The cleaned surfaces of probes
i{nserted through ports exposed to getter shine undergo continuous
coating and E measurements must not be considered trustworthy. This is
also true of the shot-to-shot reproducibility of a probe in the getter-

ing region which is used to trace out a profile of either Iio or Vf.
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: ”;fés£.5f fosuE£fé¢tion. A and B aféldgéiligééoéé.tréces from
the experlmental arrangemenr shown in -C. - A and B show the data
froﬁ three éﬁccesslve machine pulses éﬂd have two traces for each
pulse._ Two nlgh Z probes (10 M2, 100: l CMRR) are separated by
1 cm along a fleld 11ne W = 4, lower outer brldge, 330 ) The
'tips were. made of platlnum and were flame cleaned priér to inser-
tion._ The upper trace shows the dlfference 51gnal between tips 1
and 2 and the lowar trace shows the 51gnal to t1p 1. | In A, the
tips were arranged as shown in C, and in B they were rotated 180°
(interchanged). The scope was triggered 5 msec after injection,
the horizontal scale is 5 msec/division, and the vertical scale is

.5 V/division.
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{vi) Vacuum Cleanable and Expandable Probes

A special design was developed for probes meant to acquire quanti-
tatively trustworthy data. From the above observatiomns, this requires
that the tip be perfectly clean when the data are taken. Due to pre~
viocus usage, however, the quarter inch probe ports typically have their
channels coated with vacuum grease which collects dust and grit. No
probe may be guaranteed clean after insertion. Electron bombardment of
tips prior to insertion into other devices has provenl4 to be an effec-
tive cleaning technique since the ports could be maintained clean.
Figure 9 illustrates how this technique was adapted to clean a probe
tip inside the octupole vacuum chamber. Construction details are
avallable elsewherel5 but in general the probe has a filament mounted
at the end of a sliding narrow tube and inserted into a stainless probe
body next to the platinum tip. The vacuum seal is made at the air end
of the probe body. After the probe ié inserted into the chamber, the
filament is moved near the tip and heated with a 6 V“power supply. The
tip is biased to +400 V and draws several hundred milliamperes of elec~
tron current, When used in a glass test chamber, the tips glowed white
hot. A 10 sec heating pulse has proven to be sufficient to allow the
pressure gauge of the small test chamber to return to normal. The fil-
ament is pulled back from the tip into the end of the probe body and
the data is taken. When used in the gettering region, this should be
done every hour or so.

The debyve length, Ad’ in the low density, hot plasma varies from
half to one millimeter. A double probe should have its tips 5 to 10 Ad

apart to properly isolate the tips. A one centimeter separation was
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Figure I1 9

Diagram of a self cleaning probe.
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chosen as a safe value and proved to be useful for fluctua;ion measure—
ments but posed a problem since the ports are only 1/4" in diameter.
Figure 10 is a photograph of a typical probe which solves the problem.
Each platinum tip is part of a type 2 probe stem. The small tube has a
double bend in it at the main stainless probe body and extends through
spacers in the body, through the compressed viton pad at the air end
and out into the laboratory. The small tubes may be rotated nearly
180° from the deployed position shown to the closed position with the
small tips less than 1/4" apart. When the cleaning filament_(not
shown) 4is included in the unit, the entire self-cleaning expandable
double probe will fit through the air lock. Figure 11 is a photograph

of the main probe used to acquire the levitated data in Chapter I1T.

B: Acquisition Techniques

The majority of the results presented in this thesis rgquire the
systematic processing of a great many data records. FigureHIZ shows a
blqck diagram of the basic elements needed for computer management of
tﬁé acquisition and analysis of data. The computer used is a Digital
Equipment Corporation PDP-11/20 with 28 K, 16 bit words. The differ-
ential input analog-to~digital (A/D) signal converters used are three
Biomation 610-B 6 bit, 256 word transient recorders and one Biomation
610 6 Bit, 128 word unit. These units are capable of digitizing at a
10 MHz rate and are synchronized to a common clock. The signal comes
from the probe and is processed by the "probe box" which represents the
electronic processing performed on the signal before it reaches the

oscilloscope. The oscilloscope amplifier displays the transient signal
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Figure II 10
Photographs of an expandable probe designed to acquire data
for y > ws in the bridge. (A) Tip design, (B) The vacuum seal is

made using a Cajon fitting at the air end of the probe.
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Figure 11 12

Block diagram of the computer acquisition system.
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Figure IT 13

(A) Oscilloscope record: 1 V/div, 2 msec full scale horizon~
tal sweep.

(B) Digitized image of A: 1,42 V/div, 2.56 msec full scale.

<) Oscilloscope record: 1 V/div, 2 msec full scale horizon-
tal sweep,

(D) Digitized image of B: 1,10 V/div, 2.56 msec full scale,
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on its screen and drives it down the RG-62/U cable to the A/D station.
The A/D is triggered once per machine pulse and the digitized data are
read by the computer16 after each pulse.

The primary purpose of the computer is to acquire the data records
and save them on paper tape for subsequent analysis. The time between
octupole pulses is adequate, however, for mest analytical purposes.

The scoftware T have written to acquire and analyze the data is called
DATANAL and is described elsewhere.17 At present, DATANAL is capable
of acquiring, saving, and displaying the data, and, within a few addi-
tional seconds, finding (i) the least squares best fit to the data,
(ii) the correlation functionl8 between various data records, (iii) the
Fourier transform of the data, and (iv) various other matrix operations
useful in acquiring and analyzing data. Figure 13 shows a signal taken
directly from the oscilloscope and its digitized image as acquired and

displayed by the computer.

