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Resistivity measurements parallel to the magnetic field were made on

-3 3

gun injected plasmas ranging in density from 109 ez - to 1012 em ~ in

the Wisconsin levitated octupcle with toroidal and poloidal magnetic

fields. The 107 ca ™)

plasma was collisicnless with Amfp > 100 mirror
lengths, had Te = 10 eV, Ti 2 30 eV and was found to have anomalcus
resistivity scaling like n = /f;/ne when E; > Ec where Ec is the Dreicer
critical field. The 10%2 cn™ plasma was colllisional with Mo
zirror leagth, had Te = Ti = .2 eV and was found to have Spitzer
resistivicy when E,< Ec

The inductive electric field parzllel to the magnetic field iines
was calculatedland was usad to investigate single particle motion of
crapped and circulating particles in the octupole geometry. The
calculated E, was used to determine plasma resistiviecy from the
measured value of J, /B on a flux surface.

Plasma densiries and electron temperatures were measured with
tangmuir probes. Ion temperatures were measured with skimmer probes

which allowed local measurements in the high field bridge region.

An E x B energy analyzer was developed for measuring electron velocity
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distributions. Current and density fluctuations were observed in the
low density plasmas which exhibited anomalous resistivily,

measuremancs of the fluctuatlons are besr explained as fon Bernstein

modes and current-driven drift waves.

Small angle electron-wave secattering was examined in the presence of
deep magnetic mirrors and was found to extend the range of applicability
of Plateau resistivity determined from neoclassical transport theory.

The acomalous resistivity observed in the low demsicy plasmaa agrees in

scaling and magnitude with Plateau resistivicy.
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Chaprer I

Introduction

Plaswa resistivity in an octupole geometry has been studied by
University of Wisconsin plasma researchers since the 60's. Lencioni!
noted anomalous resistivity scaling liken o f'-f;/ne in the little
octupole filled with a gun injected plasma. Etzweiler? expanded the
resistivity studies on the litrle octupole by using microwave generated
plasmas which allowed a larger range of n, and Te to be examined. The
big octupcle results presented in this thesis were cbrained at the
same time as Ztzweller's work.

"atil 1774 the big octupole and little octupole were linked by the
—Eilne resistivity scaling and efforts were made to explain why this
scaling should occur. Little cctupele efforts were devated mainly to
extending the ranges of ne, Te, and machine parameters such as airrer
length and electric field strength. Big cetupele efforts were
concentrated on the current and densiry fluctuations which were
observed to accompany the anomalous resistivity.

In 1974 z new plasma gun (big gun) was installed on the big octupole
which gave high density, low temperarure plasmas which exhibired Spitzer
resistivicy. In 1976 another gun (intermediate gun} was installed on
the big octupole which showed Spitzer resistivity at injection time and
/?;/ne resistivity 10 msec later. Current fluctuations were observed
to turn on at the time of the switch from Spitzer to anomalous

reasistivity. The new plasma guns showed 2 comnection between the

fluctuations (current—driven instabilities) and the anomalous resiscivizy,
and alsc extended the paramerer range of n, and Te scaling.

The scaling of the conductivity can be related to microscopic effects
such as scattering of electrons off of other charged particles, scatter—
ing off of neutrals, scattering off of fluctuating electric fields, and
trapping of electrens in certain regions of veloelity space due to spatlal
variations in the confining magnetic field strength. The macroscopie
effects of conductivity make it one of the most important transport
properties of the plasma. The conductivity determines the amount of
current which will flow In response to an applied elecrric field and
thus how much energy can be added to the plasma by ohmic heating.

In order to calculate the ohmic heating power that can be coupled
o a plasma.one needs to know the applied electric fleld and the plasma
conductivity. Neither of these quantities 1s simple to determine for
the octupcle geometry. The following chapters will hopefully acquaint
the reader with some of the complexities which arige.

Chapters II, III, and IV contain descriptions of the experimental
apparatus, plasma scurces, and diagnostics which were used to study the
conductivity. Chapter V explains the methed used to calculare the
inductive parallel electric fields. Chapter VI deals with the single
particle motion in response to an applied electric field in an octupole
geometry. Chapter VII is 2 review of theoretical conductivitries and
how they apply to the octupole. Chapter VIII is a summary of the conduc-
tivity measurements made on the octupole and the scaling of the conductiv-

ity versus density and electron temperature. Chapter IX reviews current



iriven instablilities and thair eifects on plasma conductiviry.
chaster X 1s a summary of fluctuatioms chserved im the electron

current. Chapter XI contains a summary of results and a possible

explanation of the resulits in terms of a turbulent-mirreor mechanism.

i.
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References for Chapter I

D. E. Lencioni, Univ. of Wise. Ph.D. Thesis, PLP 276 (1969)

J. ¥. Etzweiler, Univ. of Wisc. Ph.D, Thesis, PLP 738 {197T)
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Chapter 11
Machine description
4. Wisconsin levitated actupole
tazat

Figure 1 is an {llustration of the Wisconsin levitated octupcle
on which the experiments to be described were performed. The confining
zagnetic fileld 1s produced by a 90:1 turn transformer. Four sets of
primary windings are wound In series around the four legs of a 60 ton
laminated iron core. The primary windings are Interleaved with continuity
windings which carry the wall image currents arcund the core so that the
vacwm vessel does not link any magnetic flux. The secondary consists of
four one turn secondary windings (hoops) in parallel which are coutained
-nside the vacuum vessel. 700 kA of current is Induced in the hoovs at
-zak field when the Bp capacitor bank is Inirially charged to 2.5 XV,

1 summary of machine parameters is given in Table 1.

The hoop currents all flow in the same direcrien and produce the
seleidal magneric field fllustrated in Figure 2. Figure ?a shows the
ilnes of constant flux which are also the fieid lines. The field lines
are labeled in Dory units® from O to 10 with the ¥=0 fileld line located
at the hoop and the ©=10 field line located at the wall. 10 Dory units
are aqual to the flux in Webers inside the machine. The flux is contained
inside the vacuum vessel by image currents flowing in the wall. Because
the walls have a finite resiscivity the image currents are not able to
perfectly Image the flux ar the wails and the flux is able to diffuse
into the walls and hoops.5

The flux is divided inte two regions, private and common. The private

flux circies only one hoop. The common flux circles all four hoops. The
two regions are separated by the separattix fleld line which is the dashed
field line in Figure 2a.

Figure Zb shows lines of constant Bp magnitude. BP-O at each of three
points on the midcylinder where the separatrix field lines cross. B
increases In all directlons from the fileld nulls. This magnetic config-
uration is referred to as a minimum B magnetic well.® The octupole has
shown itself to be stable to the flute or interchange Instability.’

This is due to the favarable curvature of the fileld iines. Field lines
curve in toward the plasma more than they curve out and thus satisfy the
relation 8¥<0 in the direction of decreasing plasma density, where V is
the volume of the flux tube. The last field line having average good

curvarure is called @c and is Indicated by the dot-dash line in

rit
Figure 2a. 9 satisfies the condizion
eritc
=4 di . . . .
B —3- 20 increasing ¥ direction

where the integral is taken once around in the pololdal direction.

8. Poloidal magnetic field
Figure la illustrates the poloidal field circuitry. The main .048 ¥
capacitor bank may be charged as high as 5 kV when running in the sine
wave mode but is normally charged ro 2.5 kV. In the sine wave mode the
poloidal magnetic field varies as a sine wave with a half pariod of 43

mgec. In the crowbar mode the 6 F crowbar bank is fired at peak fileld

(22 msec) and the magnetic field decays with a much longer period; T=90
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msec near the hoops to T*150 msec on the mideyiinder.?

€. Toroidal magnetie fleld

The octupole has a 40:1 turn toreidal tranaformer which drives current
arcund the vacuum vessel the short way around in order to produce &
torcidal magnetic fleld. The Be transformer may be driven in series with
the poloidal field by opening switch 52 and closing switchea $3 and S&
illustrated In Figure 3a. Bp and Sa may then be run in series with the
s-ame time dependence, either sine wave or crowbarred. The Be field alsoc
“has a separate capacitor bank and power crowbar which allows Bﬂ to
operate independently of Bp. The BG circuit is illustrated in Figure 3b.
The main bank may be charged as nigh as 400 Volts. The charge on the
sain bank is approximately equal ro the 1’.:3 field in Gauss on the mideyi-
‘nder {i.e. 100 Volts = 100 Gauss). 300 Volts on the By bank produces
spproximarely the same Ba field as running Sp and 38 in series with 2.5

¥ on the BO hank.

2. Sequencing of fields
Figure 4 illustrates £ield timing and gun Injection. The poloidal and
roroidal fields can be triggered independently. The normal operating mode

8

1ljustrated in Figure 4a. This mode gives long plasma confinement time

is to trigger B and B, at the same time and crowbar at peak field as
P

and slowly changing magnetic filelds. It is ideal for studylng diffusion
srocesses since plasme moticn due to field line moticon has been reduced
to a minimum. Due ro the finite conductivity of -the walls and hoops there

ts a small amount of field line motlon due to soak in. This field line

motion induces electric fields parallel to the magnetic field lines which
i
are on the order of .1 V/m.

The sine wave case is illustrated in Figure 4b. Field line motion
occurs due to flux entering the vacuum vessel through the poloidal and
toreidal gaps. Ej = .1 V/m at peak field and increases to = 1 Vim late
in the pulse when field l}ines are rapidly leaving the machine.

Pigure 4c illustrates a pololdal olmic heating mode of opera:ion.s
The poloidal field 1s crowbarred at peak field and then the Be field is
fired. The rapidly changing B6 field induces a strong electric field in
the poloidal direction. Parallel electric fields on the ordey of 5 V/m
can be obtained in this manner.

Figure 4d illustrates gun injection time. The gun is normally fired
2 msec after peak field In order to be clear of voltapges gilitches due tao
crowbars turning on. Measurements of density, temperature, and conduct-

ivity are made on the decaying plasma.
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References for Chapter II Table II-1

Levitated Octupole Parameters

1. J. Steben, I. Appl. Phys., 43, 1211(1972) 3 KV on B cap bank

2. T. Ohkawa and D. W. Kerst, Nuovo Cimento, 22, 784(1961}

3, J. k. Drake, et, al,, Sixth TAEA conf. on Plasma Physies and Hall Inner Hoop Outer Hoop
Controlled Muclear Fusion Research, 2, 333(1976) Current I 1.418 MA -462 MA <248 MA
4. R. A. Dory, PLP 27 (1964) Bma.x (at surface) i0 kG 13.7 kG 6.6 k&
J. S ?&ﬂisl?@ - Bmin {at surface) 1.7 kG 6.4 WG 4,3 kG
W"Tw?imwz;\;—;;;s in Plasma Physics {Interscience publishers, Force Constant 11400 1b/ca 6530 1b/em
N.Y., 1%68), vol. 1, p.67
", 7. Scimidt, Univ. of Wise. Ph. D. Thesis, PLP 250 (19€9) tnergy of pulse 6 My
3 5. A, Navracil, PLP 629 (1975} Total flux © L84E W
3. J. Twichell, Bull. Am. Phys. Scec., 23, 835(1%78) Taductance L: L=N2Ll, =50, L; 596 un
Capacitance: Cbank L048 F
Approx. half-sine-wave period 47.7 msec calculated
43 msec aobserved
Volume of vacuum region 8.6 m3
Volume of flux region (5§ = 2.17 cm) 16.3 m3

Min. # fon gyroradii (near outer wall) 23 at 100 eV
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Figure LI-1

Wisconsin Levitated Octupocle
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22 msec

z. Crowbar E“ = 1 V/m

22 msec 43
. 3ine wave I,= .1 -1 V/m
c. poloidal otmic hearing E, = 5 V/am
i
£ hd T
2Zmsec

d. Injection time

Thaprer [IX

Plasma sources

Three coaxial plasma guns were used on the oectupcle for genersting

plasmas with varying densities, temperatures, and background neurrals.

A, Little gun

The lirtle gun plasma has been extensively studied and deseribed.?%*%
It is constructed out of two coaxial copper cylinders. The outer cylinder
is 40 cm long and 7.5 cm outer diameter. The inner cylinder is 2.5 cm

s 3 .. . o .

diamerer. .5 cm  of hydrogen gas is puffed into the space between the
cylindrical electrodes at the rear of the gun by a fast accing electro-

magnetic valve. The gas is allowed to diffuse for approximately 300 usec

= 5

Juring which time it distributes itself uniformlv between the electrodes
and thea a 15 kV potential is applied to the elsctrodes causing the gas
zo jonize and expelling it frem the gun by J x B forces.

The 1little gun is mounted on top of a drifr zank of volume .3 m3. Any
wn-ionized hydrogen from the gun pulse is differentlally pumped in the
drift tank and doesn't affect the torold pressure until 100 msec after
the gun has fired. The lirtle gun produces a hot ilom, collisionless
> 100 mirror lengths, Inirial demsity on the separatrix

isn=*5x 109 cm_3. Te and T, are plotted versus time in Figure 1.

plasma with A
mfp

T, is grearer than Te for the fivst 20 msec after injection.



The intermediate gun has dimenslons similar to those of ¢. litciz
gun. Unlike the little gun, the Intermediate gun is mounted ¢« the
bottom 1id and fires directly into the octupole without an inte:. aning
drift reglon. The little gun densty 1s highly atteruaced by passing
through a 4" gate valve comnecting thz drift tamk fo the toraid.® The
initizl density of the inrermediate gun is high, n = 5 x 1011 cm-3 on
the separatrix. Ti and Te for the intermediate gun plasma are plotted

versus time in FPlgure 2. Initially, T, and TE are similar to the values

i
ef the little gun but the ions cool rapidly and '1‘E > Ti after about
5 msec.
Big gun

The blg gun was constructed by G. A. Mavratil in order to investigate
4iffusion ceefficient scaling in a high denmsity, low temperature plasma.’
The outer electrode is a stainless steel tube 73 ¢a long and 8.25 cm
outer diameter. The inner electrode is a copper tube 2.5 c¢m diameter,
The big gun is mounted on the bottom 1id and fires directly into the
toreid. The big gun was operated in a low background regime and a high
hackground regime.

=7
€1) Low background pressure (= 10 ' Torr) Helium plasma
12 -3

The big gun produces an initial plasma density of o ¥ L0 em on the

separatTix, Since 1t 1s mounted directly on the toroid any un-icnized
zas from the gun enters the vacuum vessel shertly after the plasma slug.
Measurements with a fast Lon gauge® indicate that the background neutral

P
-5 .
nressure remaing low {< 10 Torr) for the first 20 msec after the gun

“toroid

is fired and then rises to 1’10_5 Torr in the next 20 msec,

In the first 20 msee after gun injection the plasma is collisicnal
with Amfp < wmirror lemgth. The small collisional mean free path is due
to Coulamb collisfons. Neutral collisions play a minor role in the first
20 msec. 'I‘e and Ti versus time are plotted in Figure 3a.

(2) High background pressure (5 x 1078 Torr) Helium plasma

If the octupole is eycled continuously the neutral Helium background
pressure rises because the vacuum pumps attached to the torcoid have a
hard time pumping the small Helium atoms. On a minute and g half cycie
the background pressure rises to 5 x 10’6 Torr. When the big gun is
fired into the toreid with a high background pressure the ions and
electrons cool quickly to about .2 eV and then remain fairly constant
in temperature. TE and Ti versus time are plotted in Figure 3b,

In general, the ifoms can be cocled by firing the gun into an existing

nigh background pressure or by puffing a known quantity of gas Into the

_igggfthe gun is fired by means of the puff valve attached to the
T
wall of the cctupole. The puff valve method gives reproducible results.

Relying an the background pressure is risky since it can vary from shot

to shot.
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References for Chapter ITT
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Chapter IV

Diagnostica

A. Langmuir probes

langeuir plru:abes1 2

were used extensively in this research to measure
tocal values of plasma density and electron temperaturs. An experimental
T7 pilzt is illustrated in Figure la. The abscissa is the veltage applied
to zhe probe with the octupole wall being the ground reference (0 Volts).
Ter 2 large negative bias on the probe all the electrons are repelled and
ke urreat to the probe tip comsists of fons. The ion saturaciom current
s tn the order of the lon diffusion curremt. I, tends to increase slowly
13 hizker negative voltages are applied to the probe.

.5 tie probe potential approaches VE energetic electrons are able to
-ezzh the probe. At the peint vf the flux of electrons to the probe

<zuais the flux of ions and the net current is zero. This voltage is

~31les =he filgaring potential and is the voltage which an isclated

Vi

~5iect zssumes when placed in the plasma.

*s +he transition reglon of voltages the probe collects an Increasing
si=her oF the less energetic electrons until the point Vp (plasma
sotenzial) 1s reached where electrons of all energles ave collected.

The slzsma potential for the lirtle gun plasma is about 40 Volts 5 msec
afrer iniection. The plasma potential is d1fficult to determine from
the IT characteristic since the change in slope berween the transition

region znd the electron saturation reglon is not very sharp and leads to

an =ncerzainty of 5 Volts. An alrernative method of measuring the

24

plasma potential is to use the velarion

J om oV + 1Y-1
VP £ Tekn(ve/ci) Va1

where v, 1s the electron thermal speed and ¢y = (8k’1"/ﬂ'~:-.i) is the ion
sound speed. T' is the larger of T, and T,. Since Ve and T_ can be
determined sccurately, eqn. 1 can be used to determine VP more precisely
than the deflection point method.

When a probe i3 biased at the plasma potential the lons and electrons
meve to the probe at their rhermal velocities, Since electrons move much
faster than lons because of their small mass the current collected at
the plasma potential is mainly electron current.

If the velacity distribution of the electroms is Maxwellizn, then the

electron current in the tramnsition region is given Dy

v-v
I = 3V Yexs [EC p)] V-2
kTe
Solving for the electron temperature give53
—_ Iv-3

®T [d EnJ(V)}ml
e =

e av

In practice, the derermination of electreon current versus potential
requires several shots to be fired. The probe potential is varied
berween shots. Each IV point should be the average of 3-5 shots at the
same probe potential. The IV points plotted on semi-log paper will
determine a straight line if the electron velocity distribution is

Maxwellian. T_ is the slope of the line.



Plzgma density was determined by blzsiang the probe ta ~43 Volts in

rder to collect ion saturation current. The current to the probe tip

3

is given by

Ioi
- - nev* IV=4

&

4 is the surface area of the probe. The factor of 1/4 in eqn. 4 comes
from two factors of 1/2. Assuming an 1sotropic velocity distributiom
only 1/2 of the lons are heading toward the probe. The other factor of

1/2 is the average of the direction cosine over a hemisphere. If T, 6 > T

i =]
then v* in egn. 4 is given by
[8xr Y1/2
- (225 s
FREE N
If T, < Te then v* is given by
1/z
vF = ?fe V-6
m

i

This satisfles the sheath criterion which requires cold ions to stream

into the sheath boundary with an energy greater than 1/2 kTe.

Effect of collisicns on probe characteristics

The probe theory described above is valid for an unmagnetized plasma

where the mean free path of the electrons and jons is much greater than

the dimensions of the probe and where the sheath dimensions are much

smaller than the prebe dimensions. The response of a probe in a plasma

26

depends on a number of governing parsmetrers. Table 1 lists the mean free
path, Debye length, don gyroradius, electron gyroradius, and probe radius
for the 3 different gun plasmas used in this research,

It is seen that the little gun and intermediate gun satisfy the

requirement Amfp >> R >> KD. A probe operating under these conditions

Table 1
mep (m) Apm oi(m) P, (m R(m)
- - -4 - =
Big gun .5 x 10 3 2.4 x 10 6 4.3 x 10 1 x 10 3 1x 10
int. gun 6.3 4.4 x 107 4.8 x 1073 6x 167 1x 107
little gun 500 3.3 x 107 5.3 x 1070 7x 107 1x 107

B = 1.5 kGauss

is said to be in the conventional thin sheath regime and the probe
theory just discussed is applicable. The big gun does not satisfy the
requirement lmfp >> R. The collislonal mean free path is the same order
of magnitude as the probe dimension., This leads to a decrease in the ion
saturation current from eqn. 4. Figure 2 illustrates how this occurs.
Figure 2a shows the collisionless case. R is the probe radius and A is
the collisional mean free path. The probe radius determines an area AR
while the mean free path determines an area Al' If Al >> AR the velecity
distribution of ions at the edge of X is isctropic and the random flux of
ions to the probe surface is Jr = 1f4 nv from which eqn. 4 is obtained.
In the cellisional case where AR - Aﬁ the distribution of velocities at

AR is no longer isotropic since the prode blocks =1/2 the particle flux
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ro the surface. The tandem filux to the probe in this case is J_ = /2 ov.
r

In gereral, the ion saturation current is given by

A 4K

I
*
~1i _ nev V=7

where K = 1 for a collisionless plasmé and X = 1/2 for a collisional

plasma.

Effect of magnetic field on probe characteristics:

The effective mean free path across the magnetic field is of the order
of a gyroradius. Particles cannot travel any further than this rrans-
versely without making a collisiom. From Tabie 1 it is seen that the
_lectron gyroradius is much smaller than the probe radius in all three

-nses. Thus the electrons do not obey cellisionless probe theory. In
- M.———y-u—""_—m""—'-—wvﬂ-—

et o e ST

-he absence of a magnetic field the ratio of electron sgturation current
+o fon saruration current is the ratic of electron to ion tharmal
velocities.

iTe L/2

meTi

which is approximately 23 for the lictle gum. From Figure 1 it is seen
rhat rhe experimental value is Ie/Ii = 10, The electron saturation
current Lis depressed In a magnetic field due to the small size of the

electron gyroradius.
tnother effect of a magnetic field Is to destroy electron saturation.

The electrom current drawn to the probe increases as nigher and higher

28

voltages are applied. This effect is not completely understood but has
been tentatively explained in terms of sheath expansion at high biag
vol:ages.z‘“ The nonsaturatlon of electron current makes the datermination
of Vp hard to accomplish from the IV plet. In the presence of & magnetic

field it iz more reliable tc determine Vp from eqn. 1.

Physical constructicn of probes:

Figure 3a is zn illuscration of a typleal probe used to monitor
plasma density. The probe is biased to =45 Volts iIn order to collect
jon saturation curreat. The probe tip is a cylinder machined from
steinless steel. A coaxial cable connects the probe tip to the bias

capacitor. The cutoff freguency of the probe 1s given by

where R is the locad resistor and ¢ is the cable capacitance and

oscilloscope input capacitance. Using [ = 20 pF and € 100 pF

input cable s

zives [ = 10 MHz for R = 1000.

Surfacs centamination:

The probe theory just discussed is valid only for a fully catalytic
probe surface. At such a surface all positive lonz immediately recombine
with electrons and the nestralized species then return to the plasma-

For a positive bias on the probe the surface acts as a perfect abscrber
of electrons. Lf the probe surface becomes contaminated with an oxide

layer ©T vacuul grease pieked up from the probe port the probe charact-



eriscics are liable to change,

Deposits of insulating material on portions of the probs =
.

decrease the collecting area of the probe and cause the prol .

ksl

give

lower saturation current readings. Atmentrout has ghown thay 2 2ontam—
e e

inated probe effects the measurement of fleating potential.® Seeman and
Thornton show probe characteristics in the transition region for a
contaminated probe and a clean probe.s As jllustrated in Figure 3b the

contaminated probe shows a decrease In the current slope near the.

floating porential which gives an erromeously high value for T .

-

Contaminated probes affect measurements of n, Vf and TE. It is
assential to clean a probe thouroughly In order to obtain reliable
neasuremencs of these parameters. All probes used in this research
were constructed of nonmagneric stainless steel. Probe tips were
de-greased with aleohol and acezone and then abraded with 600 gric
silicon carbide paper prior to use. Probes were not used in regiens
of the machine subject teo direct gerter shine. Contrary to expectations
a deposit of titanium acts like an insulator and depresses the
saturation current. Swift and Schwar® recommend biasing the proke
deep into the lon saturation region (100 - 200 Volrs) im order ta
bombard zhe probe surface with energetic fons. They suggest this
technigque be used at intervals to sputter off contaminants which may

have accunulated on the probe tip.

30

B, Ton tomperatures

Ion temperatures were the mest difficulf measuremencs to make on the
octupole, Breun’ and Erickson® used curved plate electrostatic energy
analyzers to measure the ion velocity distribution. These analyzers
required a hypernick extractor pipe which extended down to the midcyl-
inder separatrix. This extractor pipe scted as & large obstacle to the
plasma equal in area to all 18 of the hoop supports. This type of
analyzer was nct able to deteer ioms with energies less than 3 eV,

Navratil? used 2 gridded electrostatic analyzer for measuring ion

temperature. This analyzer was also restricted to operating on the

nideylinder separatrix, The main advantages of Navratills analyzer

were its swall size and its ability to measure ion temperatures as low

as .1 e¥. A disadvantage was that ir could only be used on the mideyl=~
inder separatrix. Other experimenters had trouble with negative

currents when large biases were applifed to the grids of the device.

The negative currents were. =10% of. th —magatiude of the don saturation

WLurrent and were actributed ro-seeeomdary-elesttons_heing knocked off

the grids and walls of_EEE_gnalyzer.le

Figure 4 is an illustration of an ion energy analyzer which is
referred to as a skimmer probe.“’lz'13 The device can be constructed
so that it is less than 1/4" in diameter and thus is zble to fit through
any probe port on the octupole. The electrodes were machined from
stainless steel. The grids are 2 mil 90 mesh stalnless steel with 807
transparency. The probe must be oriented so that the magnetic field is

perpendicular to the probe axis as illustrated in Figure 4. The

ncoilector electrode is located .3 mm behind the outer grid. This
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dlstance was chosen so that the outer grid would skim off electrons but
10ns (with thelr larger gyroradius} would be able to reach the collecrter.
Figure 5 shows the motivation behind the .3 mm spacing. For a magnetic
field of 1.5 k6 (B ® 1.5 ki on bridge separatrix et peak field) all

e
electrons up to Te = 100 ¥ have gyroradii less than .3 om and will be
skimmed off by the cuter grid. 411 hydrogen and helilum lons with Ti >
.1 &V have gyroradil greater thap .3 mm and can teach the collecter.
Trus the collector sees conly ions.

The grids and collectors are hiased as shown in Figure 4. The outer
rid ig allowed to float. The collecror is biasad &3 Volts negative
wirh respect to the outer grid and collects lon saturation qurrent.
~we inner grid is swept positive with respect to the outer grid in crder
+o éiscriminaze in ion enerny. Figure &b ghews the collector current

i i atisfy Maxwellian
cersus inner grid woltage. 1f the ion wvelocitiss satisiy arn
Aigeribution the collector current will give a scraight line when
igcted on semi-log paper with the slope of the line equal to the ion
cemperature. Experimentzl data obtained with skimmer probes nave glven
scraight line plots over two decades of ion current. Negative currents
ar high blases have not been ohserved.

The main advantages of this probe are its small size and the fact
that it is not limired tec one region of the octupole. TIon temperature
scans can be made in the bridge reglon to obtaim fon temperature versus

< 3 mn < 0,
position. This is subject to the restrictiom that o 3 4

T mai disadvant eg 0 thi T a s d £f it in constructlion
The main ntag £ 5 P obe are it ifficu ¥

and 1xs fragiLity. Recause of the close spacin the gridS are subject to
3 g

lasma.
arcing and can easily be destroyed at high bias In 2 dense plasma
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€. Current density

- raalb H .
Peddle probes aad Rogowsky lcops * were used to measure the local

value of the plasma current density. A paddle probe is illustrated in

Figure 6a. The probe tips are 4 mm x 4 mm sheets of stainless steel

shim stock. The two tips are insulated on one side with mylar and

epexy. The insulared sides face each other. The uninsulated sides

face in opposite directions and are bilased so as to collect electron

saturation current. The electrons, being more mobile then the ioms,

carry the bulk of the plasma current., The signals from the twe elecrrodes

are fed inte a differential amplifier and the output from the differengial
amplifier gives the net plasma current flowing in the direction perpen-

dicular to the probes tips. In practice the probe tips are oriented so

%8 to measure the plasma current parazllel to the magnetiec field.

: o .
Lencioni®® has shown that the difference in currencs collected by the

WG electrodes i1s given by

(V) = eAgfw £ vdv —fnm
- JZE(VP—V)?m —VZQ(VP—V)fm

f{vivdv

[ — |
=~
s
i
N
o

here A is the electrode area, V iIs the blas on the electrode, and V

5 the plasma potential. If the electrons have a shifted Maxwellian

2locity distriburion then

1 2
\ o = -v }/2kT
fvy = af20 % . m(v-v )7/

Ty o

wre v Is the elecztron drift caused by the induced electric field

rallel to the magnetic field.
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J = nev iv-12 if a bias grearsr th a 3
o if & bias greater than the plasma potentisl i{s appliied to the paddle
probe. ALYl plasms current densities quoted in this work were obtained
Substituting eqn. 11 into eqn. 10 gives
with rhe paddle probe bilased ar the plasma potential.

The paddle probe is directional so0 that rotating the probe by an

AT(YY _ L 3 4 Sioh(2/nvy  -n-v?
e J = nev, -—*:;——"*- e angle © should decreese the collected current by cosB. If the probe is
™
rotated 180% the current from the paddie probe should reverse directiom.
1 This serves as a check on whether or not the probe is working properly.
—i[erf(/ﬁ + V) + erf(¥n ~ v)]} Iv-13
In practice, a two shot average of the current was taken, cne with the
probe at 0° and the other at 180%. The paddle probe functioned well in
e{V_-V)
where ne —P._ IV-14 low density plasmas and always showed reversed currents when roraced
kT
e - ant B
180". This was not always found ro be the case in high density plasmas
v, such as those produced by the big gun. Often the scope traces for the
and Vo= IvV-15
vZkTﬁ?m rotated positicns were found to differ in magnitude and shape and
somatimes they were found not te reverse at all. It is not known why
Zan. 13 was evaluared for v = 1 and v = .03 and the results are plocted -

the paddle probe functions so poorly in a high density plasma but it

in Figure &b assuming V = 45 Volrs and Te = 10 eV, Alsec plotted are
< may be caused by the highly collisional nature of this plasma as was

axperimentally obtained values of J versus bias on the paddle probe,

discussed in segricn IV-A Another possibility is that the plasma is
The experimental data are seen to lie in between the calculzred curves N
shorting the two electrodes tepether and causing the paddle probe to

indicating that .03 < v < 1 for the experimental electron drifr velocity.
act like a single tip Langmuir probe.

Theoretically, the paddle probe current should saturate when bias
4 Rogowsky loop was built in order to measure the plasma current

veltages greater than the plasma potentcial are applied. Experimentally

density in the big gun plasma. Construction details are illustrated
this {5 not the case, the paddle probe current continues to riss for

in Figure 7. The loop was bullt small enough so that it was able to
bias volrages greater than 45 Volts., UNote that nonsaturation of the

£it through a 2" gate valve and was zble to measure currents on tha
electron current was also observed for a single tip Langmuir probe zs

mideylinder from the bottom 1id te the mideylinder separatrix. These
was discussed previcusly. This nonsaturation is bhelieved te be caused

measurements could then be compared with those obtained from a paddle
%y sheath expansion and gives erroneously high values for current density

probe,
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The winding on the loop was brought back through fcself as illustrated

in

hy

igure 2 so that the loop does not pick up flux thresding the area

us and ¥ iz the

[}
Ll
H
o
(=
oy

*R% bt only flux threading ﬂrz where R is the maj
minor radius. The entire loop was enclesed in an elecrostatic shisld
made of copper foll with a toroidal gep and 2 poloidal gap. The ocutaide
of the shield was costed with 2 layer of epoxy so that no metal was

exposed to the plasma. In practice the electrostatic shield was

grounded o the tank, This prevented thé Rogowsky coil from coupling

T,
e st s T

capacitively to the plasma. The gaps in the shiéld allowed magnetic
flux to enter the Rogowsky coil.

Two Rogowsky loops were constructed; omne with an air core and cne
sirn a Ferrite core., The loops ware calibrated by discharging a
-zpacitor through 2z resistor and measuring the current chrough the
casistor with the Rogowsky leep. The current through the resistor was
shosew S0 rhat it approximatelv matehed in wagnitude and time variation
-mg current flowing in the octupole., The inducsd siegnal in the air core
loop was only a factor of 2 or 3 greater than the background noise.

The ferrire core loop gave signal to neise ratio of =180,

The ferrite core leop was used to nmeasure current densicies in the
sctupole and was found to give readings a factor of 5 greater than those
sbrained with a paddle probe. The factor of 5 may be caused by the
Zogowsky coil reading high or the paddle prebe reading low. The ferrite
core may cause the Rogowsky loop to read high as illuscrated in Figure 7b.
Because of its high permeability the ferrite core bends magnetic fleld
lines in its vicinity and thus guides more current into the throat of the

loon. This effectively increases the avez of the loop aznd causes

36

errocnecusly high readings. The paddie probe ray rzad low because of the
highly collisional nature of the big gun plasma as discussed previeusly
or because tha slectrodes are being shorted by the plasma.