C: Profile Acquisition

As used in this thesis, a "profile'" is any plot of data versus
some parameter fixed throughout the pulse. Examples of such profilles
are the graphs of floating potential from a probe versus position in
the machine as seen in Figures IIT 8-13 and graphs of current drawn to
a probe tip versus the bias on that tip. This latter type of profile
has been used with DATANAL to get I~V plots for a probe in order to
obtain computer measurements of Te'

Figures I 6 and ITI 7 show a number of shots in the levitated

octupole to demonstrate the problems involved in conmstructing a reason=-
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able profile. Two major problems are evident: (1) fluctuations or
noise in the data signal, and (ii) shot-to-shot irrepreoducibility in
the signal for the same profile parameter. The problems caused by (1)
arise, for example, when one wishes to discover the bulk, '"zeroth
order," distribution and temporal evolution of some property, such as
density or potential. This fluctuational uncertainty may be relieved
by averaging the signal over a time interval which includes filuctuation
periods. The inverse problem arises when the object of the study is
the fluctuations themselves, as in subsection D. Problem (ii) may
sometimes be helped by using a monitor probe and standardizing the data
magnitude with it.

To get a better idea of what 1s happening, let the data be repre-
sented as dk(g,t) for the k-th machine pulse at position x and time t.

Suppose d, may be written as

k

d (x,t) = D P(x,t) + 6 (%7 ,t) [II-C-1]

where P(x,t) is the physical profile shape factor, Dk is the data am—
plitude which depends on such pulse parameters as the filling density
or temperature. The fluctuating part of the data is Gk(E,To,t) where
TO is the longest characteristic time of the oscillations. In the fol-
lowing paragraphs, three separate methods are discussed for making the

profile independent of the per shot variability of the plasma.

(i) Interval Averaging
We might define § as being the portion left over after dk has been

averaged over a time T, >> To:

d
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t+T,/2
1 d
Gk(E,TO, t) - dk(_}_s! t) - T J

ds d, (x,s) [I1-C-2]
d k=

t—Td/Z

If P(x,t) changes appreciably in the time Td {(as it might) this is not
satisfactory. A better method would be to curve fit a low order poly-
nomial, E%, to the data in the interval and subtract that from the

data. For a gilven position x,

M .
_ . 5 L
4, (x,0) = jEO c, () ¢ [1I-C-3]

8, (6T ,t) = d (x,t) - d (x,0). [11-C-4]

The {Cj} are the coefficients of the least zquares best fit polynomial
of order M defined in the interval (t-—Td/Z, ti-Td/Z). The 1l.s.b.f.
polynomial should be used because the.Gk defined by [4] has a zero
average in the Td interval. Notice that if M = 0, [2] and [4] are
identical. DATANAL uses the third order l.s.b.f. polynomial from sub-
routine CURVE for the values of {Cj}. In other words, the fluctuations
may be practically removed by using Ek instead of dk' Then [1] will be
replaced Sy

d (x,t) = D, P(x,t) [T1-C-5]

with dk found by [3].

(ii) Reference Scaling

The shot-to-shot variations in Dk may frequently be removed by
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standardizing the signal of [Ll] or [5] with the signal from a data
monitor whose profile parameters (such as position, impedance, bias,
etc.) are not changed on any shot. This reference monitor is assumed
to generate data of the same type as the data which are being profiled.

On a given shot, the reference monitor data will also obey [5]:

The idea is to have previously averaged Ek(r) over a number of shots

(x),,

-~

N
<d(r)(§,t)> = L dk(r)/N = <D> P(r) (x,t). [I1-C-7]
: k=1 !
Now, on the k~th pulse, we can multiply [5] by <d(r)> and divide by
Ek(r) and get, using [5, 6 and 7]

<d(x,t)> = <D> P(x,t). [II-C-8]

This is the pulse independent zeroth order profile of the data d.

It is easy to misuse reference scaling. For example, the average
amplitude for the floating potential, <Vf>, and for the ion saturation
current, <IS>, can not be the same quantities. Is data must not be

scaled by a V_ monitor because [8] would give a meaningless answer,

£
The same applies to scaling Is fluctuations with an Is profile monitor,
and so forth. In fact, fluctuation data should be reference scaled

only by a fluctuation moniter of the same type. ALl of these will de-

stabilize the data profiles being constructed. 1In fact, it is ques-—

tionable whether Vf may be reference scaled at all, since Vf is the sum
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of the plasma space potential and a term proportional to the electron
temperature. If there is shot-to-shot variation in Te’ temperature
gradients, or if Te decays at a different rate than Vp then reference
scaling must not be used. The rule to use is that data may only be
standardized by a like~type reference monitor. Even then, if the k-th
pulse's monitor varies too much from its average value, the physics
might change and change the data profile factor P(x,t). It is a good
second rule to always print out (dk(r) - <d(r)>)/<d(r)> so that the
pulse may be ignored if it is too far out of range. When applicable,
however, reference scaling can be invaluable in smoothing profile data.
It has significantly smoothed density profiles, I-V probe characterist-
ics, and r.m.s. fluctuation amplitudes of both potential and density
versus position. In the data reported in the later chapters, a #15%

acceptance interval was used whenever possible.

(iii) Pulse Averaging

Both of the averaging processes represented by equations [3] and
[8] may be done quickly by the computer between shots and involve no
additional effort by the experimenter. (The experimenter must initial-
ly find <d> by [7] but the number of shots need not be very large.)
However, it is frequently impossible to completely average out the Gk
because it is impractical to set Td >> Tow In that case both [5] and
[8] have a small added fluctuating term which will affect the profile
analysis. (Note that no assumption of smallnéss is made in [11.} 1If
the result of [8] is avéraged over several (K) pulses, the fluctuating

component will (usually) phase mix to zero. The final profile, then,
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is

() M :
< >
‘g_w z ¢ (x3k) ¢ [I1~-C-9]
d 3=0

pulse - reference interval

avg. scaling average

D: Fluctuation Acquisition and Analysis

The problem divides into two parts: (i) identification of the
fluctuation component from the slowly varying 'zeroth order" bulk por-
tion of the data, and {(ii) analysis of the data using correlation and

Fourier transform techniques.