Using the paddle probe or Rogowsky loop in the blg gun plasma can
give only an order of magnitude estimate of the current density. In
practice the average reading from the two methode is used for the

current density and large errvor bars are employed.

B. E x B energy analyzer

Figure 8 {s an illuscration of an T x B analyzer which was used for
megsuiring electron velocity distribucions.'® The velocity distribucion
is zn important plasma parameter and uniquely determines temperature,
2lectron drift veloeity, and total electron energy. It alse provides
‘nformation about instabilities and dissipative processes in the plasma.
he anzlyzer walls and end plates were machined from brass. Wail
thickness is < 1 me so that a magnetic field iIs able to soak through
in 30 usec. The cutside of the wzlls and end plates was coverad with
z laver of epoxy except for a small area around the entrance aperture.
The 1 mm entrance apérture allows electrons te enter the analyzer but
excliudes lons because of their larger gyroradii.

In operation the analyzer case was blased at the plasma potential.
The analyzer was located on the midcylinder separatrix and was oriented
so that the torcidal magnetic field was parallel to the analyzer axis.
Voltages +V and -V with respect to the analyzer case were placed on twe
deflector plates to create an electric field E perpendicular to the

magnetic field. An electron trajectory is illustrated in Figure 8 for
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the casz £ = 0. The slectron enters the amalyzer through rhe entrance
aperture, travels through the deflector plates and is collectad by a
small electrcde on the end plare. There are five of these electrodes
and they are referred to as chanmels 1-5 with channel 1 being the
electrode which collects the undeflected beam of electrons. Channels
1-5 are at the same potentizl as the case but are insulated from the
case and from each other.

“hen an electric f£ield is present between the deflector plates the
suiding centers of the electrons drift perpendicular to the £ and B

fields with a velocity vy

d 2 IV-16

Tast electrons and slow electrons experience the same drift veloclity
but since the slow electrons are in the deflection region longer they
experience more of a deflection than the fast electrons. Im this
manner the analyzer is able to distinguish between electrons with
different parallel velocities. The slower electrons, being deflected
more, are collected by higher channels. The fast elecirens, being
deflected less, are collected by lover channels.

Figure 9 shows experimentally obtained currents from channel 1 versus
electric Fieid in the deflection region. When E = 0 electrons of all
welocities are collected by channel 1. As higher electric fields are
applied, the low energy electrons are deflected to higher numbered
channels znd the current to channel 1 decreases.

The velocity window ssen by each channel can be determined with the
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aid of Figure 10. The transit time of an electron through the deflection

reglion is

r Y

er Iv-17

sl

where L 1s the length of the deflector plates and v, 1is the electron
velocity parallel to the magnetic field. The deflection of the electron

caused by the E x B drift is

Iv-18

< |

E
d= vdttr T E

If the positions of the channels are known and if E, B, and L are kmown
then the velocity window can be calculated for each channel by sclving

eqn. 18 for v, . This is illustrated in Figure 10 for channel 3.

o =EL
17 % g Iv-1¢%
£EL
Vo "8 & IV-~20
- 2
where vy < vy The velocity window is
dv = v, - v v-21
1 2

The velocity windows for channel 1 for given E and Be = 300 Gauss
are given in Figure 9. Yote that the upper energy bound for channel 1
ig =.

The current collected by a channel 1a given by

vo + Av/2?
Iaf ef (v, )v, dv, Iv-22
v " Av/2



39
where v 15 the mean velocity of the channel and 4v is the velocity
-
windew. v is given In eqn. 21 and v_ czn be caleulated 1f % and B
(=)
are ¥nown, The electron velociry distribution funezion is given by
v+ Avf2
o
ef (v, Jv,dv,
- I
ef{v,) = o Svf2 v Tv-23
for Vanv
VO
A muzber of plasma parameters catt be calculated from the distribucion

-
n_=; f{vydv =23 f(:i}avl 1V-24
- i
- E(Vi)viavi
. 7 v-23
i 2,

T-env, IV-26
: = 1V-27
Te 2 v
T.o=— (v} Iv-28

B, d
E-E
- = o d I¥-29

n. 2. rives the electron demsity. The electrons are restricted to

motion in one direetion, parallel ro the magnetic field. The integral

rzzlzced with 3 summation. The v_ and v are determined by

E and can be varied shot by shot to get many points of the distribution
function. Eqn. 23 gives the drifc veleocity of the electrons cacsed by
the induced parallel electric field. The drift velocity is obrained by
sumning over positive and negative velgecities which are

chtained by rotating the analyzer 130° so as to measure velocities
paratlel and antiparallel to the electric field.

Eqn. 26 gives the current density which is obtained from rthe drift
velocity of eqn., 25, This current demnsity can be compared with rhar
obtalned by means of a paddle probe or Roegowsky leogp. Figure 11 shows
the velocity distribution and drift wvelocity cof the intermediate gun
vlasma 2 msec after injection into sine wave Bp and 38 fields. The
experimental data points agree with a shifted Maxwellian distribution
with T_ = 8 eV and v, = 1 x 10" =fssc. The drift velocity cannot be

=3 d

determined by merely looking zt £(v) versus v because Vd is much smallar

than Vo Yy rnust be calculataed using eqn, 25. vy can be derermined
accurately if a large number of f(vi} points are available. vy obtained
with the £ x B analyzer agrees within a factor of 2 with that obtained
from a paddle probe. This is not surprising since the £ x B analyzer
used in this way is just acting like z two step paddle probe with the
calculation of eqn. 25 acting as the differential amplifisr.

Eqn. 27 gives the energy per electron contained in the random
motion. Egqn. 28 gives the electron energy contained in the drift
velocity. For the distribution illustrated in Figure 4, Ed/E * 10*2.

Zgn. 29 gives the electron temperature which can be approximated as

Te = B/k for the low drift velocities considered here.
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1sotropic velocity discriburion
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Chaprer ¥

Calculation of Induced Elecrric Flelds

Whenaver an slectric fisld exists in a magnetized plasma, there is
the possibility of an E x B drift of the plasma as a whole relative to
the lazbaratory frame. We nead to determine the transformed eleccrie
fleld in the plasma frame which will be responsible for driving

- *
conduction current., In general if Eo = —A in the laboratory frame then

-

E= i+ vy ® % in the plasma frame drifting wich velocity Ve

We can have A{r) = Ap(t) + Aa{t) where —Ap(t) would produce a toroidal

component of electric field and —Ae(t} wuld produce a peloidal component.

With the usual £ x B drift

- -
I . x B
P — v
D 2
3
Rl -
. 5 E x B N
giving . 1+ 2 - 5 y.2
7*
T E)
- - - T .
I S B+8 s ‘8“\ o
= e
3" %2
The first two terms cancel sach cther and we are left with
- .
E+3B
Z - 02 3 V-3
B

Eqn. 3 shows that the electric fleld in the moving frame 1is parallel

te che magnetic field. Thus the E x B drift {s the transformation that
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removes all the electric £ield components except that which {s paraliel
to the magnetic field. That the parallel electric {ield cannot be
s > =
ramoved 15 to be expected since in any frame with veloeity v, v x B is
. 4 > >
the change of the electric fleld for the moving coordinates and v x B
>
has no component paralliel to B. Thus no change can be caused in a
parallel electric f£ield.
There are some cases of drifting coordinates of specilal iInterest.

.
First, if there is no component of E parallel to B then ] or

EB + EB., =290
P G978
E g
and _5 = -—_E Vb
B:: BE‘

The field lines have fictitious velocities given by E /B = v, and
3 bp

-E /‘3p = v, where subscripts refer to poloidal and toroidal components
N L

of fields. Egn. 4 shows that poloidal and torcoidal field line velocities
are equal when Eg = 0.

1 £-3 # 0 then £ /By # ~E3/B_ and polotdal lines move at a different
velocity than toroidal iines. This 1is generally the case since poloidal
topology has non-uniform flux surface shapes compared with toroidal flux

surface shapes.

Eani. 2 can be written as

Exgﬁz z EBZ
. . N L
R A QU e R R s Bl 1
I s 2 g2 32 52
D 2]



which takes the form

2
- Y -~ [ B = Be
E=-.5~A?-Bx!‘v¢p;§—-rv,’,}8;2— v-3

-+ >
Vhere Vo and v,o have been inserted as separate fictirious field line
4 W

> - 3
velocities. We know that va - when E-B = 0, Thus the bracket,

-
v
]

which is Vi the particle drifr is equal to
z 2
.+ | By By N e
Vp T vy 52 vy

The particle drift velecity is equal to the field line velocity.
-

This 1s an aspect of Newcomb's theoream for the case of .§ = § (Chapter
N - - - >

Ty OIf Vig # Y8 because E-B # 0 then the particle drift is given by
2
3 - 39“ .
~ T Ve 5 T Vus T2 el

and differs from rthe line veloclities.
snother special cagse is the Ware pinch drift frame which moves with
the separate fictitious peloidal field line velocity in a toroidal

system with both toroidal and poloidal flelds.?

x B
Gy m i V-8
b4
b4

™y
1
I
S
3
b
o
+
{j)
o
]
"
=11

w
iy

which takes the form

- = -
P N - (B-Bp) - (3-38)
Em By +E - B —5> - B 5
P B Bog
P P
-
T o4 EeF) 2
- + -B) B, -
» (9)32 V-9
P

Eqn. 9 shows that in the Ware pinch frame, in which trapped particle
banana orbits are carried, the eleczric fleld is completely poloidal in
direction. This electric field pushes the bananas off the central plane
and ceontributes electrons to che conduction current by untrapping z
fraction of the trapped electrons (Chapter VII).

For all these cases of woving field lines and drifting plasma it is
only the component of E parallel to B that is needed for evaluation of

plasma conductivity.

A. Average parallel electric field®’*
The parallel electric fileld can be calculated in terms of the

inductive voltage generated along a field line.

v P %t v-10
Vab(y,t) =J.F d% -

The integration in equn. 10 is carried out along the path illustrated
in Figure 1. Because of azimuthal symmetry the integral can be breoken

up into a toroidal term and a poloidal term as follows
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b > ~ b > ~
5 - - . 7 oaae
Jab Ia A-RADE fa & pp
3 34
48 %4 B
- — — d& V-1l
o 3T M A5 4y
A8 is the distance the field line advances in the § direcrion for one
loop around polofdally
§.di -
re=¢ .2 @ v-12
RB
P

A8 is plotted versus position in Figure 2b. Note that ocutside rhe
separatrix the field line encleses all four hoops and A§ 1g larger than
che case of a private field line enclosing only one heoep. 4, and AD

are the vector potentials defined by

Ay can be written in terms of the poloidal flux funccion ¥ = ZT'FRA%.
Applying Stoke’s theorem to the second integral on the right of eqn. i1

gives

3 ABCY)_ 3800,t _
7(0,0) = - 3L 80N 220, v-13

where ® is the § flux inside a2 % line and 1s fllustrated in Figures 1

and 2. The time dependence of the flux functions & and b can be written
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in terms of the magnetic field variation

B
3w ~E P ¥
it s core 10
4
B
3% 8
T o W
3
3]
wcore = .423 Wb _with 2.5 kV on the Bp capacitor bank.¥ Finally, egqn. 19

can be written in the form

B

3
it EB
VP, e) = -5 423 Wb *"ljo ‘°£*> S S(P,t) V-14
s T

§

The second term iIm eqn. 14 retains the minus sign since ED is anti-

parallel to Bs according to the sign cenventicn of Figure 1. The first

term is positive because E, 1s parzllel to B:'. Eqn. 14 can be used to

determine where and when V(¥,t) = 0. Setting the left side of eqn. 14

equal to zero and rearranging gives the expression below

%
523 Wby AS(E) 79 % . 8 Y15
2! - T =
(b, ey 10 2w 5 B

7P

The first term of eqn. 15 1s plotted in Figure 3 for t = 23 msec.
The second term varies spatially and temporally and is determined by
measur ing 1-393 /BS.B at different points. The valve of B /B depends on

8p D PP

the location within the machine. The two terms of eqn. 15 are plotzed

on the same graph 2nd the intersections of rhe two curves give the




locacions of VQb,e) = 0, If Bp and 38 hava the same time wariascions
{as whan Bp and BG are driven iIn series) then éSBpfﬁaép = 1 rhragghour
W ogpace. This value Is plotted as the horizontal dotted lins 7-
Figure 3. It 13 seen that V = 0 tetween ¥ = 3 and ¥ = 4 (see alsc the
plot of Ey at t = 25 msec in Figure 5).

In general V{$,t} will equal zero at only one, two, or three points
in % space depending on the value of éBBp/BBép' In order for V(¥,t) to
equal zero for all values of ¥ the two terms of eqn. 15 would have to
cancel at every ¥. This does not occur for any of the field configur-
zrions used on the octupole.

The average electric field is cbtained by dividing V{¥,t) by L{d,t),

where L{®,t) is the length of the field line and is determined by the
Izllewing equations.
2

a0t = @)? + (reny?

z

B
2 Z 8
= (4% + (42
( p} ( p) Lz
v
32
L an {1+ -2 )2 v-16
P 32
p
g =V /L v-17

7
nave ab

The integral in ec¢n. 16 is taken once around poloidally. L{w) is
nlotted in ¥igure & for t = 25 msec. Figure 5 is a ploz of the average

Z. versus time and position for B and B_ driven iIn series with a half
5
D 3

&G

sine wave time dependence, At early times In the pulase (3 msae) the
electric flald Is antiparallel to B. The electric field inside the
hoop 1s zero because very little flux has soaked in. Later in the
pulse (15 msec) the electric field has decreased because field lines are
entering the machine at a slower rate. Magnetic flux has soaked into
the hocp and induces an electric field within the hoop. At peak field
(22 msec) the gap voltage is zero and no magnetic field lines are
entering or leaving the machine. The electric field within the machine
is due entirely to field lines soaking into the hoops and walls.
Soméwhere between the hoop and the wall the electric field is zero.
This point is called the watershed. Later in the pulse (31 msec) the
electric field is parallel to B. This is due to magnetic fileld lines
leaving the machine through the gap. Note that fileld lines are still

soaking into the hoops and walls.

B. Local electric fields

I some situations the value of the Induced electric fileld at a point
on a ¥ surface 1s needed, rather rhan the elecrric fileld on the %
surface averaged once arocund the hoop. The electric field felt by a
highly collisional plasma is the loecal value; The electrons in such a
plasma experience many momentum razndomizing ccllislens in a trip once
around the hoop. After each colllsion the parallel velocity is zerc and
the force on the electron 1s determined by the local value of E .

A time changing poloidal magnetic field induces an electric fileld
in the torecidal direction. The magnitude of the fileld can be calculated

- .2
from the flux function %.
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o= 2RA,

18w %
£ o= - =7 V=18
= szBta 1

local teoroidal elecrric fields can be calculated from eqga. 18 using
computer generated values of { versus time and peaition in the octupole.
A time changing toroidal magnetic field Induces an electric field in
the poloidal directien, The electric fleld can be calculated from the
time changing vecter potential.
T D)
I -2 Tomt|

a¥gt v-19
|

I(x") in eqn. 1Y is the current distribution which produces the
moroidal magnetic field and is 2liustrated in Figure Ha. Current flows
hrough the walls of the octupole in the poloidal direction. There are
zlsc image currents flowing the shert way around the hoop. The vector
sotential was calculared numerically from eqn. 19 by approximating the
current in the walls by 24 filament currents. The vector potential in
2 constant azimuth plane corsists of an r-and a z-component. The

toroidal field can be obtained from

Figure 7 1s a plot of the calculated B, and By measured with a
Hall probe at 25 msec and 30 msec. The calculated B, agrees reasonably

well with the measured B, except near the wall where the filament current
3

az

is strong and causes azimuthal variaticns.

With combined toroidal and poloidal magnetic £lelds there is a
component of the induced electric field which iIs parallel to the magnetic
field and causes a plasma current to flow. The parallel electric field
is obtained by dotting the total electric field into the normalized
magnetic field.

~ ~ ~ (cB_ + 2B+ 8B)
Ey = (tE, + 2E_ + BEg) - 3

2 2,172
(81_ b Bz + Be M
- N °B_ + 68,
= {pE_ + BEG).
P 8 + 352)1 2

The local value of E, along ¥ = 5 at 25 msec 13 plotted in Figure 8.
The local E, ranges from ,1 V/m in the high field region to .3 V/m in
the low field regilon. The variation of E, can be seen more easily in
Tigure 8b which shows E; aleong ¥ = 5. The thickness of the line is
proportional to the parallel electric field. It is evident that E, is
large where B is small and E,, is small where B is large. This 1s caused
hy the geometry of the magneric fields. The fiux lines in the low
field region move more rapidly and thus induce a higher electric field.

The average parallel electric fleld can be calculated from the local

value as follows

§ %48 IE.Af
hd T
“nave L L v-22

where L is the leagth of the field line ziven by egn. 15. The Integral



in eqn. 22 is replaced by a sum and [s computed aumerically, Aversge
paraliel electric fields calculated from eqn. I2 were found to agree

wirhin 107 with those calculated from eqn. 17.
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Chapter VI
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Single Particle Motion in the Octupole M

The equation of motion of a nonrelativistic particle with cherge g

and mass m in an electric and magnetic field 1s
m.:;-q(-':'t%:;xg) vI-1
This equation can be iterated to determine the position and velocity of
the particle versus time. The iterarion steps must be small for it is
necessary to follow the particle around its gyro-orbit. The gyrofreg-
uency of an electron in a 1.5 kGauss magnetic field iIs & x 109 Hz which
causes the iteragion period for egn. 1 to be less than a nanosecond.
“me ireration period can be longer if the particle motion is approx-
mated by the gulding center motion.!’? The gyration of the particle
around a field line is ignored and the motion of the guiding center is

followed. The nonrelativiscic guiding center equations of morion are:

A, > > & x
i - 5 B VI
T gBE_  FE 2
dC m B m B

te3 Pkl WD i

£ x VB x - r BB I
v, = -u 5 + P 2 ¥ L 3 \}3 T3

8 qB :

The first right hand term of eqn. 2 is the force on the particle due
to the component of the electric field parallel to the magnetic field
line. The second term is the force due to magnetic mirrors. Since u

i5 conserved, a particle with a gmall parallel velocity will be reficcted
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by the magnetic mirror.

The first term on tée right hand side of egqn. 3 is the E x B drife,
The second and third terms are drifts due te the nonuniform magnetic
field and curvature of the fieldklines.

EBquarions 2 and 3 were solved with a Runge-Kutta aigoritim, The
iteration step was 10‘9 second. A plot of particle position versus time
for an electron is illustrated in Figure 1. The poloidal and toroidal
fields were assumed to be crowbarred perfectly so that no electric field
was Induced. The electron was started in the low field region as
indicated in Figure 1. TInitial veloclty was 2 x iGG m/sec paraliel to
the field line. Thils corresponds te a 10 eV electron with ¥ = 0,

Tigures 1 shows that the electron circulates around the hoop without
being reflected in the high field region. The time between points is
1 x 10—8 séc. Yote that the points are equally spaced in distance as
the electron circles around the hoop.

Figure 2 is a plot of partricle position versus time for an electron

18 kg m&/Wh secz.

started in the low field region with u = 4.6 x 19~
This corresponds to 2 10 e¥ electron with the velocity perpendicular to

the field line equal to the velocity parallel to the field line initially.

The mirroer ratio for ' = 5§ is M =B Fa:!

s = ,17. & particle with
min’ “max

v, > .42 v should be trapped. This is indeed the case as illustrated in
Figure 2. The time between points is 1 x 10-8 sec, Note thar the
distance between points decreases as the electron enters the high field
region. This is due to parallel velocity being converted to perpendicular
velocity In order to conserve . The particle Is reflected when v = Q.

Figure 3 is a plot of particle position versus time for a hydrogen ion
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starzed in the low fleld region with u = 8.4 x 10718

g malwb secz. This
corresponds ta a 10 eV ion with v, = v, initially. This particls is zlso
expected to be trapped. Figure 3 shows the ion rrajectory. The time
between points is .3 x 10-6 sec. HNote again that the disrance between
points decreases as the particle nears the high field reglon. Figure 3
shows that the ion follows a barana orbit due to the VB drift. This is
aot noticeable in Filgure 2 for the corresponding electron orbit. The
maximem banana width for the 18 eV fom is sbout .7 cm as can be seen in
Figure 3. At the point of maximum bananz width the poleidal field Is

340 Gauss. The ion gyroradius is 1.3 em for a 10 eV hydrogen lon in a
340 Gauss fleld., These observations agree with the fact that zbsolute
concainment zones are unaffected by the addition of a toroildal field.

“tus rhe excursion of a particle in Y-space due to the banana trajectories

i

i3 no greater than the gyroradius of thac particle in the BD only field.

Motrice that the banana opens toward the center of the machine and
closes near the wall. This is because the poloidal field strength is
stronger near the hoops than at the center of the machine. The toroidal
fi{eld strength dominates in a tokamak and the bananas behave Just the
opposite; opening towards the cuter wall and closing near the inner wall
where the toroidal field stremgth is highest.3

Figure &4 is a plot of particle position versus time for an eleciron
with it = 0 in a sine wave Bp and Be field. Poloidal and toroidal electric
fields are induced by the time changing magnetie flelds. The full set of
eqns. 2 and 3 smust be used to determine the particle motion., The electric

field perpendlcular to the field line causes a drifc in additien to the

TR and curvature drift. Inirial velocity of the electron was 1.86 x 106

m/sec parallel to the field line. This correspends to a 10 eV electron

with 4 = 0. After one orbit around the loop the parailel velocity has
6

Increased to 1.89 x 10 m/sec. The electron has gained approximatrely

+2 eV in energy from the parallel electrie fieid.

A. Orders of megnitude: VB drift, curvature drift, E x B drift

A comparison of Figures 1 and & shows little difference in the particle
trajectoriea. Figure 1 is the trajectory of a particie in perfectly
crowbarred magneric fields (E =~ 0). Tigure 4 is the trajectory of 2
particle in sine wave Bp and Be fields {(E # 0). Any effects due to
T x B drifts are not apparent. Simllarly VB and curvature drifts are
not evident In either case, the particle trajectory follows the magnetic
field lines. An average value of the E x B drift once arcund the hoop
can be obtained as follows

£ b 8 5 3
b (,?p + Eee) x (Bpp + BS 3

a 2
B

<yr =

i
ey,

df Vw4

The integral in eqn. 4 is evaluated once arpund the hoeop peloidally.
L is the length of the field line. The integral was evaluaced point by
point along the field line ¥ = 5 and the results are plotted iIn Figure 5a.
The drift velocity varies between .4 m/sec and 3 m/sec, being highest fn
the low field region. The average drift veloclry 1s <v> = 2.2 m/sec.
It takes a 10 eV electron 10—6 sec o circie the hoop so the wmwaximum
displacement of the electron due to E x B drifr is 2.2 x 10_6 m for each

transit around the hoop. This distance Is not noticeable on the scale
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of Figures 1 and 4.

The drift velocity due to VB and curved field lines can be written as

v, wBR2B 2,30 VI-5
4" q 22 2

where R is the radius of curvature of the field line. Eqn. 5 can be
split up into twe compenents; one in the theta direction and comne
perpendicular to the | surface., The component perpendicular to P
averages to zere for a circult around the hoop if v does not change.

The component in the thepa direction is plotted in Figure 5b, The
average drift velocity is 43 m/sec. A 10 eV electron requires 10—6 sec
to circle the hoop so the maximum displacement would be & x 10™ » which
is not noticeable on the scale of Figures 1 and 4. The theta component
2f the VB drift lengthens or shortens the path of the particle by a

negligible amcunt In one circuir arcund the hoop.

3. Trapped particle drift - Ware pinch®
In the torcidal octupole the vector potential Ay does not depend on

the 9 coordinate (axisymmetry).

s a
Ay = BAy(R,D) Vi-g

The Hamiltonian of a charged particle in the octupole field 1is given by

i)

1 0.2 z 8 e 2
=i IP <4 + [ = - Ba (3 VI-7
2m | R T’Dz ‘R cAe(R'Z)}

" . . A : 5
Zince & is an ignorable ceordinate, the 5 cancnical momentum is conserved.

4
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4P

i =0

Py = mROO + = RA, = tant vi-g

g™ ‘;RAe constan -
mv, B

d a8 e - -

ElR[B +CA9}I o vI-9

where v, 1s the particle velocity parallel te B and R 1is the radius
measured from the major axis. For a trapped particle, v, will go to
zero at the turning paints. Consider two consecutive turning points
occurting at r and r + Ar at times t and t + At. Eqn. 9 can be written

as

349

Ar;—r (Rag) + At Bj~ = 0 vI-10

where the convective derivative has been used

|QJ

+ vV vI-11

=¥
[a}
o
rt

and r 1s the particle radius measured from the hoop 1f the particle i3
on a private flux line or from the midplane-mideylinder intersection if
-

-+ -
the particle is on a common flux line. Ysing B = ¥V x A and ;‘3‘3 = -3A, /3t

eqn, 10 can be written as

Az 4+ AtE = 0 VI-12
P g

L3 -—Iia VI-13

At B



Prom egqr. 13 it is evident that the crapped particle banana orbits drifc
radially inward toward the hoops or toroid eenter depending on the flux
surface (private or sommon}. The frapped partleles ars szffectively tiad
to Bg field lines and follow the motion of the Bp f£iald linszs with

velocity

This can be seen by writing W(R,Z,t) = ZWRAG(R,Z,t} and using eqn. 8 o

obtain

Pa
= e ‘;’(Rﬁzlt) - Tt
R = RE

~

.& the bounce point § = 0, so eqn. 15 becomes

= const. vI-i6

At larer vimes (R,Z,r) = $(Rc’zo’tc)’ so the U function detsrmines the

R.7 locus of the bounce points, Thus the trappad particles meove with

.z
the wpcloidal surface.

Yote

The trapped parcicle drifr velocity is plorted in Figure 5a.
that cthe trapped particle drift veleciry in the ootupole is only about

“

of two greater tham the E x 2 drift velocity of untrapped

Lt

a fzcto

8}

parcicles.
Conclusion: To determine the plasma conductivity we need to know how

an electron responds to an applied electric field. ZFrom the above

Arifr and assume thet an elsctrom follows the magnetic field line whila
being accelerated by the componeat of the electric £iz1d parallel to the
£121d lipe. Plasma conducrivity iz determined by measuring J, in the
lab frame and dividing by £, as calcelated In Chaprter V. Trapped
electrons comtribute to the plasma current only if they are scatrered

into the loss cone or 1f the component of E parallel te B 1s stron
4

enough to accelerate them into the loss cone {see Chapter VII).

C. Yewcomb's theorem: Fisld line morlon and particle zetion”

The concest of freezing eof lines of foree im a perfectly
condusting medium 1s due Lo Alfven,’ Although the conductivity of 2

mediym will mever ba infimire, the applicability of frozen lines was

5

shown to Jepend on a dimensionless number

i

L = Bdovi/a

"
where B 1s the magnetic induction iIn wb/m“, d is 2 linear dimension inm
mnaters, O is electrical coaductivity, ¥ is the permezbility of the p
ard n is the density-

Frozen lines of force are valid whema L »> 1. This condirien can be

szrisfied easily in extraterrestrial phenomena because of the large values

of d, but is more d4ifficult to satisfy in the laboratery due to finite

values of d and ¢. Values of L 2 103 car. be chtained for laboratory

L
H
bt
fon ]
[&]
H

L = 4000 for the lirrle gun plasma with n =

2
& =1m, B= .Lub/m". In a laboratoery plasma
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the magaeiic field lines can diffuse chrough the plasmma so that particle
aotion and field line motion are different and we can no longer consider
the fiald lines to be frozen in the plasma.

Newcomb has shown that certain conditions are satisfied Lf particle
motion and field iine motion are equivalent. A field line {3 not an
observable in itself. Only certain consequences of the concept can be
observed. HNewcomb describes moving magnetic field lines as follows.
There exists a family of lines £, moving with velocity v, such that
four properties are satisfied.

{1) Through every point of $pace passes exactly one of the lines 2.

{2} The lines £ remain tangent to B in zhe course of their motion.

(3} The density of lines % is equal te the intensity of the
magnecic field.

(4) The emf around a closed curve moving in an arbitrary manner is
equal to minus the total number of lines & cut by the circuit
per unit time.

The condition for v to be flux preserving is derived by computing the
time rate of change of the flux P through an arbitrary cycle ¢ moving

with velocity v.
4t _ ozl Sk ol ¥I-17
4% = (f.nda + v x dR)
dr f§ B 4

The surface integral in egn, 17 1s due to the time variation of B at
a fixed point. The line Integral is due to flux being included due to
the motion of the boundary. FEgn. 17 cas be written as

Re NlTx E+7 =B -nda vI-18

82
A necessary and suffleient condition for flux preservation is that v
satisfy the following aguation.
TxE@+vxB) =0 vI-19

The guiding center of a charged particle in electric and magnetic fields

will drift with velociry

vi-20
d B2

Substituting this drift velocity into eqn. 19 gives the condition for

rarticle motion and field line motion to be identical.

N
Tx E+EE By =0 vI-21

For the poloidal field only sine wave case eqn. 22 1is satisfied
identically since €8 = 0. Thus ane can say that the particles are tied
to the BD £ield lines. Motion of the plasma along the field lines is
not affected, but as the field lines move transversely the plasma is
carried along.

in the Bp and Be sine wave case electric fields are induced in the
toroidal and poleidal directions. This leads to a component of E which
is parallel to ¥ and equn. 17 is no longer satisfied. Figure 6 is a plot

- P
5f the magnitude of V x% B(E-B)/Bz versus position for the field line

= 5 at 25 msec. Figure 6 shows that eqn. 17 1s not satisfied at any
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point on the fleld line. For the B and B, sine wave case we cannot
apply Newcomb's thecrem. To determine what the particie motion is in
this case we must proceed as in seccion VI-a and solve the guiding
center equations of mozion point by peint vsimg values of magnetic

fields and electric flelds caleulated at these points.

34
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Chapter VLI

Thecretical Conductivity

A. Classical Spitzer conductivity

When an electric field is applied to & plasma the electrons are
accelerated by the we-f force, In steady state the electric force is
halanced by a dynamical friction force which is due fo collisions
between electrons and lons. The resistivity in the stezdy state is

given by

n=—=t _ YII-1

where w s the electron mass and n is the plasma density. Uei is the
effective frecsuency at which electrons suffer collisions which change
thair direction of trravel by 90" . This leads to cohmic heating whareby
the directed energy which the electrons gain from the electric field is
converted intc random thermal motion. Ohmic heating occcurs as & resulit
of electron—ion collisions only since electron—electron collisions do not
zlter the total momentum and therefore do not contribute to the dynamical
friceion.

Spitzer] ' hag shown that the rate of ommic heating 2nd the dynamical
friction force are indirectly infiuenced by electron-elactron colliisions
since the form of the velocity distributions plays a role in the electron-
ion encounters. Electron—electron collisions exchange random energy very
efficiently and a Maxwellian distribution tends to be established.

Spitzer showed that v : cen be decomposed into two terms. The firse
e
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verm is due to electrons with small impact parameters undergoing large
angle scattering from fons. The second term is due to electyons with
large impact parameters undergoing smzll angle scattering. Because cf
the inverse square Coulomb force the cumulative effect of the small
angle scattering at large Impact parameters is more important than the
effect of ceccaslonal large deflections at small Impact parameters. Thus
one can think of the scattering as being due to numercus small angle
encounters which add up to 90°% after a time Teff' The effective
frequency for 90° gcattering due to small angle encounters leads to

the following form for the conductivity

o 2(2RT)3/2 it viI-2
et cgs units -
ﬂslszIIZZEZCZEnA
. T 3/2 (eV) 4
5= 1.9 x 10°—Fr—/—"  QT'm viI-3
Lnh

where #nA is the Coulomb logaritim.

A,
A= VII-4
8]
Zez VII-5
P £
> 2
m v
e a

.‘«D 45 the Debye length. Po 15 the impact parameter for a 90° Coulomb
collision. %ah ranges in value from 10 to 30. 0 In equ. 3 is glven in
MRS units with 2 = 1.