(1) Normalization of Fluctuation Data

As indicated in subsection C, any data signal is composed of a
part which varies rapidly in time, and an offset which has a much
slower variation, éee [II-C-1]. The process of ‘removing the slowly
varying component from the fluctuating signal is consistently called
"pormalization" throughout this thesis. Although it is somewhat arbi-
trary how the two components should be separated, the choices available
tdﬁthe experimenter will make major differences in fluctuational gquan-
tities such as r.m.s amplitudes. It is important that the normaliza-
tion method, once chosen, be applied consistently to all the data ana-
lyzed. For all the data presented here, the fluctuation is what is
left after the time average of the signal is removed. This zero aver-
age property is the proper cheoice for the quantities used in the parti-
cle transport studies of Chapter V. The turbulence studies of Chapter

IV will show that an amplitude offset is generated which might cause
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interpretation problems. However, there is no clearly defined pre-
scription for unmiquely identifying a random turbulence signal so the
above definition is still applied.

Using the notation of subsection C, let dk(g,t) be the input data
signal. This signal might well have been processed by an electronic
filter with a "D.C." offset added by the filters, line drivers, etc.

The fluctuation component of d, will be written (following [II-C-4] as

k
6k(§,To,t) where

8, (6T ,t) = d (x,6) - d (x,t) [IT-D-1]

where dk has the property of being the time average in some manner of

dk over an interval Td which is much greater than To’ the longest time

variation of Gk. Following the argument after [II-—C-—Z],:{"k is not just

o Sk ultimately is to be time correlated and

fourier transformed in order to obtain all of the information avail-

the simple average of d

able., As described in the following paragraphs, the correlation func-
tion retains all of the Fourier components of the original data and any
slow time variation not removed from dk will appear in the Fourier
spectrum and quite possibly dominate it. Figures 14-16 show the effect
of a "D.C." ramp and offset on the analysis of a fluctuation data
record. 1If the ramp and offset are too large they will obscure the
fluctuation analysis. For this reason, DATANAL (ref. Section II-B),
uses the least squares best fit of an order M polynomial for Ek in

equation [1], If M=20, E£ is the simple average of d, and any zero

k

frequency offset will be removed. An M=1 fit would in addition remove

a linear ramp, and an M= 2 fit would remove a constant curvature in
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Figure IT 14
(A) Data trace as acquired by the computer.
(B) The same trace after the best fit linear function has
been subtracted. Both data are .96 msec long and the vertical

units are 59.6 mV per inch.
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Figure IT 15
(A) Auto correlation function of 14 A.

(B) Auto correlation function of 14 B.
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Figure IT 16
(A) Real part of the Fourier transform of 15 A.

(B) Same for 15 B. The low f component implies that a second

or third order function should have been used to normalize 14 A.
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that ramp. Since M= 3 esgsentially removes a single oscillation period
from the data, it 1s obvious that high order M must be used only with
great care if the fluctuation to be analyzed are not themselves to be
damaged. For example, suppose the input data is 256 psec long and has
had all frequencies below 10 kHz electronically filtered from it. An
M= 3 curve fit would numerically remove all frequencies present below
S kHz and 1s therefore not an unreasonable normalization. As explained

below, good numerical calculation of a correlation function requires

that eight to ten cycles of the fluctuation be present in the data

record. For this case, the M= 3 normalization should offer no problem

in data destruction. |

(i1) Analysis of Fluctuation Data

The principal information desired from any fluctuation data are
the average amplitude of the signal, its characteristic times and
lengths, and its relative motion with respect to the observer. The
data are said to be coherent if the Fourier spectrum is sharply peaked
in time and space and to be turbulent if it is not.

For coherent data with well-defined oscillations, this information
set is the period and wavelength of the oscillations averaged over time
and distance intervals which are long with respect to their averaged
values. In addition, the coherence {(correlation) time and length of
the signal is needed as a measure of the rate at which the period and
wavelength change. The phase velocity of the.signal is the ratio of
the wavelength to the period.

For turbulence data, the relevant information is the lifetime
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(correlation time) and velocity of each characteristic spatial length
in the signal. The observer also needs the average rate at which the
probe encounters each turbulence length in the signal. This indicates
whether the turbulence occurs in well separated bursts and is spatially
and temporally isolated, or whether i1t is dense, with the occurrence of
the turbulence signals overlapping in time and space. In practice, it
is very difficult to obtain this entire set of information.

If the data are oscillations at a single pure frequency, then
direct inspéction of the data record itself will yield all the neces-
sary information without further analytic effort. Unfortunately, most
plasma data usually indicate the presence of multiple coherent frequen-
cies, of random variations (for even a single frequency component) of
the frequency, phase and amplitude, or of a dominant non-coherent tur-
bulence component. In these cases, the required information may be
extracted from the data by first finding the auto or cross correlations
of the data record with itself or similar records, and then Fourier
transforming that function in time or space. The correlation function
will be defined below. Its purpose is to ensemble average random quan-
tities in the manner to be described. The amplitude, frequency and
phase of the signal may then be found from the Fourier transform. It
should be noted that this is not the order in which such calculations

19,20 The reason for the present method is

are occasionally performed.
that the Fourier transform is a stochastic function and is susceptible
to noise, whereas the correlation functien is not. This point will be

further discussed at the end of this section.

The following six paragraphs define the correlation function and
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its response to various sorts of randommness in the input data. Since
the first five points to be discussed have been considered in detall in
PLP-480, the pertinent problems and principal results will be merely
gketched here.

1. The Correlation Function: Let Fl(t’zo) and Fz(t,zoi‘z) be two

data records which have been obtained between the times t1 and t2 and

at the positions z, and zoi-z. The correlation function in time and

space C(F,,F,;1;2) is defined agtts22:23
t+T /2
- N
C(F Fy3t52) = T | _ Fo(t,z ) Fo(ttt,2 +z) dt [11-D-2]
t-T /2

where t = (t14-t2)/2 and TO is the integration time interval. The rel-
ative time shift T between Fl and Fz ranges between tTm where, if the

data time interval TD = tZ* tl’
correlation function is the limit of C as To approaches infinity. The

T = (T.-T )/2 > 0. The theoretical
m oD o

convolution,'E, is defined as C = ToC in [2], or, to be precise, as the
limit as T0 grows without bounds. The correlation C of coherent oscil-
lations is a finite number, whereas C is infinite. However, C is zero
for a single non-repeated '"blip,' whereas C has a finite value. Notice
that [2] does not perform a direct spatial averaging of the data. For
steédy state ("stationary") fluctuations, the best definition of the
correlation function is the ensemble average of the shifted product of
two data records. For this type of data, the time average of [2] is
equivalent to an ensemble average and the above definition of C is

correct. However, C is actually independent of t and z only for



79
stationary data. Tor nonstationary data, even the concept of frequency

24 .
runs into problems” wunless the time variations are "slow.'" See para~-

graph (2), below.

If Fl and F2 may be Fourier decomposed as Fl(t) = I Flk cos(wkt),
Fz(t) =7 Fo cos(mkt+-ﬂk), then
C(Fl’FZ;T) = Z(FlkFZklz)(cos[wkT4-¢k]4-erk). [II-D-3]

If the error term er, is negligible, each component reaches its maximum

k
value at Tk = - ¢k/wk. An important theorem is that
. - - ;..... . II"‘D’” ]
C(F,F,31) = C(F,,F 5-1) { 4]
(a) The error term may be shown to be < 1/QukT0). To keep this
term relatively small, TO should be eight to ten times larger than the
longest period in the data train. This, of course, reduces the sig-
nificance of the error only for the extrema of the k-th component; the
zero of that component is poorly calculated.
(b) Fortunately, there is a second method of reducing the error.

It may be shown that er, is proportional to sine functions of the phase

k

of Fl and F2 with respect to tl’ the beginning of the data record. If
C is calculated for N different data records and averaged together to

form <C> = ZCj/N, er, will phase average to zero no matter what kaD
is. Since this averaging procedure is equivalent to ensemble averag-
ing, <C> is always the quantity that should be used whenever possible.
This is not always experimentally feasible, however. Small shot-to-

shot changes in the plasma parameters may place the fluctuation on

significantly different points of its dispersion curve with each
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machine pulse, and a sequence of shots will trace out that region of
the dispersion relation. <C> can not be formed and accuracy may be
obtained only through the use of long data records. The BIOMATION
610-B A/D transient recorder described in section B is barely adequate
for the requirements if accuracy in both phase and frequency is
desired.

2. Coherent Signals With Slow Frequency Change: Consider a

single component of [3] only. Suppose that the frequency for Fl is
w(l;t) = w0*+w1(t-'E) where w is the instantaneoug frequency at the

middle of the data record. F2 is the same as Fl but shifted in time

by To. That is, Fz(t) has for its frequency w(2;t) = woi-(t"?;*To)-
It is straightforward to show that the correlation function for this

component is

F.F 7 osin(

TOAT)
5 cos(moT)

1
wlTOAT

C(Fl,FZ;T) = [II-D-5]
with AT = =T and & = wo-kwl(r-To). The term in square brackets is
the expected C for a signal with a constant frequency W, since

¢ = —w T is the phase given by [3]. If the integration time TO ig
very large, C approaches a delta function at T = T Figure 17 shows
an example of this for data from the octupole. The plasma was injected
5 msec after the start of the multipole field and the data is taken 5
msec later (43° into the sine pulse). Notice that the diffraction enve-
lope of [5] changes signs at T = Toztﬂ/wlTo. This well accounts for

the otherwise puzzling effect that the amplitude of C first decreased
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Figure 1I 17

(A) Two data records, 871 and 872, which show the effect of
a slowly increasing frequency.

(B) The cross correlation between the two records. Notice

the phase inversion at T = -3.5 X 10™* and +2.5 x 107" sec.
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to a minimum then increases again, and that the phase of C apparently
changes at the minimum.

3. Coherent Signals With Random Frequency Variations: On an

oscillation-to~oscillation basis, the period of a fluctuation usually
variles randomly about some average value 2ﬂ/w0. This turbulence in
frequency is averaged by C if the data interval is large enough so that
the integration samples the ensemble of all probable frequencies, or if
C is averaged over many separate pulses to achleve the same ensemble
averaging. ~If the sample length is too small then C for a single shot
is quite sensitive to the turbulence. In order to calculate’this
effect, assume that the probability that at time t the frequency is in
the interval (w,w+ dw) islﬂexp[—(m-—wo)z/ZUZ] dw. The average frequen—
cy is wo’ N is the unity normalization constant and ¢ is the frequency
variance (r.m.s. deviation of w from wo). The problem naturally
divides into two subparts depending on whether the turbulent signal is
the same for ¥_ as for Fl but shifted by T,» OF whether the turbulence

2

in F2 is independent of Fl'

(a) Shared turbulence: Auto correlations fall under this cate-
gory. If Fz(t) is just Fl(t) shifted by T, then each component of [3]

becomes

i _i1t2 ~g%
<C(F1,F2,T)> = L 7 cos(wOAT) exp{ At

fII-D-6]

2

where, again, T = = w .
» again, T fb/o

(b) Unshared turbulence: Fl and F2 are averaged over the ensemble

separately and, for OT0 »> 1, At << TO:
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F.F 2
12 cos(wOAT) 'lﬁi exp =2 At?

<C(F,Fp3m) = [1I-D~7]

1t is easy to mistake the exponential envelope of [6] ox [7] with the
"diffraction"” envelope of {5]. C must extend far enough in T to assure
that the cosine amplitude does not increase again.