Spitzer conductiviry is valid for a fully ionized plamma in which
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the applied electric field is Iow enocugh sc that the directed energy
gained by an electrom in a mean 90° scattering peried is much less than

! hag shewn that larger electric fields lead

the thermal energy. Dreicer
to runaway electrons. The Rutherford differential scattering cross

secticen is given by

il ( Zez 2 1
dg &xeamvz sin46/2
wvhere 2 is the ionic charge, 8 is the scattering angle and n and v are
the electron mass and velocity. Due to the rapid decrease in the cross
section at high electron velocities the dynamic friction force, which
depends on the electron-ion collisilons, alse decreases at high electron
velocities. The forces which act on electrons can thus be split into

v reegimes. Ar low electron velecities the dynamic friction force is
nigh and is able to balance the force due to the electric field. At high
zlectren veloecities the dynamic friction force is low and is unable to
talance the electric force. High velocity electrons are continuously

accelerated by the electric field until they run away subject to

relativistic effects.

3. Dreicer eritical field for producticn of runaways®

Treicer likened the dynamiec fricrion force to a fictitious electric
fipld E' = ECF(z), where Ec is the critical field and z is the ratio of
zlectron drift velocity to electron thermal velociry. The function F{z)

is given by

84
- v
Fz) = 220 = 287(2) I1-7
z
where ®(z) Is the error function.
2 7 2
ay = =[ & ar VII-8
T 0

F(z) is plotted In Figure 1. In zhe limit of small z, F{z) takes the

form

F(z) + z VII-9

k%

In this limir the dynamic friction force is able to balance the force

due to the applied electric field and a steady state results in which

« o 32
e

[s] as predicted by Spitzer.

In the limit of large z, F(z) takes the form

Flz) »—= ViI-1G

In this limit the dynasmic friction force is unable to balance the force
due to the electric field and the velocity of the electrons increases.
wotice from egn. 10 that the dynamic frictjon force grows smaller and
smaller as the veloclity increases and zthus the electron velocity runs
away.

The critical electric field at which runaway occurs is given by

] mv —3
n -
P'c = —-—ee L 10 nlem ) v/m VIT-11
Te(eV)
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Zc is plotted versus densicy and temperature in Figure 1b. Also plotted
are rhe parameter ranges of the three gun plasmas studjed. Notice that
the criticzl field for the high density, low temperature big gun plasma
is quite high (= 10 V/m) and exceeds the typical induced electric field
{* .1 ¥/m} by more than an order of magnitude. The critical field for
zhe low density, high temperacture little gum plasma is very small
(= .01 V/m} and the induced electric field exceeds the critical fiald by
an grder of magnitude. The Intermediate gun plasma ouce again shows its
inrprmediate nature. The induced electric field iz less than the
crirical field in some regions and greater than the eriticsl fieid im
ather regicas.

These coasiderations lead us to conclude thatr Spitzer conductivity
may mot be applicable to the liccle gun and intermediate gun plasmas

hecause of the large appiied electric fields. If we cavallerly apply

Soirzer conductivity to the threes guns and compare with the experimentally

observed conductivities (Chapter VIIIL) the results below are obrained;

-1 -1
®

ne(cm_j) T eV ag, itzerm‘lm‘l) % e @
hig gun 7 x 102 1 1200 10
int. gun 2 x 1011 19 37900 109 - 104
lirele gun 5 x 10° 10 17900 1o? - 103

Only the big gun results are in agreement with the rheoretical
prediction based on Spitzer conductiviry. Spitzer conductivity cannot

be applied to lirtle gun and intermediate gun plasmas.

3

&

€. Discussicn:

Three points are worthy of discussion in regard to elactron runaway.
{1} If the electron distribution is Maxwellian there exists a small
fraction of high velocity electrons in the distriburion which interzct
so infrequently wirh ions that almost any applied electric field will
cause them to run away. Even though the electric fleld 1s less than
Ec for the bulk of the electrons it is greater thao Ec for a small
pumber of high velocity electrons in rhe tail of the distributionm.
These electrons are said to be in the "slide away" regime” because that
sart of the distribution which sees E > Ec slides away from the rest of
the diszribetion.

{2} If the ommic heating causes the eleciron temperature to Iincrease,

the bulk of the slectrons may eventually run away. is is due to the
Teﬂl dependence of EC. Although the applied electric fleld was origimally
lower than Ec the increase im Te due to chmic heating will evenrtually
cause E to appear higher than EC to the plasma ever though the magnitude
of E has not changed. )

(3} The runaway electrons cause assymmetTies to appear in the electron
velocity distribution. These assymetries can act as energy Sources for
exciting plasma instabilities. The two-stream instabiliry® has often
been cbserved when a plasma ig sﬁbjacted to & high electric field. The

instability takes energy from the drifting electrons and limits the final

velocity which they can achieve.

D. Electrron-neuzral collisions

Spitzer resistivity was derived from 2qn. 1 by assuming vei {effective
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30° scattering frequency) was due ta electron-ion Interactizns. The “ei
is responsible for the sc called dynamic frictilon force seen br the elec-
tron. The v predicted by Spitzer conductivity is obviously tac low in
[ 3 6 =1
- = 107 - 10 .
the little gun plasma (USpitzer 2x10 8 7, Uexp i s )
There are other effects besides electron-ion collisions which cause v

to assume higher wvalues.

If the neutral gas background denslty is high eqn. 1 can be written as
n oa—st VII-12

where Uen is the frequency of electrens scattering off neutrals. ven

1iffers fundamentally from Ue in that it is caused maiznly by electrons

i
with small impact parameters which undergo large angle scattering from
zhe neutral. Long range interactions like those in Couloml scattering
do net occur in electron—meutrzl collisions.

Gilardini® gives experimental cross sections for momentum transfer in

alectron-neutral ccllisions, \)e_i can be determined from
Vo= vl YII-13

where g is the density of neutral gas, v is the electron velocity and
Qm is the momentum rransfer cross section in 32. For a Maxwellian
distribution of electron velocities eqn. 13 becomes

fvf(v)Qm(v)dv
Ven = Ry T

VII-14
Teevyay

38

Thig calculation was done by Smich’? for hydregen neutrals., His

results for Te = 10 eV are

W =2x3:07 o sec™t VII-15
en g

where n_ is measured in cm-a.

The little gun plasma was fired through a drift tank hefore it entered
the occtupele tank. The drift tank served to delay the entry of streaming
neutrals from the gun. Background neutral pressyres remained at about
10—7 Torr for 20 msec after gun iniection. Fast pressure gauge measure-—

ments® Indicate that the background pressure remains less than 1070 Torr

untll 100 msec after gun injection. Ar a background pressure of 1 x 10“7
Torr the hydrogen npeutral density is ng = 3Ix 109 cm"B. This value
substituted In egn. 15 gilves
-1
v = B30 sec VII-156
an

This is much lower than the electron~ion collision frequency for the

little gun plasma with Te = 10 eV,

4 -1
Vo= = 2 10 -
el vSpitzer x sec VIiI-17

The electron-neutral collision frequency dees not become comparazble to
Vg until rhe background pressure of hydrogen rises to 5 x 10-.E Torr.

Combining the effects of electron-ion and electron-neutral collisions
gives a resistivity in the following form

W o,
o i J

g

VII-1i8

n =

r
~
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i.e. the resiszivities add In series to produce zhe totsl resistiviry. to the fiald nell on the mideylinder separatrix. When a toroidal

If v,y »> ¥V, then the effects of electroa-neutral collisions can be magnetic field is added there is no longer & fileld null and M assumes

finite values for all Y-space. With B, = 300 Causs on axis M ranges

8

in value frem 2 to 10 in the private flux of the outer hoop and from

neglected, This 1llustrates a general result: the highest collision

L] -
frequency causing 90° scattering of electronsz determines the value of

the resiseivity. 4 to 10 in the common £lux.

We can conclude from the above arguments that the anomalously high Due to conservation of magnetic moment the charged particles on a

resistivity observed in the little gun plasma {3 not due to electron— flux surface are separated into two groups; trapped and circulating.

The eirculating particles have sufficient parallel wvelocity at Bm to

neustral collisions. in

The intermediate density gun fired direccly into the octupole without allow them to pass through B ax after conservarion of P is satisfied.

an intervening drift tank, The rise in neutral background in this case The criterion for circulating particles defines a loss cone in velocity

cecurred more rapidly than for the lirtle gun bur the peak background space.
Zensity was not observed ro rise higher rhan 2-3 x 10_6 Torr during the VZ
21214 sin eg = '":',—""’-'"Q*E‘ <—3§— YIT-20
“igld pulse. Azain we must conclude that the 2lectron-neutral collision ¢ vo o+ -
Lo no

frequency isn't high enough to explain the anomalous resistivity
) . . . where v, and v are the perpeadicular and parallel velocities
ohserved with the intermediate gun. -0 1Q

2valuated at B_. . stny particle wirhin the loss cone is a circulating

3,10 particie. The fraction of the electroms which are circylating particles
2. Mirror trapping N
. is an Iimportant parameter. Orly the circulating electrons are zble to
Particle rtrapping in the octupcole magnetice field geomerry is causad )
carry a current in response to an applied E field. The trapped electrons
by the variation in magnetic field strength on 2 flux serface. Figure 2
) R zain energy from the electric field during half of their bounce path but
is 2 plov of M versus ¥ at peak field. M 1is rhe mirror ratdo and 13
. zive the energy back during the other half, The electric field has no
defined as the ratio of the meximum field strength ou & fiux surface zo
net effact on the rrapped frsctiom of electrons. For an isotropic
the minimm field strength.
distribution the fraction of electroms that are circulating is given by

E
¥ = Z2F ViI-19
Pain £ =1 -/T =3/ ¥II-21

[+
re

Notice that M = @ on the separatrixzx in the B only case. Thils is due
?
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fut yersus ¥ 18 plotted in Figure Zb. fut is low due tg the strong
magnetic mirrors in the octupele geometry. On the szpirvatrix less than
10% of the electrons are circulating, fu’ ranges from .I te .3 in
other regions of the machine. In a Tekamak gecmetry the magnetic mirrors
are caused by the 1/R variation of the toroidal £leld. This leads to
mirror ratios of about 1.5, fut for a Tekamak fs about .7 which is much
higher than values of fut for the octupole.

If the parallel electric fleld is strong enough additional elactrons
can become untrapped in the fellowing manner. Tf an electrom starts at
B with an initfal Yo it will gain energy from the electric field and

min

v, will increase. If V;o is low enough the additional parallel energy

gained from the electric field will allow the electrom to pass through
3 and become a circulating particle, Taking into account the detrap-
ning due to the electric field modifies ¢ . 38 follows™?

u

f.=1 - T -1/ exp(}—g—l} YII-22

eE L
—_ bounce

&T,

YIL-23

i}

where ¥

i, is the length along the field line between B , and B .
Dounce mlR max

v versus ¥ Is plotted in Figure 3. Y 1s less than .02 throughout
j-space and therefore exp(y/(M-1)) is very cicse teo unity. The parailel
electric field in this case affects the degree of electron trapping to

a negligible extent. This is not the case in the small octupeole which

has a higher E due to the sherter fileld pulse and higher magnetic fields.

The small octupole vaive of exp{y/{M-1}) has a small but noticeable

effect on electron trapping.

F. Resistivity sffects due to mirror trapping

Resistivity effects due to mirror trapping depend on the collision-
aliry of the plasma. Some of the collisfon frequencies which need to
be considered are:

{1 Voge the effective 96" scartering freguency of electrous due to

electron~jon coilisions. Vv i3 cbtained from the value of Spitzer

el
resistivity.
m»ei Te-3/2
QS - ;e Om VII-24
ne 1200

where Te is in eV.

{2y v the electron bounce frequency

B?

Vo= v JL VII-25
b e m

where vy is the electron thermal velocity and T..:ﬂ is the mirror leagth.
(3) Vs the freguency at which circulating electrons are scattered out
of the loss ceone., If the scattering Is due to electron-ion collisicns
che small angle collisions cause 2 random walk of the electrons in
velocity space which gives

e

vy = =) %
e ZBzc el Vii-26

The value of the resistivity depends on which of the collisien
frequencies i3 highest.
{1} Vei > vb, highly cellisional plasma. An electron can scatter in

a2nd out of the loss cone many times during its bounce pericd. Therefore,
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particle trapping effects play no role in determining the walue of
resistivity. 3Since Vai is the highest collision freguency the plasma
should exhibit Spitzer resistivity.

{2) v, << vy, highly collisionless plasma. In this case the electrons

el
divide into a trapped and a eilrculating fraction. Only the circulating
fraction can respond to a paraile]l electric field and carry & current.
The mirrors change the effective cellision time o one related to
scattering cut of the loss cone rather than for 50° scattering. This
increases the effecrive frequency fo Vagp T Vg ™ (KfZSic}zvei. The

resistivity takes the form

&
3

a - —sff (2‘; I vII-27
n I - E4
mirror 7 fe fur

131

qn. 27 says that the mirror dominared vesistivity is an enhanced value

of Spirzer resistivity, ia pesition dependant and varies from

n_;
mirror

ljns ar the hoop te 100m, at the separatrix.

5

[&)] Uei < Vb < vﬂc’ transition region between ceollisionless and

coliisilonal behavior. This is somewhat of a twilight zone where both
mirror effects and electron-ifon coliisions must be considered. Although
circulating electrons are scatrerad out of the loss cone at z frequency

W they continue to act as current carriers until a time T_m/vE larer

ic

3 . = - [
when they bounce in the mirror. Thus the affective frequency for %0

scattering is v = v L = vy, and the resistivity takes the form
e e m

£f

my
1 yrz-28

n o=

ne £
ut ' m
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The factor £ _ occurs din the denominator because only the circularing
u

4
fraction of electrons is able to carry the current.

An examination of egn. 28 shows that the effective mean free path
between scattering events, A __, is £ L . f and L depend only weakly

eff ut m ut m
on plasma parameters. % 1s a property of the magnetic field structure
o
and f N depends mainly on the mirror ratic. Because of the approximate
u

independence of leff from the plasma parameters the trassition region

is often referred to 23 the "plateau™ regime.

G. Mirror effects in Tokamaks
The three regimes of collisionality just discussed correspond exactly

kd

to rhe three ragimas of nesclassical transport theory:z banana

{collisionless), platesu {(transitionzl), znd Pfirsch-Schiurer (gollis-

fomal). Rosenbluth, Hazeltine, snd Hinzon'?2??

used a variational
rinciple for the rate of entro roduction to solwve the Boltzman
P Py P

equation for the transport coefficlents in a Tokamak geometry. In the

banana regime the conductivity was determined to be
-7 YIi-
no= g /f 1-29

In a Tokamak (n/zez )2 ¥ 1 g0 eqn. 29 agrees with eqn. 27 derived
¢
abtove. £ N is zbout .7 for a Tokamak so n = 1.dns. Rosenbloth,
u
Hazeltine, and Hinton asserr that this mirror enhancement togethar

with high Z impuritfes explains the ancmalous resistiviry (factor of

3-5% measpred in the T-3 and ST Tokamaks,
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H, Turbulent :esistivityl“’ls’ls

If a large electriec field (E > Ec) is applied to a plasma the velocity
distribution of electronms will be distorted from a Maxwellian. Two
examples of this distortion are & shifted Maxwelllan and & Maxwelllan
with & bump on the tail. The parallel electron drift energy caused by
the sppiled electric field can act as an energy source for exciting
plasma finstabilities. DPetailed observations of such Instabiliries allows
one to Telate these instsbilities to sources of free energy in the bulk
plasma. Some of the free energy sources available for driving Instabil-
ities are Vn, ¥T, and drifting electremns.

In unstable plasmas, fluctuations im density and potencial are
2reatly enhancad over the thermal equilibrium level and scattering of
individual parcicles by collective fluctuation fields due to instabil-
ities can become 2 major dissipation mechanism. When this occurs Vore
due to electron-fluctuation interactions can become orders of magnitude
larger than vei or ven and thus will determine the wvalue of the resisc—
ivity. The resisgivity is then called turbulent resistivicy.

A turbulent piasma is defined as one which exhibits a large number of

random collective oscillations which are excited by the presence of an

instability. Weak turbulence occurs when E. < E ., where E_. 1s the

£ kin £
energy density associated with the unstable fluctuatlons and Ekin is the
mean particle kinetié energy density.
3
E = —nkT vii-30

kin @ 2

Strong turbulence occurs when E. ¥ Ebin' There exists a voluminous

literature dealing with weakly turbelent plasmas. Strongly turbulent

106
plasmas have been studied less due to the theoretical problems in dealing
with them.

The little gun and Intermediate gur plasmas exhibited weak turbulence.
Typical values of &n/e of .02 to .03 were observed in fon saturatioa and
electron saturation currents collected by Langmuilr probes. Assuming
that the total energy in a plasma wave is composed of equal parts of
electrostatic energy and kinetic energy gives the fluctuarion energy as
Ef = 04 = 'OGEkin and thus the conditions for weak turbulence are
satisfied.