4. Coherent Signals With Randomness In Amplitude: Suppose that

the Fourier amplitudes of Fl and F2 are random functions of time but

that the frequency is constant. Then [3] becomes

g [P (OFp (64D dE] cos@T+0,) 17 p g

k T 2
o

C(Fl,Fz;T) =
The amplitude of C is just the average of the product of the correla-
tion time shifted amplitudes. If the average is performed over too
small a sample, the non-regular amplitudes can exaggerate or depress
the net amplitude of C. Figure 18 shows an example of this accidental
enhancement of the correlation peaks. The integration time for C is
half the data record and for Fl is centered in the middle of the record
as shown by the dotted box. The integration window for F2 is time
shifted through the entire record. When the window is shifted as shown
by the dotted box, the indicated data peaks overlap and enhance the
marked correlation peak. There are at least three ways to avoide this
problem. The input records may be very large, sometimes a difficult

problem for a pulsed device.25 The correlation function may be calcu-

lated twice and [4] used to form the net C:
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Figure II 18

Two data records are shown in {(A) which lead to the
heightened peak in (B) which is marked by an arrow. The integra-
tion intervals in the records which'are used to form the correla-
tion function are shown for T = 0 by'dotted lines. When
T = 15 x 107° sec, the peak indicated by the arrow in 131 over-
laps the indicated peak in 132. The data is actually well corre-

lated near T = 0 as may be visually confirmed by viewing the data

from the bottom of the page, at a shallow angle.
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ey = . e —D—
C(FI’FQ’T) = 2[C(F1,F2,T) + C(FZ’F :=T)]. [T1-D-9]

1

In addition, the net C used may be the average of the C calculations
for many successive shots.

5. Rapid Random Turbulence: Suppose incoherent spikes appear in

the data with no apparent time width. This is the aﬁpearance of turbu-
lence with lifetimes shorter than the data sampling period. Suppose
that the probability that the amplitude is between (a,a-+ da) is

N exp(—az/ZAz). This assumes that the average amplitude of the noise
is zero. The noise correlation is a spike whose amplitude is A% which
is ﬁggég to the coherent C at 1T = Ty

6. Random Turbulence Of Arbitrary Lifetime: This is a much more

serious problem than that posed by the preceding paragraph because the
entire central peak of C will be modified. Discussion of this, how-
ever, will be delayed until Chapter IV where the analysis techniques
for turbulence are presented along with the results of the investiga-

tion.

(1ii) Correlation v.s. Fourier Transform

21,26 that the correlation function (C¥)

It is occasionally stated
and Fourier transform (FT) are completely equivalent functions: the CF
defined over the time-space domain, and the FT defined over the
frequency : wave~vector domain. This is due to a misusage of the
Wiener-Khintchine theorem27 for the case of turbulent signals as has
been discussed elsewhere.28 Physically, however, the differences in

stability to randomness in data may be readily understood. The CF is a

sequence of the time averages of the product of two data records. Each
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value in the sequence is the average of a different time shift between
these records. For stailonary data, this 1s equivalent to ensemble
averaging. The FT, however, is a curve fitting routine. It has been
shown29 that the Fourier integral is the amplitude which provides the
least squares best fit of a sinusoid to a data train. Thus, if the
signal is sufficiently turbulent and lasts for a finite length of time,
the algorithm will fit a frequency component with non~zero amplitude to
the noise. This situation is a turbulence generalization of the
usual26 process of aliasing, which means curve fitting a non-existent
High (finite) frequency component to a low (zero) frequency Eomponent
which has not been sampled sufficiently often.

Interpretation of an FT is also complicated by the phenomenon of
"leakage." Even for a pure frequency in a finite data record, the
structure of the FT amplitude in frequency is the same as the diffrac-
tion structure in space of a pure frequenéy passing through a single
slit. There exist large side lobes to the pattern which make resolu-
tion of different frequencies quite difficult. People who apply the FT
to dat320 usually multiply the data by an artificial amplitude function
which suppresses the side lobes. However, when the FT is applied to
the CF of data with turbulence, the turbulence itself has modified the
amplitude of the coherent component {see [5], [6], and [7]) in a manner
similar to the Hanning amplitude popularly used26 to suppress leakage.
In principle, one could measure the strength of the turbulence by com—
paring the size of the side lobes with the diffraction amplitude
expected, although in practice this is usually very difficult. TFigure

19 A, B, C, and D show a data record, its auto CF and the comparison
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Figure II 19 A,B

A data trace is shown in (A) and its auto CF in (B).

Figure II 19 C,D
The FT of B is shown in C and the two frequencies are well
isolated. The FT of the data in A is shown in D, which is the

real component of the complex FT.



90

Rs 37 FLOATING POTENTIAL ==4 IN,

J¢

vl 1M
TR

ARV,

hm %
WA

AU N A

17%.
150,
125,
100.

5.

o S = B = E = S &

50.

]

25.

e o

~-25.0

~50.0

19

-

oy

Vbbb ot braaa bvera b

M\

-20.0 ~10.0

9

B

0 8.0 - 20.0



— ot e e X

™M IO MW

i
1 1 1

®i
— gl g

-
[
Y

5]

QP ON OO DA SO

LA e B — B S Y

SHEBRERREREERNL JIRNE SRR RR NSRS SRENIAANNERRENIAE
/0" /05 —-n-}

19 C

=
Q“I__JIIIIIEIIHI IIII]HIE{HI i iiﬂiﬂi!iHH!HH{]IN]HHEEHIEE

192

I
/\ \'/\ f \;AJ‘.’Fl«] lﬁl \fl
-2.8 :itlllll|HluuhnlhmllzninnlnHIJH1!11711!1_t11]1|:|§|
x{Q-? 103 %8 32 s5& (7 18 a2 e 405 185 e

19 D

w
o]
AR AR R RS E A AR R RS RERE T




92
between the FT of the raw data and the FT of the CF. The CF-FT
sequence is much easier to interpret than the direcf FT of data.

In summary, then, the Data-CF-FT sequence is the one which should
be used since the ensemble averaging of the CF will stabilize the
resulting FT. 1In addition, the FT will retain the phase information
contained in [3]. The FT for a given component may be written as
A exp (1 ¢k) and A% may be found from the power spectrum which is the
sum of the squares of the real (Re) and imaginary (Im) components. The
phase angle is ¢k = tan—l(Im/Re) at the peaks in the power spectrum.
The information from the FT will be the best fit A, ¢, and w from the
entire CF, whereas these can be extqacted from the CF alone only at the
central peak and therefore with a high degree of error. The value nor-—
mally21 called the "power spectrum" is the real component of the FT of

/2

the auto CF of data. In general, this value is (Re24—1m2)1 at the

peak in the usual power spectrum.
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CHAPTER I1II: BULK PROPERTIES OF THE PLASMA

A Temperature Measurements
{1) The Electron Temperature

The electron temperature, Te, has been measured using the techw
niquel of sweeping the bias of a Langmuir probe (single tipped, low
impedance ... see IL A) from a negati;e value of 3 ... 5 Te below Vf to
a positive voltage of about the same amount. If the bias sweeps
through its.full range much faster than the plasma properties change,
then the operating point of the probe will move along the probe's
characteristic curve of Figure II 2(b). By sweeping the probe linearly
in time, the probe characteristic may be displayed on an oscilloscope
gcreen or digitized by a transient recorder. However, there are tﬁo
principal difficulties with this scheme.

Firstly, one can not usuélly place the entire characteristic on a
gcreen or in a & bit digitizer and retain the accuracy in the ion
saturation branch néeded for the processing described below. This is
because the ratio of electron to lon saturation currents is the ratio
of electron thermal speed to ion sound speed2 which for Ti_i Te is
(mi/me)ll2 = 42. One must usually be content to display the curve from
deep into ion "saturation" to somewhere near Vp' Figure III 1(a) shows
this data and its ramp for plasma at ws.

Secondly, one may not be allowed to sweep the probe fast enough.

Fluctuations occur at the edges of the plasma (near the rings and

walls) where the density is quite low. These are waves with between
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10 and 30 kHz frequenciles and an r.m.s. amplitude between 20 and 50%
the time averaged density. On the other hand, at these low densities,
the plasma frequency is on the orxder of a megahertz. Symon has shown
that as a signal changes on times approaching 1/fp, the debye length
expands without bounds and a signal at llfp would drive all the plasma
on the flux shell (assuming density is constant on the shell). The
ramp, then, should be quicker than 10 Usec to be "much faster” than the
changing plasma demsity, but should last longer than 10 usec to be
"much slower" rhan l/fp. Figure 1(b) shows one of the worst cases
where the 100 pysec ramp is in a roughly 30 kHz wave near wc. Neverthe-
less, the main body of the plasma is much higher in density and quieter
and the swept probe measurements yield reascnable values.

Figure 2 shows the circuit used £o generate the ramp. The ammeter
is the same as in Figure II 5, Most advanced probe theories which
account for sheath expansion with probe bigs (section IT A) predict

that for potentials below Vp, the current drawn may be written as

approximately
(V) = Iio(V) - Ieoexp[(vuvp)/'re] [111-A~1]
Iio(V) = Io + Il(Vf~*V) [I1XT-A-2]

where V is the (negative) tip bias and ion current is assumed to be
positive. I0 is the ion current drawn at V E-Vf when the net current
drawn is zero. The proper technique is to fit Iio(v) to the ion satu-

ration branch, subtract it from the total current everywhere below Vp,

and plet In[I(V) - IiO(V)} versus V to get Te from the inverse of the
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Figure II1 1

Swept probe traces,fp:_ie §ga§u#gﬁeﬁ;%- T§e period of the
sweep is 100 usec and theiﬁiaé voltagé_(raﬁﬁ.tface) changes'from
~45 V to +45 V. '

(A) Three successive shots of ws, 30 mseé into field pulse,
and 5 msec after injection.

(B) Three shots at 8 cm in the lower outer bridge region.
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slope. E. J. Strait is currently developing a program for the PDP-11
system to curve fit a line and an exponential from entire characterist~
ic simultaneously in order to obtain unambiguously the coefficients Io’
Il’ Ieo’ and Te_l. In the future, the best way to measure Te from
probe characteristics will be to abandon the sweeping circuitry and
acquire the current : bias curve on a point by point basis as in
Figure II 6 and apply the curve fitting routine. Using the considera-
tions of Chapter II C, rapid time variations in the data need not dis-
turb the accuracy of the resulting temperatures. Amnother advantage to
this is that Te as a function of time is obtained automatically.

The results of swept probe measurements are shown in Figures 3 and
4 for gun plasmas in the poloidal field octupole with the normal oper-
ating pressure. The results were summarized in Table I 2. There is no
significant difference between the levitated and supported ring cases
for either Te or TTe = - Te/Te. Figuie 5 shows ’I‘e as a function of
position along the mid cylinder from the wall to a point inside wc'
The points were obtained by overlaying a number of curves similar to
Figure 1(b) and visually tracing the most reasonable characteristic
curve. This was done a number of times for each position and the
scatter is fairly large. However, the mean value for Te joins well
with the values of Figures 3 and 4 which supports the contention that
VTe = 0 in the machine. This spatial uniformity is attributable to the
turbulent injection and capture process that accompanies gun generated
plasmas.4 These data, along with the spot checked observations else-
where in the device by the author and others, suggest that the behavior

of Te is essentially independent of a wide range of machine parameters.
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Figure . II1 3

Te for the hydrogen plasma as a function of position in lower
outer bridge and of time., Rings levitated and the background

pressure is 2 X 10”7 Torr. VC = 2.5 kV, crowbarred field.
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Figure III 4
T, for same operating conditions as 3, but with rings

supported.
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Figure IIT 5 ‘

Te 5 msec after injection along the mid cylinder.
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The cooling mechanism is still experimentally not determined, although
a hypothesis is presented in Chapter IV which might partially explain
it,

It should be mentioned in passing that Navratils has measured a
different Te/ie using the admittance probe teahnique.6 Te was seen to
.drop witﬁ about a 20 msec decay time until it reached 1 eV. Tt stayed
at that value for the remainder of his observation time. The transi-
tion time would occur after the observation time of Figures 3 and 4,
‘which was chosen t§ be the time interval for levitation, The final
resolution of this data conflict must await the acquisition of point
for point data and its analysis using Strait's non-bilased computer

technique to avoid gystematic error.