Weak turbulence theory can be discussed in terms of three basic
interactions: the nonlinear wave-wave interactfon, the linear (or
quasilinear) wave-particle interaction, and the nonlinear wave-particle
interactiocn.

(1) Monlinear wave-wave interactioun: This interaction is sometimes
referred to 25 Tresonant wave-wave scattering or the decay instabiliry.

Resonance conditions for this interaction are

m3 = wl x MZ VII-31
- e >
T =% % VII-32
e ‘(l 2(2
- -+ - .
where @y, o, @y and Kl’ Kz, and K3 are the frequencles and wave numbers

of the three waves involved in the interaction. Egns. 31 and 32 are the

conditions for conservation of energy and momentum when two waves beat
o

to form & third. 7Two high frequency electron waves (wl, Kl) and

{1 ¥.,) can beat to form an amplitude envelope traveling at a velocity

CP
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w, - ml,/(ﬁz - = dwjem m v YII-33

Honliinear wave-~wave Interactions must be considered when calculating

the turbulent frequency spectrum. Such Interactions are only Important
for dispersion relations o= ©(K} for which it is possible to satisfy
eqns, 31 and 32 simultanecusly. The third wave formed by the two beating
waves may have v‘g low enough to be affected by weve-parricle interactions
even though such interactions were pot effective at mlle and mz/KZ-

(2} Ulinear {or quasi-linear)} wave~particle interaction: Wave-particle

interactions are associated with the resonance condition

@ = BT VII-34

where v 1s the particle velocity. When a particle and a2 wave satisfy
eqn. 34 a rasonant Interaction occurs in which the electric field of the

wave is constant in the particle frame of reference, and therefore a

large energy exchange can take place between the particle and the wave. 17

This resonant process only invelves particles with veloclty v = v
j4 ¥ &

where v, is the phase velocity of the wave. If a particle has v < Vs

or v > v, it sees a rapidly fluctuating electric field and cannot

&
effectively exchange energy., This 1s illustrated in Figure 4 which
shows phase-space trajectories for electroms moving in & potentizsl

3

wave.’ The arrows show the direction of electron mofion relative to

5 Electrons with v > v, move to the right, Electrons with v < vy

move to the lef:. Zlectrons with v = v¢ (resonant electrons) remain

v

stationary in the wave frame. Alsc shown aze trajectories for trapped

electrons. These trajectoriss occur for a range of velocities where

108

the perticle kinetie energy is insufficient to cllmb ocut of the potential
well created by the wave, The parcicles bounce back and forth im the
well and are carried along by the wave.

Particle trapping leads tec quasilinear effects. Quasilinear theory
is a3 nonlinear thecry because the rate of change of the wave smplitude
depends on the distribution function, and the rate of change of the
disrtribution function in turn depends oo the wave amplitude.

The change In amplitude of the wave caused by wave-particle interac-
tions 1s referred to as landau damping (er growth). Figures &b, c, and
¢ illustrate the effects of Landau damping on three different initial
velocity distritutions.

%) Maxwellian velocity distributien. The phase velecity of the wave
occurs at & point where 3f/3v < 0. The wave is Landau damped. TLow
energy particles gain energy from the wave and become high energy par-
ticles. This causes 2 high energy tafl te appear in the velocity
distribution and effectively leads to particle hearing,

¢} Drifzing Maxwellian velocity distribution. The phase velocity of
the wave oceurs at a point where 9f/dv > 0. The wave grows. The energy
source is the drift energy of the electrons. Quasilinear effects try to
bring the distribution back to a Maxwellian wirhout a drift. 4s in b)
the random particle energy increases leading to a high energy tail. The
drift energy is thus divided betwzen wave energy and particle heating.
The wave amplitude saturates due to nonlinear effects.

d) Bump on the tail distribution. The phase velecity of the wave occurs
at a point where 3£/3v > 0. The wave grows. Energy is obtained from

the drifting beam. The wave again saturates due to nonlinear effects.
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{3) Nonlinear wave-particle interactions: This Interaction is sometimes
referred to as nonlinear Landau damping, This interaction and ths non-
linear wave-wave interaction are referred to collectively as mode
coupling. The resonance condition 1s

+ T yew VII-35

(w, * ml) = (_sz 4

2

The fnteraction is similar to the wave-particle interaction except that
now the particle maintains a constant phase relative to the beats of the

two waves.

I. Experimental turbulent reslscivity

9 L]

Figure 5 shows results obtalned from F{amberge!:I and Depidov.”
Resiseivity values are plotted versus applied electric field. The
measurenents were made in a toroidal discharge chamber. Large values

of parallel electric field could be induced by discharging capacitors
into circumferential windings around the torus. Density and temperature

1 -3
were m, = 10 2 cm

» T, = 2 eV. With these conditlons Spitzer conduct—~
Lvity is Og = 10" esu and the Dreicer critical field is E =2 V/cam.
Three regimes of reststivity were gbserved. Spitzer conductivity was
observed when E < EC. For electric fields 1 V/em < B < 25 V/cm the
conductivity exhibited a plateau an order of magnitude lower than Spitzer.
For electric fields £ > 25 V/em a second plateau in O was seen; this one
about ? oprders of magnitude below Spitzer.

Yamberger attributes the first plateau to turbulent resistivity dye

toe ion acoustic turdulence. A pewer spectrum of the fluctuatlions

11¢

cbserved in this regime %fs shown In Figure 5b. A1l of the power occurs

at frequencies below fp The second plateau is attributed to turbulent

i
resistivity due to the ioa~electron two stream Instability. A power
spectrum of the fluctuations in this regime is shown In Figure 3c. Most

of the power occurs near £* which Ls the predicted fastest growth freg-

uency.

f*-—;‘—(%)lls Eos VII-36

Buneman® has studied the effect of the two-stream Instability en
plasma conductivity. Directed electron energy is dissipated Into random
energy by "collective collisions" with the lons, L.e., collisions in
bunches. A mechanism for the buildup of bunches frorm small fluctuations

was described and the conductivity was predicted to be
1 M1/3
g, =5 5 e VII-37

Using B, 2 1()12 cm‘B gives O‘B =13 x'lﬂll sec-l which agrees very well

with the conductivity observed by Hamberger at high electric fields,

2%222

Similar experiments have been performed by Hirose on a toreidal

glass—walled discharge chamber. Inductlve slectric fields of = 50 V/em
were applied to an Argon plasma with deasity = 1012 cm_3. Ancmalous
rasistivities (factor 10-100) were observed and these were attributed
to current driven ifon acoustic Instability and beam-~plasma iInstability.
At lower values of E the conductivity agreed with that calculated by

D.zpree..zs
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32m)
g=d @ Vii-38
o pe

i}

where X is an average wave vector parallel to the curreat flow and AD

is the Debye length. Dupree derived eqn. 38 by considering the dynamical
friction force between ballistic ciumps of plasma which sre formed
through resonant scattering of particles by the waves.

Figure 6§ shows experimental conductivity versus electric field in
the C stellerator. Anmomalously high resistivity (factor of 2-5) is
seen when E < Ec. Coppl and Mazzucate®* have explained this anomsly in
terms of out—of-phase demsity and temperature fluctuations asscciated
with currert driven instabiliries which lead to 2 decrsase in the
electric fleld which is effective in driving the currenc. The instabil-
itdies were drift-type modes which occur in plasmas having density and
tempersture gradients. The modas were found to be excited whan the
elactron drift velocity exceeded =z threshold which was on the order of

the ion aceustic velocity.
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Chapter VIII

Experimental Conductivity

The three plasma sources used in this research offered a wide range
of plasma parameters. '1.‘e wvaried from .2 eV in the bilg gun plasma to

10 eV in the little gun plasma. Density varied from 109 cm_3 in the

2

1 -
little gun plasma teo 10 om 3 ir the big gun plasma. Using the conduc-

tivity theory of Chapter VII and the measured values of L and 'I.‘e allows
us to predict the conductiviry which we would expect each of the plasmas

to exhibir. This is illustrated in Figure 1 for the big gun. Vai and

v, were calculated from measurad n, and Te and are plotted versus

position in the octupole. The points with error bars are calculated

values of \)e + ven and show uncertainties due to measurement of ’re, 2.

i

and ng. From Figure 1 it is seen that Vo1 > vy threughout the octupole
and we would therefore expect the big gun plasma to exhibit Spitzer

conductivity.

Pigure 2 shows a gimilar plot for thé litcle gun plasma. Vg is much
greater than it was for the big gun plasma because of the higher electron
remperature, Ie = 10 eV. The discontinuity in \)b at the Separat.z'ix is
due to the discontinuity in the length of the field line there (vb =
ve/Lm). Uei is much lower than it was for the big gun plasma because
of the lower plasma density. For the little gun parameters \)b > vei
throughout the octupcle and we would therefore expect the 1ittle gun
plasma to exhibit mirror conductivity.

Figure 3a shows the calculated vei’ vb' and \)R.c which eccur at

iniection time for the intermediate gun plasma. The points with error
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bars are calculated values of \)ei + Von® It is seen that zhroughout

most of the octupcle volume the condiftion Voo > Yy > Yoy holds and
therefore plateau resistivity should occur, XNear the separatrix,
1 > \Jb is satisfied and Spitzer conductivity

should be seen in this reglon. After sbont 10 msec the Intermediate

however, the condition \Je

gur plaspa density decays while Te remains about the same and the
conditions illustrated in Figure 3£ occur. Once again vy, > Voq 38
in the little gun plasma and mirrer conductivity should occur.
Tsing the above analysis allows us to predict ahead of-time the
slasma current density which will flow in response to an applied electric
field once the source parameters n, and Te are known. Diagnostics with
the reguired sensitivity to detect these currents can then be constructed.
The experimentally observed scaling of the plasma conductivity with
the collisionality and also with Te and density will be discussed in
this chapter. Conductivity is definmed as the ratio of the current

density to the electric field.

VIIT-1

a
[
ey

wnere E£ is the induced electric field parallel to the magnetic field
ané J is the measured plasma current density parallel to the magnetic
field.

The current density varies along the field line as can be seen
in Figure 4, which shows a tube of magnetic flux circling the hoop. With
a toroidal field added the tube is not closed but this will not affect

the following argument. The continuity equation is
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f3-§ - -
@S = —z7fedv = 0 VIII-3
Jlsl = JZSZ VITi-4

From this we see that the current density varies along the field lime,
being greatest where the flux tube narrows. Substituting J = nev into

eqn. 4 gives

nlevlsl = nzevzs2 VIIi-5

vlsl = VZSZ . VIII-6
Eqn. 6 results because the plasma density {s constant along a field
line (nl = uz). Eqn. 6 resembles the equation of continvity for the
flow of an incompressible fluid. This is illustrated im Figure 4b
where the piston driving the fluid through the tube is equivalent to
the average parallel electric field. Sioce J varies along a flux tube

we must also substiture the averzge valuve of J into eqn. 1 in order to

cbhtain the conductivity

<JI>
U= e VI1I-7

s¥.qf

where <J> = T Viii-g

Several measurements of J along a fleld line are required tc evaluate

eqn. 8. This hardship can be avolded as follews.!’?2’3
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By conservation of magnetic flux we obtain

= vIiIi-g
B1S; = By%;

Dividing eqn. 4 by eqn. 9 glves

VIIi-10

mi [
[t

w] Ly
[l
[

or J/B = constant along the flux tube. The conductivity can cow be

caleulared as

- -
s3rp-af _ 1 5B.al
5w S92 5I/BedE T ViII-il

<E> §E/B-dz 2 §Eadf

I and B are the cuxrrent density and magnetie field at 2 point in space.
-+
§§-dz i{s the average 3 once around poloidally. §£-aZ is rhe voltage

generated once around poloidally.
v = §Eedf = <E>L vIiz-i2

Thus the fact that J/B 1s constant along 2 flux tube allows us Lo

derermine ¢ from a local measurement of J.
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A. Big gun conductivity

Figure 5a 1s a plot of big gun density versus time, Initial densitcy
on the separatrix is n, = 1012 cmn3. With a He plasma the ioms acnd
electrons quickly cool to zbout .2 eV and then remaia fairly constant.
Due to the high collision frequency the temparatures rapidly equilibrate
se that Te = Ti' Current densities were measured with paddle probes and
Rogowsky loops. The conductivigy was determined by means of eqn. VEII-Il.
Conductivity versus position is plotted in Figure 5b. Alsc plotted is
the Spitzer conductivityh far Ee = ,2 eV, The data are geen Lo agree
well with the Spitzer value except near the wzll where the measured
value of conductivity is low. The disagreement near the wall may be
due to several factors:

(1) The plasma density is low near the wall and thus Spitzer conductiv—
ity may sot be applicsble. If the density is less than 101G cm_3 the
slectric field (.1 - 1 V/m) becomes comparable to the Dreicer field.®
(2) Low frequency oscillations ia the plasma demsity were cbserved
outside w rit in the region where the plasma was flute unstable.
Interactions between the fluctuations and the drifting electrons could
cause an enhanced resistivity.

Figure 6 illustrates the scaling of big gun conductivity versus
density. The data are averaged measurements obtained on the bridge
geparatrix and midcylinder separatrix. The conductivity was measured

while the density decayed from 1012 Cm-3 to 1010 cm-B. The conductivity
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remained comstant at about 100 Q-lm_l which agrees with Spitz-> conduct-
ivity for TE = .2 eV, Spitzer conductivity has a small LR dependence

due to the fn A term {(Chapter VII, egn. 3). TFor a three order of
magnitude change in demsity, Og changes by a factor of 1.5 for Te = .2 eV.
Due to the large errors in measuring J for the big gun it was not

possible to verify the Spitzer scaling of density.

B. Imtermediate gun conductivity

Figure 7a is a plot of intermediate gun density on the separatrix
versus time. TInitial density isun = 2 x 1011 cmf3 with Te = 7 eV and
Ti = 25 eV, Figure 8 shows oscilloscope traces of elactrom saturation
cuyrrent and paddle probe current for the intermediate demsity gun. For
rhe first two msec the current demsity was J = 1200 amp/mz. The current
density then falls abruptly to values on the order of 50 amp/mz- The
flucruations in the electron current turn on at about the same time that
the current drops. These fluctuaticns are discussed in Chapter X.

The conductivity versus deamsity is plotted in Figure 7b. For the
first 5 msec the conductivity agrees with Spitzer conductivity for

Te = 5 oY, At later times the conductivity is 1 to 2 orders of magnitude

lower than Spitzer. The conductivity varies linearly with density.
o@ il = 1078 atea™ VITI-15

Te vemains fairly constant in the intermediate gun plasma; Te =2 7 eV
initially and Te = § @V 70 msec later. The scaling of conductivity

versus Te could not be determined due te the small range of Te'

G, Little gun conductivity

Figure 92 #llustrates little gun density versus position and time in
the bridge reglon. Imitial density on the separatrix wasn ¥ 5 X 109
cm-3 with Te = 10 eV and 'I.‘i = 30 eV, Figure 9b shows parallel current
density measured with a paddle probe. Both the plasma density and
current density are seen to peak slightly inside the separatrix.

To determine conductivity scaling versus density the little gun plasma
was fired into weaker magnetic field configurations. This does not
change Te' but bacause of lower trapping efflciency the initial density
{g lowaer. The demsity can be varied by more than an order of magnitude
while keeping Te constant. Figure 10 shows the scaling of condectivity

versus density. Comductivity 1s seen to be proportional to demsity.

8

cta ) = 2 x 10678 a(ea™ VITI-16

The proportionality comstant in ega. 18 is approximately equal to that
obtalned for the intermediate gun plasma.

The scaling of the litrle gun conductivicty with electfron temperature
was obtained by cbserving the change In conductivity as the electrons

cool, The comductivity is written in che forn
.
g« nTe VIIi-17

The exponent in eqn. 19 can be obtained from

nlg

a=in VIIi-18

TG
"ot



where L TG, and Uo are measured density, electron temperature, and
conductivity at one time and n, T, and ¢ zare the corresponding quantities

at a later time when T < TO. Te varied from 10 eV at injectlon time o

5 eV 20 msec later. The value of the exponent was detemmined to be
a=-,5%,2 VIII-19

The large uncertainty resulted from errors In measuring Te, n, and 7.