(ii) The Ion Temperature
Figure 6 of the ion temperature is included for completeness,

This is a compilation of T, measurements made by a number of observers

5, 7,8

i

using different techniques. The results are summarized in Table
I 2 for hydrogen. All Ti measurements were made in the B = 0 region of

the cctupole. However, VTi = () may be assumed due to the same

processes used to explain the observed flat Te profile.

B: Plasma Profiles

Figure 7 shows the ion saturation current and floating potential
traces as a function of time for four positions across the lower outer
bridge region at 330°, See Figure I 5 for the conversion from centi-
meters from the ring in the bridge to the corresponding Y value. The

data were obtained using the cleaned double platinum probe described in
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Figure TII 6
Ti(t) from measurements by Breun O, Navratil (O, and

Brouchous A . All data is acquired at the field null.
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'V'Figure 11 7.

(A—D) I (t) data tracés at fouf éositioﬁé 1n.tﬁe brldge for
the operatlng case of Flgure 3 A l 75 em; . B 4 S cm, C 7 0 cm;
:D 3 ) cm'. T I P - -

(E-H) Vf(t) traces for four positions in the lower outer
bridge for the same plasma as in (A—D) E l 75 cm; F 5 0 cm,
-EG 7 0 cm, H 9 5 cm, Unlts per vertical d1v1310n are marked on
:left of each baqe line as ABC YZ ABC X 10 | aﬁpgrgs.fo% I;"or

volts for V
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Chapter II. 1In these traces, as well as in all subsequent data, the
lon saturation current are plotted in units of current density, yAm-
peres per square centimeter. Profiles for these data and others simi-
lar are presented in Figures 8 through 13. In each case, the preofiles
were acquired according to the prescription of II C. Four profiles,
each at a different time, are presented for each of the six different
machine configurations. The earliest time given for each set shows the
plasma 1 msec after injection. Each time frame pairs the (upper) Ve
preofile, mafked in volts of the peak value, with the (lower)lion
current density, in uAmperes/cm2 of its peak value. The particle den-
sities corresponding to the ion current density may be estimated using
[IT-A-1]. All data were acquired with the clean double probe except the
SINE case profiles, which were from single tipped gold probes cleaned
as well as possible prior to insertion. The accuracy of these single
tipped profiles is discussed in III E where the problems mentioned in
IT A are again examined.

Figure 14 is included to document the existence of what must bhe
called an atypical profile. It is for the same machine parameters as
Figure 9 but shows the profiles peaking on ws with a relatively high Is’
a VIS near the ring which points toward the ring, and a double humped
Vf profile. This sort of profile has been seen on rare occasions by
several other observersg gince the gun was first instalied. It is un-
known what is responsible for this distribution, but it has usually
been a transient state of the gun's operation which disappears after a

day or so. These particular data, however, were observed after the

extender on the gun (section I B) was removed and disappeared when the
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Figure III 8
Poloidal field.only, crowbarred case, supported rings.
Profiles of floating potential (upper) in volts, and ion satura-

-

tion current density {(lower) in pA/gm2 versus centimeters from
the lower outer ring in the bridge ;t 330°. v, = 2.5 kv,
P = 2 x 1077 Torr.

A. 23 msec, 1 msec after injection

B. 35 msec

C; 47 msec

D. 65 msec
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 Figure TIT 14
Anomalous profiles. Operating conditions same as in Figure
- 8. 1Injection at 25 msec. The potential V is plotted in volts,

' the saturation current inm A,
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extender was replaced;
It should also be mentioned that the Vf profiles for the supported

ring cases occasionally display an apparently arbitrary D.C. offset

from the values shown here. The peak V. value has actually been seen

f
te be negative, but the potential gradients remain the same except at
the walls and very close to the rings where the profile rapidly returns
to ground potenﬁial. The offset does no£ appear to affect the density
or any other parameter and, in fact, has been restorable to the "typi-
cal™ value éhpwn by levitating the rings.

Most of the "normal profiles presented have two strikiﬁg features
iﬁ common. Firstly, the sign of VVf implies that the electrons more

readily leave the plasma than the ions. Secondly, V,. and Is peak

£
together in space. Since there are no gradients in temperature, [II-A-
1 and 2] imply that the space potential and particle density do also.
In addition, a linear relationship is observed between In{I(x)] and
Vf(x). This is the topic of section D and was first suggested from the
fluctuation phase velocity measurements as discussed in Chapter V.

A great deal has previously been discovered about the density pro-—
files in the octupole with the poleoidal field only. The magnitude and
gcaling of the ambipolar diffusion coefficient, D, (defiﬁed helow} has

10,11,12

been measured and it has been shown that the density profile

decays in a stable normal mode due to the diffusion driven particle

13,14
UX. .

f1 It seems reasonable in this case -to look for a diffusion

explanation for the relation between E = -V Vf and n.
Rudmin15 has shown that late in the sine field case, the density

distribution moves with the field lines in response to the behavior of
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the machine's electric field. Hence a diffusion relation between n and
Vf might be expected to fail late in the sine field cycle. In the case
of the added toroidal field, the plasma has been seen to subdivide into
regions where different processes dominate.l6 This should also confuse

any overall pattern to the relationship between V and I.