D. Summazy

Figure 11 is a summary of the data presented in this chapter. Conduc—
tivity is plotted versus density for the three guns. The conductivity
5f the big gun plasmsz agrees with Spitzer conductivity. The lirtle gun
ind intermediate zun conductiviry vary linearly with densiry according

jofe’
s@ ™y = 2078 n(es™/ /T (eV) YIII-20

Mirror conductivity 1s pleotted for two values of Te. As discussed in the
introduction of this chapter the lirrle gun plasma density and electron
remperature are in the regime where mirror conductivity should be szen.
Instead, the experimental conductivity 1s lese than mirror conductivity
and scales linearly with density. The inrermediate gun plasma behaves
similarly, showing the linear dependence on LR late in time when mirror
conductivity 1s expected.

The linear dependence on n corresponds to a constant mean free path

in the conductivicy formula,

Ao VITI-Z1

where lmfp i3 the effective distance betwean 90" scattering events.

This is similar to the plateau conductivity discussed in Chapter VIIL.

2
e ne
o= futh ViIi-22
@ v
ee
where 1mfp b futh is determined mainly by the magnetic fileld configura-

tion. The data illustrated in Figure 11 were obtained on the separatrix
and agreed with plateau conductivity scaling. Conductivity data were

also obrained off the separatrix to see if plateau scaling held through-
out the machine. Figure 12 is a plot of resiscilvity versus meve/ezn

e

on P = 5 with £ tL"x = ,19 m. Plateau resistivity should plot as a
ut o

straight line with slope given by Aeff = futh. The experimental data
points obtained from the litrle gun and intermediate gun plasmas agree
well with the plateau resistivity. As an added check the value of Euth
was changed by decreasing B-‘J and taking the data on ¥ = 7 in the commea
flux region so that futh = .3 @, The results are illustrated in Figure
13 and again show agreement with plateau scaling.

A posaible explanation of the constant mean free path may be the heop
supports. There are a total of 16 hoop supports in the big cctupole
which can act as cbstacles to the plasma and thus impose an effective

mean free path which is machine size dependent. The magnitude of this

effect can be estimated as followsa:
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A e %.- E;ELELE * 10° cn VIII-23
et 754 cm

where V is the machine volume and A Is the total ares of the 16 supports.
This is rhree orders of magnitude greater thac the lmfp observed experi-
mentally., The hoop supports could be removed by a pneumatic mechanism for
periods up to 20 msec while the hoops rem&inéd in position dne to their
inertr{a. The presence or absence of hoop supports in the plaswa confine—
ment reglon was found not to effect the resistivity scaling. v

The probes used for measuring plasma densi.ty, temperature, and current
also acted as obstacles to the plasms. Inserting probes into the midcyl-
inder of the machine resulted i{n a decrease In plasma density and plasma
current due to plaspa loss to the probes but the resistivity scaling was
~or affected. From these measurements it appears that the constant mean

Iree path observed in the collisicnless regime is due entirely to the

mazgnetic field structure and does not depend on obstacles in the plasma.
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Chapter IX
Current Driven Instabilities
A. Ton acoustic .1.r131:a¥:>:{.liv:y1‘hs
An electric field applied to a plasma causes the electroms and loms
to drift in oppesite directioms. The plasma can be represented by two
drifting Maxwellians; one for the lous and one for the electrons. Since
the electrons have a higher mobility than the ions it is reasonable to
set the fon drift velocity equal to zero and consider only the electromns

to be drifting.

The Vlasov egquation and Poisson equation are

3f

4 of 2 af
— 4w 33 Ty g Ix-1
d 3x m, dx v

3

2
a—i’ « hrte [ g av 1X-2
Ix 1 hi 3

The summation in egn. 2 is over electrons and Ifons. Eqns. 1 and 2 are

linearized by substituting fj(x,v,t) = foj(v) + flj(x,v,t} and

negiecting second order Lerms. The follewing dispersion relation 1is

ohtained
i 32 o €0 ar, /s
1-;5ij [Pf_m?zgi—du+iﬂ—w—'aa—-——-! Ix-3

? stands for the prineflpal Cauchy integral. The electric field varies

Ve -
ei(" x -~ @}

as 50 that Im & > 0 causes Instability. Drifring Maxwelllans

of the form below are uszad.
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g 2
3172 - -
£y = ny (/2 By lomey) X4
where 8, = m, /2%T IX-5

3 3 ]

Substituting eqn. 4 into eqn. 3 gives the following dispersien relation

5 G(Zi)
X+ F i G IX-5
ip
]
kT
where D L —l—z Ix-7
N lannjej
1/2 ;
zg = (39 Tew/ey - uj] Ix-8
G(z) = 1/2 -"c zfe dq 1%-9
hid

The contour in eqn. 9 1is from —= to += below the peles. Fxpanding

G(z) gives

1
G(z) = - 5 lz§ > @ IX-10
2z
For Ti = § eqn. 6 gives the dispersion relation for an ion acoustic wave.
p Z
mpi @ . i— ™ 4 v,
= 1 - - - 2 -
0=1--5 + 5y e tas (W -3 coa}} IX-11
o 4 Cs i s s

1/2 N
where c_ = (Te/mi) ! is the ton sound velcecity, u, 1s the electron
drift velocity, and § iz the angle between ug and E In the long wave~

length limit, the phase veloclty 1s equal to o4 and in the short wavelength
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limit the frequency is equal to the lon plasma frequency. The dispersicn
relation 1s fllustrated In Figure i,

The second term on the right hand side of eqn. 3 correspeads to Landau
damping’*® when Bfoj/au < 0 and Landau growth when aij/au > 8, Bfgjfau
is evaluated at the phasg velocity v¢ = /K. Note that Landau damping
can he caused by both electrons and ions.

Figure 1b 1llustrates the case where the wave grows due to electron
Tandau growth but damps dwe to Ion fandau damping. For Ti - ’l‘e the wave
15 strongly damped. Growth of the wave can be encouraged if TE >t or

>
ven, flowing through the plasma. Thess two
:

=]

=
by incressing the currant J =

rases are illustrataed in Filgures lc and 4.

iy

izure lc shows little lon Landau damping occurring when T{ < T .
L e

slthough v, falls on a part of the ion distribution where 3f /8v < O,

&
rhere are o few ilons in this region that the damping is negligible.

a1 similar effect 15 obtained by Increasing the current flow and shifring
the electron distribution further to the right.

The onset of the ion accustic imstabllity wversus Te;’Ti and ud/ve is
illustrated ia Figure 2. In general, the electron drift velocity u,

xust exceed the phase velocity vy = w/¥ enough to permiz electrom Landaw

growth to balance fon Landau damping.

Tf rhe electron distribution is shifred even further to the right the

iom landau damping becomes negligible 2nd Im o will be positive dusz o

e large positive slope of £ . This growing wave 1s just the two-stream

insrabllity vhich 1s seen to be an unstable ion ascillation.
Thlique lon acoustic waves:® When T ? Ti ion acoustic waves propa-

zating at an angle to B can be shown to have critical drifts less than
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the critical drifts of parallel iom acoustic waves. These oblicue waves

are low frequency o < Qi where .fai is the Zon eycleotraon frequency.

B. Two-stream :'_nsta‘r}:l.l.{ty,rN
Buneman compares the two~stream instabiliry with the anplifying

mechanism of a traveling wave twbe.l????

The free energy source is the

drift emergy of the electrons. The electron beam traverses the traveling

wave tube formed by the ions. The icns take the place of the helical

slow wave structure and propagate a wave with veleclty in' The

£ . P L e £

fluctuating field B -causes ilon velccities eF/is¥ and from the continuity

) i % 3 £ 2 2‘{ 7.3
equation, ion charge density flucruations {e"n/u™M)V-EZ. The elactrons
zre initially drifcing with velocity u and the frequency with which they
-+ = -

encounter the flucruating field is doppler shifted by K.u where X is the
. N R R ) -

wave vector. Electron velocities are -eE/i(w - K-u) m and their charge

- 2 2
density fluctuations are fe™n/{w — K-u) m]V-E. A dispersion relation is
obtained by substituting the charge denaity fluctuations into Polsson's

eguation.

2 2

a8 &) e
=— + . 1%-12
w (a ~ X-u)

Maxiruym growth rate is given by

/3 myi/3
® T = . f 3 vy
Y 2 Jpe (WM) G562 ')pe or K TY-13

The onsetr of the twow-stream iInstability versus 'I‘E:,f"l'i and ud/ve is

1llustraved in Pigure 2.
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€. Tow cyclotrem dnstabilicy®’iisid

The Iom acoustic Instability only occurs In a plasma with Te > Ti'

For T =%imamuucwwsueﬂmghémw&@thrﬁmmtmm

and tIe grewih of oscillations is possible enly for Uy > v, {twe-strean
Instabilizy}. However, In the presence of a magnetic fleld, lom cyclotron
oscillazions can be excited at smaller values of uyr An ion cyeleotron
wave Is Iust ao lon wave rraveling obliquely zo the magnetic fleld in
such a manoer that its parallel phase velscity is not rescnant with foms
and tharzisrsz sxperiences little landau dawmping.

Trummond znd Rosenbluth derived the lon cycletron dispersion relation
for 3 plasme with 8 = 83?/32 < 1. A homogzeneous Infinire collisionless
plasma {5 zssuzed with ioms and electrons having Maxwelllan distributions
and the elecrroms drifting due to an applied electric field. 1In addition
to the zcoustic restoring force the electrons and lons are also subject

te 2 v £ 2 lorentz restoring force, Drummond and Rosenbluth obtain the

dispersion relation

s T . Kzu - 911
- -8y +0E 2 e 3 TX-14
e 1(5) 2% Ti e Il(s) KZVE

2 2
is the icn cyclotrom frequemcy, & = ¥, $, , and Il(s}

x
=4
m
fal
m
[}
3
s
—
£}
Pa

is the Bessel function of imaginary argument. EZqn. 14 is valid only for
wvaves with s=21l X, since lon landau damping can be neglected only for
g < (& - Qi}fSVi. From eqn. 14 it can be determined that o - Qi has a

maximum velve of = 20,7, /T, at 5 = 1.5 =0 that the condition on X

hecomes
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The dispersion relatilon for the lon cyclotron iInstabiliry is plotted
in Figure 3. Thea onset of the 1om cyclatren instability versus TE/T
and ud/ve is illustrated in Figure 2.

D. Drift waves'® 7

The instabilZries discussed above were darived for a homopenecus
plasma, If a magnetized plasma has gradlents =f density or temperature,
the particles have asscciated drifts. These drifts may excite instabil-
ities which propagate across the field with a phase velocity on the order
of the drift velocity. The free energy scurce for the Instability is
the drift energy of the plasma caused by the density or temperature
gradient. If a current is flowing in the plasma due to an applied elec-
tric field the enerzy in the drifting electrons can alse serve as a free
source for the drift waves.

orife cyelotron imstability:'?®’!?

Borh drift modes and cyclotreom
acdes propagate predeminantly perpendicular to the magnetic field and
thus couple effectively. The characteristlic fregquency asscciated with
a gradient in density 1isg

X

2 IX-16

n o=

ERIsY
glE

where 2 is the cyeclotron frequency, & » n/2kT, and ¥ iz the wave vector.

For frequencies near the ion cyclotron freguency @ ~ 2, egn. 15 gives
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%o, == 1x-18
1 pi

where p, 1s the ion gyroradius andé L is the scale length of the density

i
gradienr, L = a/n'. Since L/pi > 1, egn. 18 predicts modes with

wevelengths smaller than the icn gyroradius.

frall gives the dispersicn relation

N 2 . X Tin' 1 Q0 - Kg/ﬂi + K“‘:ia'/eBn ets
L 3 _ T TE T A 2 o -0 - Rgf -
DL @ =Bn (e, }‘/u w8 Kg;’ﬁi
where g = 3"5‘1.3"3\‘_11:i ig a term due to tha curved field lines. The growth
rate is given by
' 2ef 1
y = 0{}% - 19, - ¥y ) ——— 1/2 I%-20
o 1 jid gi(n' - ZKRQ)

2 4 rhe curvature of the field lines. It is sean that magnetic well
~urvature kas a stabilizing effect, espacizily on the longer wavalengths.
inother effect of the corved field lines is fo shifr the unstable
reguency below Qi-

nnlawa?? has observed drift c¢yeclotron iInmstabilities in the DC Cctupole.

frequencies observed were 200 - 300 kEz and were less than the ion
cycletron frequency. Fluctuation levels were low, 200 oV pp fleating
sotencial where n' was maximum and decreasing Lo zeze on the geparatrix.

Ohkawa notes that the high frequency of rhis mode mekes it likely to

152

persist even when the steepness of the magnetic well has stabilized the
interchange mede.

Yamada®?! has calculated the growth rate of the drift cyeletron
ingtabllity when there is a drifting component of electrons due te an

appiied electric field. The threshold walue of u is

u T oM T 1
a 11 {2172, ey3/2, 12 .
ERERs I RUOLER
i e n - - e 1
where A e I (E°T,/m,0,)exp(¥°T,/mn,0,) 1%-27
ere A - Ty mglly exp( T Ix-2

Tn this case the mode corresponds to the Drumsond-Rosenbluth jom
cyelotron wave but due to coupling with the drift mode it has a loWer
threshold for all values of TE/'I‘i.

Obiigue drift weves:?2 2% Oblique drift waves, X-B # 0, in addition
to depending on the gradlent drifts, are also able to tap the thermal
energy of the plasma by resonating with particles streaming along B.

The vesonant particles have velocities 3-%/5 similar o the phase velocity
wf¥y of the wave. ) Rudakov and Sageev have shown that oblique drift waves
cransform into ion acoustic waves as the angle between the wave vector and

the magnetic field decreases.

Yadomtsev®® gives the dispersicn equation for obligue drift waves as

wl = ww* - ancsz =0 I¥-23

where w* is the drift frequency and g ia the ion acoustic veleocity.
@ versus ¥ is plotted in Figare 4. Curve 1 refers to a wave propagating

in the direcrion of the electron diamagnetic drift and is called the
b4
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accelerared wave. Curve 2 refers te the decelerated wave which propagates
in the direction opposite to the electron dismagnetic drifr. The two
waves differ as Ky ~ 0; the frequemcy of the accelerated wave approaching
w* while the decelerared wave frequency g0es TO Z8ro. The transverse
phase velocity of the accelerated wave for X, ~ 0 1s equal to the electren
diazagneric drift velocity. TFor K, > K, hoth waves become acoustic

waves.

When Ty = 'i'e ion acoustic waves are not expected to propagate because
of the strong Landau damping. & drift wave, however, may propsgate in an
inhomogeneous plasma with T, = T, with a frequency @ = ©*. The phase
velocity of this wave parallel to the magnetic field may considerably
exceed v, and is rherefore not subject to ion landau damping. This effect
ig illustrated in Figure 4b. A pure lon acoustic wave with phase veloclty
Vi T Cg iz seen to experience electron Landau growth and ion Landau
damping. The electron distribution functfon has a drift due to an appiied
alectric fleld. The oblique drift wave is able to shift its parallel
phase velocity far emough to the right so as to make the jon Landau
damping term negligible. The oblique drift wave is thus able to exper—
tence the best of twe worlds: it is able to tap energy from the Vn
4irift and also from the electrons drifting parallel to B due to the
applied electric field. The fastest growing wave will be the one that

adjusts v, So as to mintmize ion Landau damping.
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Chapter X
Observed fluctuations

A. Little gun fluctuations

Density fluctuations were obséfved in the lirtle gun plasmz with
frequencies near the fon cyclotren freqﬁeney and its harmonics, The
fluctuations were observed in the electron saturation current, floating
potential, and for high E, (z1 ¥/m}) in the ion saturation current.
Figure 1 contains oscilloscope traces of the fluctuations obtained from
two probes oriented parallel and perpendicular to the BE field line on
the mideylinder separatrix. The paraliel and perpendicular wavelengths
can be obtained from this data. When the probe tips are oriented
parailel to the field line as in Figure la lictle phase shift is seen
between the two signals indicating 2z long parallel wavelength, Cross
correlation of two digitized signals indicate a parallel wavelength
greater than 1 meter which is in agreement with eqn. I¥-13 evalvated at

the little gun paramerers.

9]

g

=
L
2
L

Ky <

=
.
= lm
]

5
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Figure 1b shows the case when the probe tips are orlented perpendic—
ular to the magnetic field line. A phase shift of 70% 1s seen between
the two signals. This indicates a perpendicular waveleagth of hy = 4.5

cm., With B, = 300 Gauss the ion gyroradlus is pi = 2.4 cm, Thus the

Ej

perpendicular wavelength Is oo the crder of an fom gyroradius and

Klpi * 1, The phase velocity of the wave’is given by
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v, =2 - 1.6x 104 =/ sec X-2
% X,

Zarly in time (first 5 msec) the power spectrum of the oscillatiens
is sharp and there is little power in the harmenles. « and K can be
determined from oscilloscope traces such as those in Figure 1. Later
in time the power spectrum becomes broader and harmonics start to
appear. The harmonics mske it difficult to determine and K from
sxamination of oscillesecpe traces. In order to obtain a phase shift
Setween two signals the signals must be digitized and cross corrvelated.
This is 1llustrated im Figures 2 and 3.