C: The Ambipolar Density: Potential Relationship

Section III B shows that the probe saturation current and floating
potential are related. This secticn gives a phenomenological explana-
tion for this observed relationship. A kinetic theory model which
quantitatively accounts for the data is presented in Chapter IV. The
ambipolar assumption is that in every region in space the ion and elec-
tron densities increase or decrease at the same rate.l7 The continuity

equation relates the particle fluxes, I' = nv, for both species by
Vel K =TT ‘ [ITI-C-1}
The general solution of [1] is

IL=I +x [II-C~2]

where the particle flow imbalance y is the curl of some vector,

Y =V x B. The vector B is related to the magnetic field caused by the
net charge flow and must be determined by the boundary conditions of
the problem, The flux coordinates of Chapter I will be used but the

components of a vector parallel to B will be labeled with ||. Since the

octupole is azimuthally symmetric, FiC = FeC' It has been shown18 that

the average of Y around the closed field line is zero but local paral-
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lel current imbalances may exist even with E” = (. The parallel and

perpendicular components then must be left as

r = T + v, III~C~3
el F Y| [ 2l

i]

Tiw = Few + Yw. [TTIT-C~3b]

Frequently the vector Y is arbitrarily set to zero. Although it
has been shown that the average current (e <y>) crossing a closed
field line is zero, the perpendicular current at any point on the field
line may be a large value. The fact that ¥ = 0 is not a justifiable
relati&nship causes important problems with the interpretation of many
types of data. This point is again discussed in section E.

For small displacements from thermodynamic equilibrium, the ther-
modynamic fluxes may be related linearly to the thermodynamic forces by
the usual19 Onsager expressions. The most general linear transport

equation for the particle flux may be written as (ni = ne = 1)

et

I, =~V @ - o [T1I1~C~4]

—
fl
| =

- @ ] o I Y S~
v (};in) + i, [III-C-5]

-

The subscripts are for ions and electrons and the equations are written

so that the general coefficients D) and U are identifiable as diffusion

and mobility. D and }I are written as second ranked tensors and the
equations are structured as shown because these are the forms pre-

. 0 .
scribed for a model dependent case by the fluid equatlon52 or kinetic

theory.zl For the purpose of this paper, D and 1 will be considered
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unrelated diagonal phenomenological transport parameters.

Rudmin22 has used simple probe theory and has shown that, to
within experimental accuracy, the observed plasma density in the octu-
pole is constant along a field line, as expected by M.H.D. theory. As
assumptions, let E” = 0 and all quantities be independent of L. Let
the plasma potential be U so that E = -VU, then [3], [4], and [5] yield

{see Reference 18)

U _ T* 18n + v C_Qe“gi)]w—y/n
oy n oY o +u.] [T1I-C-6]
Be T8y lyy
where
B -D.]
P - M [III-C-7]
+
With [5] and [6] the electron flux becomes
EE = uDa Vo + 8, [TII-C-8]
The ambipolar diffusion coefficient Da is
H D, +u. D
p o= WY _ivy Pig Pet [I11-C-9]
+ K]
2 Pepp ™ Mapy
and the flux imbalance is
B = T Dyt G VD Fu VD )]
e eyl 1y e ey iy 1y ey
[I1I-C~10]

If T* is a constant in ¥, [6} may be integrated to yield

v(y) = u, - T Rn(no/n) + W) [III-C-11]
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The subscript zero indicates the maximum value of U or n. As seen in
Figures 8-13, these occur at the same place in space which indicates
that the function W(¥) in [11] is a constant. W is the Y integral of
the. term in [6] involving y, which must be zero. This sets

y = v @_-1) . [11I-C-12]

.and alsc [10] will become

g, = (VD) 0. | [T1I-C-13]

Note that [11] need be true only in a piecewise fashion, between each
region where the gradients go to zero. T* must be constant in each

interval for [11] to be valid, but may change its value. at the peaks.

D: Analysis Of The Profile Data

(1) Ambipolar Relation for V_ and Ig

f
The absence of temperature gradients for the profiles of IIL B

imply that Vf(ﬁ) = VP(E) + a and Is(g) = n(x)b, where a and b are

independent of position. This permits the conversion of [III-C-6] or

[11] into a form with measurable parameters. As indicated, W(¥) = 0

and ambipolar diffusion effects predict that
= * ) C ] D1
Vf(w) V0 + T lnfls(w)/loj [II1-D~-1]

where T#* is still prescribed by [III-C-7] and VO, IO are the maximum
value in Y of Vf, and IS. T* may be found from the slope of the plot

of in(IS) v.s. V_. using the spatial ccordinate as the common parameter

i

to generate the (AnI,V) graph coordinates.
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(il) Parameterized (I,V) Plots

Figures 15-20 show the parameterized (I,V) plots of the profiles
of Figures 8-13, respeqtively. There are four distinct regions wvisible
in the plots for the Bp only cases. Reglons I and II are in the closed
field line portion of the octupole. Region I extends from near the
rings to the mutual peak in density and potential. Region II extends
from the peak to near the wall. As explained below [III-C-1], these
represent good piecewise solutions of [III-C-6] in the form of [1].
Region I11 extends inward from the wall to a point where VV = (0, where
it becomes II, n does not go to zero at this place, but the VV = 0
field line is the one which first terminates on the wall, (See Figure
I 2.) Plasma in this region is mirror confined and Fi” = Pe" is no
longer necessarily true. 1III is external to the confinement zone and
is characterized by a high level of fluctuations. Figure 21 shows the
transition between regions II and IIT clearly for data taken along the
mid cylinder where dy/dx is small.

An example from a completely different plasma device is shown in
Figure 22, which is the parameterized (I,V) graph of data from the D.C.
spherator ring at Wisconsin taken with R. Richards using his marginally
stable mirror configuration.23 The plasma is mirror confined for this
case and is shown for several values of bias on the single tipped probe
used to acquire the data. Ti for this plasma is ten to a hundred times
lower than Te.

Region IV in the octupole plots begins at the ring and extends
about an ion gyro diameter into the plasma, where it joiné I. IV

therefore corresponds to the ring scrape-off region.
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Figure ITI 15
(¥,V) graph of Figure 8. Heavy dots are data, light dots are
the fitted curve to these dots. Abscissa marked in 0.5 V steps.
A. 23 msec
B. 35 msec
C. 47 msec

D. 65 msec. Short upper line is the'ringﬁpeak region L.
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