Figure 2 shows data obtained 3 msec after gun injecticn. The two
signals show a fundamental frequency and a small first harmonic. The
cross correlarion of the two signals is illustrated in Figure 2ec. Only
the fundamental appears in the cross correlation. The first harmenic
in the two signals does not correlate. The cross power spectrum is
illustrated in Figure 2d. Note the sharpness of the spectrum; most of
the power occurs inm a 100 kiz band. ¥o harmonics are seen in the spec-
trum. The phase shift in Figure 2c again gives K;.pi = 1,

Figure 3 shows data obtained 15 msec after gun injection. Examinaticn
of the two signals shows a high hammonic content. The harmenics also
show up in the cross correlation of the two signals Indicating that the
harmonies are alse correlated. The cross power spectrum is 11lustrated
in Figwre 3d. Yote how much broader this power spectrum is than the ozne
in Figure Jd. Notigeable power also appears in the harmenics. The
phase shift {n Figure 3¢ Is a combination of the phase shifr iIn the

fundamental and the phase shift in the harmonie. The cross correlation

vzee which

i62

of two signals preserves the shared frequency t:.ampm-zents.2 Each of the

shared frequencies, &

3

difference between the two signals ar that frequency.

» will cause a shift at T = 0 equal to the phase

The two phase differences can be obtained from the cross ecorrelation
funcrion in the manner described In the appendix. The following eguation
iz used

4, = Tan™t I_m_‘f(u_.zh)_

k Re C(mk)
whera ¢k 1s the phase difference between the two signals with frequency
@ and Re E(mk) and Im E(mk) are the real and iImaginary parts of the
Fouriler transform of the cross correlation functionm.

From this data, @ and K, can be determined for the harmonics. For
the first harmoniec, @ = 291, it was determined that }\J_ * 2 cm, which is
about half the wavelength of the fundamental, Thus the harmonic has
approximately the same phase velocity as the fundamental.

Figures 4 and 5 show power spectra obtalned at different values of
magnetic field strength. Figure 4 shows the power spectra 3 msec after
the litrle gun was fired. The spectra are sharp and have most of the
power in the fundamental., Figure 4a shows an zutocorrelation function
obtained at Ba = 300 Gauss. The peak at T = 0 1s due to broadband aoise
ag described in the appendix. The nolse gquickly decorrelates to zero
and only the correlated signal remzins., The signal is seen tz slowly

Zucrease In amplitude corresponding to a decorrelstion pime of T = 25

: P ~T/T .
ks determined by Tltting an exponentizl e L the envelope

af the cscillations.
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Figure 5 shows power Spectra obtained 13 msec afcer gun injection.
The spectra are broad and show pronounced harmenics. Figure Sa si’lows
an astocorreiation function obrained at Bﬁ = 300 Gauss., Note the large
peak at T = 0 which corresponds to broadband neise. The T = 0 peak is
a factor of 7 bigger than the correlated signal whereas the noise
signal at 3 msec was only twice the correlated signal. The correlared
signal at 13 msec alsc shows that the harmonics are correlated.
Radomtsev® has caleuvlated the power spectrum for & curreat driven lon
cyclotron instability for the case K_'_{.:i * 1 and Ky < Teﬁill."?l‘ivi. The
tong parallel wavelength s21lows the wave to grew without belng sublect

te ion Landau damping. Those modes grow which sarisiy

Qi
v, <0 < v -4
i 0w e

Gscillations with a frequency slightly larger tham 1, set up beats at
frequeacies close to zero and to 291 (i.e. harmonics of ."Zi). The
oscillations with very low frequency are able to transfer snergy to the
fons through menlinear Landazu damping and this process will 1a;ad to the
timiration of the escillarion amplitude.

3y considering nonlinear ion Landau damping apd the formation of a

platezau in the electron digrribution function, Kadomtsev was able to

derive the following estimate of the gquilibrium spectral function.

TT v
e 1 d 1/2 dX _
égl_fzkdxﬂ -as3 { 5 ) 5 X-5
e vy Qe'fe Ky
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where 4 = 1, Qe = eB/me, and Te i1s the electron collislon time. Egn. 5

gives Ik in terms of K. From the dispersion relaticn we can evaluate

1 in terms of @

T, e T, . K,
=0 {1+ Fe L + i £ e 71
@ 1( . O NORIECR e

F T S -

[d
Bal
Lol

where 8 = Kl_zgiz and Il{s) {s the Bessel function of imaginary argument.
There exist tables of e_szﬁ(s)."

Figure 6 shows a comparisen bEtQQEn the Kadomtsev spectrum and
experimentally cbtained speétra at 3.msec and 15 msec after gun
injection. The experimental spectra are 5 shat averages. The
YTadomtsev spectrum ls seen to be narrower than the experimental
spact@. At 3 msec the Kadomtsev spectrum predicts 2 full width
2t half max of fw = 24 ¥Hz whereas the observed spectrum has A =
40 kHz. Similarly at 15 msec Kadomtsew predicts Am = 32 ¥z while
&g = 80 kHz 1s observed.

Although disagreeing in magnitude, the Kadomtsev spectrum does
predict the general trend of the spectrum broadening later in time.
This 1s a result of the ‘E‘el"ri term in eqn. 6. The range In K space
where unstable oscillations pecur increases as Te/Ti increases. As &K
increases so does Aw.

Kadamtsev considered only nonlinear ion Landau damping and plateau
formation in the derivaciom of eqn. 3. 'Is)rtcwich5 has shown that
nonlinear wave-wave interactions can slso lead to spectrum broadening.
Tsytovich refers to this process as plasmon-plasmon interaction and

the spectrum broadening is called correlation broadening. Correlation
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broadening leads te a spactrum of the form

Yy <8 -8

i.e., tke peak is shifted and brecadened. Correlatiom broadening has
been applied to Langmuir turbulence and ion acoustic turbulence but

there exists a paucity of theory on correlation broadening applied to

the lon cycletron instability.

8. Intermediate gun fluctuations

Pigure 7 shows oscillescoge traces of electron sateration current
znd paddle probe current for the intermediate density gun. Fluctuations
in the electron current are observed to turn on 2 msec after gun injec-
tion when vy = .05 Vo =5 Ve The fluctuations separate into two reg-
ions which will be called early and late.

The early fluctuations occur frem 2 msec to 6 msec and were identified
as an ion cyclotron mode similar to the fluctuations observed in the
titele gun plasma., From figure IX-2 it is seen that the ion cyeclotron
mode is driven unstable when vy > .03 AR and Ti > Te' This condition 1s
satisfied in both the little gun plasma and the Intermediate gun plasma.

Power spectra for the oscillations are illustrated in Figure 8.

3 msec after gun injection the power spectrum shows a narrow peak near

the lon cyclotron frequency, This mode was found to propagate perpen-

dicular to the magretic field with KLQi =1 and A, > 1 meter in a similar
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manner to the mede observed im the little gun plasma. The long parallel
wavelength zllows the wode to satisfy the condition
v, <2 <v X-9

1 Kl\ e

This ailows the fluctuations te gain energy by rescnance with the
drifting electrons while avoiding Landau damping from the fons.

Figure 8b shows the power spectrum 5 msec after gun Injection. The
spectrum is seen to be about twice as broad as that in Figure 8a. This
is due to the Increasing value of Te/Ti as was discussed previcusly in
explaining the broadening of the little gun spectra. Flgure 8c shows
the power spectruwm 7 msec after gun injection. The spectrTum has spread
considerably and a harmonic has appeared. A large percentage of the
power gccurs at frequencies below fci' This behavier was not noticed in
the litrle gun plasma.

Figure 8d shows the power spectrum 10 mseec after gun injection
{i.e. during the late fluctuation region). Fluctuations occur from
100 kHz to 1 Hz. The fluctuwartions at and above fCi were determined
by cross correlation methods to be ion cyclotron modes. When Te > Ti
the fundamental and harmonic peaks become so broad that they overlap
each other and form 2 comtinuous spectrum.

The low frequency oscillations (< fci) did not cenform to the iom

cyclotron dispersion relation. XK, and w were found to vary so that the

S

phase velocity remained constant at v, = 10" m/sec. This 1s close to

]

the diamagretic drift velocity for the intermediate gun plasma.
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- diamagnetic drift, XA, was found to be large so that /K, can still

7 4
vy = — =5 = 1x10 g/sec for B = 300 Gauss x-10

oF resonate with the drifting electrons due to E,.
n

Second, the ion temperature decays rapidly in the intermediate n
- 41(104 n/sec for B = 1 kGauss ne i 7 praty i e

plasea so that Te > 'Ii when the late oscillations were observed.

Ay was found to vary from 1 cm to 30 cm. The mode was deternined to Figure I¥-2 shows that ion acoustic oscillations are able to be excited

h i ides
propagate in the elctron diamagnetic drift direction. Scimide” has if v, is high encugh. As explained in section I¥-D an Iom acoustic wmede

imilar ) :
observed 2 similar mode in the quadrupole when the plasea was subjected in an inhomogenecus plasma can propagate obliguely to the magnetic field

to a lazge £,. Because of the @/% = v, = constant dispersion relatiom

$

he referred to rhe mode as an ion acoustic ~ drifr meode.

so that A, enables the mode t¢ interact with the diamagnetic drift while

Ay is such that w/X, = c_. Unfortucately X, was so large in this

if t in - -
3oth drift waves and lon cyclotron waves propagate predominantly experiment that an accuraze value for K| could not be determined (1.e.,

4 t - Td ~ e -1 ff— E e . M 1
perpendicular to the magnetic field and thus can couple effesctively ir appearsd as though X, = 0.

: . 11 Figu % . mode €nds and- : i
t is hard to tell in Figure 8 where the lon cyclotron mo s a Tigure 9 illustrates energy balance in the intermediate gun plasma.

. N . = - . v = £ N . 1

here the dfon acoustic - drift mode bagins. 1If one uses R.py i for The curve labelled Viin is the predicted value of the parailel electron
in

the ion cyclotron mode then vy = v when f < 300 kHz. The breadening of

4 drift velocity if all of the E,-J, energy went into the drifting elec-

the fon cyclotron power apectrum can generate freguemcies of this order

Trons. v iz determined as follows
din
and thus the ion cyclotron mode and the drift mode are identical.
. T o _ 1.2
Although it can be argued in this manner that the late cscillations !O 0,4t = WYL 113

are generated by the broadening of tha fon cyclotron peaks into a
E T & =
in ,.J,dt is the total amount of energy per unit volume that is deposited
continuous spectrum the early and late ascillarions will be considered

in the plasma up to a time € = T msec. J, versus time and position was
as two different modes. There are twe reasons for proceeding in this

obtained from paddle probe meazsurements. Ey versus time and position was
manner. .

calculated from the changing B fields as described In Chapter V. The

First, Figure 7 shows that the amplitudes of the two modes differ.

average v over the octupoie crposs section 1Is plotted in Figure 9.

. din
Safn is a factor of two greater for the late oscillations than ir is for
Horice that Viia initially rises very rapidly due to the large J; at
the early oscillarions., The late oscillations have an additional free

early times. At 5 msec J, drops to z low value and Vatn increases

slowly afterwards. The measured value of Y3 averaged over the gctupole

energy source. X, is adjusted so that the mode can tap energy from the
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cross section is alsc plotted. vy and Viin °TE in ag:eement.f?r thé
first 2 msec but then.vd falls below Yatn when the flucﬁuatioﬁs occur.,

The energy in the flueruations was determined as fﬁllqés. It is kncwﬁ_
that fnfu = e£¢/kTe for drift waves. Fluctuations In fhe.fibating
potential of 49 = .1 Volt were observed in the late oscillarions which
agree with Snfa = .03 for Te = 10 eV. Thus the energy In the density
fiuctuations i1s aqual to the energy in the potentlal fluctuations
(1.e. kineric energy = potential energy). The same relatilon was assumed
-5 held for rhe ion cyclotren oscillations. The total fluctuation
energy averazed over the octupole cross section 1s plotted in Figure 9.

The sum of the drift energy and the fluctuation energy is plotted
as the dotted line in Figure 9. The drift energy and fluctuation energy
account for only 60 of the input energy. The remaining 40% can be
sccounted for as follows. Both ion acoustic and ilon cyclotron oscilla-
cions cause a plateau to form In the electron distribution. Thils was
discussed in section VIII-H. The parallel phase velocity of the iInsta-
bility resonates with the drifting electrems. Drift energy is transferred
to the instability amd also to the randem electron velocity thexeby
causing a high energy rail.

The electron velocity distriburion was examined with the £ x B energy
analyzer. The analyzer didn't have encugh resclution to see the plateau
in the distribution but a high energy taill was observed. This 1s shown
in Figure 10. 2 msec after gun injection the electron velocity distri-
but lon was observed to be Maxwellian with Te = %3 eV, 15 msec after

infection the bulk electron temperature was observed to be T = 6 eV
e
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with a high energy tall of Te = 203 V. The energy in the tail can be
obtained by subtracting a 6 eV Maxwellian from Figure 9., The density

of the 6 eV Maxwellian is

1080 e « 0 = fe(viav X-12

The total energy in the remaining 20 eV tail was determined to be

B~ 16_4 Joule/m3 ¥-13

This value was determined on the aidcylinder separatrix and was
arbitrarily taken to represent the average over rhe cctupole cross
section, It was difficult to determine Etail from the distribution

function at earlier times so Etail was assummed to be constant in time
at the value given in egqn., 13.

The dotted line in Figure 9 is the sum of the energy In Vqs the
fluctuations, and the high energy electyon tail. This sum accounts for
about 80% of the input energy. The remaining 20% can be accounted for
by various processes such as lonization of background neutrals, excita-
tion radiation, and particle losses to hoops, walls, and supports.7
Tons are heated due to ion Landau damping. Skimmer probes do not offer
enocugh resolution to measure this heating. Alse, Figure % does not
account for the energy in the fluctuations which came from the diamag-

netic drift.
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Zlectron velocity distribetion for int. gun plasma
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Chapter XI

Turbulent—mirror conductivity

A. Summary

Figure 1 summarizes the results obtained for the conductivity of the
three plasma scurces. Resistivity is plotted versus collision frequeney.
The collision frequency is normalized to the electron bounce frequency,
vb, and is divided into 3 regimes of collisionality: collisioral,

cransition, and collisionless.

In the collisional regime, mirror effacts are not expected to play
any part im determining the conductivity and Spitzer conductivity shounld
fiold. The resistivity of the big gun was indeed found to ohey Spitzer

resistivity, scaling like (TE)_3/2

and independent of density.

The collisionaiity of the Intermediate gus is Initially transiticnal
and later becomes collisionless after the density decays. For the first
2 msee after injecrion the conductivicy of the intermediate gun sarisfies
Spitzer conductivity with T, = 5 eV although the electron temperature wasg
determined to be 7 eV. Later In time the current deansity dropped
abruptly and the resistivity was observed to scale like n « /¥;/n which
agrees with rthe transitional resistivity scaling.

The Iittle gun plasma is collisionless and mirror effects are
expected to have a significant effect on the conductivity., Mirror

trapping reduces the number of circulating particles and shwuld cause an

enhanced resistivity

/2y DSp
Fey = XI-1
aic for

r]mirrm:
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the little gun resistivity was determined to scale like 1 @ /’f;/ne which
does not agree with the prediction of eqn. 1
Figure 2 illustrates resistivity scaling versus density for the
1ittrle gun and intermediate gun plasmas. Lencioni® and Erzweiler®
resistivity scaling is also indicated. "ﬁ:zey observed resistivity in
che 1little octupocle to scale like n @ \/—T;/n but a factor of 2 to 3
greater in magnitude than the large octupole resistivity. Also plotted
are resistivity values for Spitzer, mirror and two turbulent resistivity
sredictions. The Buneman resistivity occurs when the electron—ion twe
stream instabllity is excited. As discussed in sectiom VIII-I the
irected electron emergy 1s dissipated into random energy by Interactions
with rhe fiuctuating fields. Buneman gives the conductivity value as
o = ‘zi“‘z‘)l/?’ © esu ' x1-2
This value is plotted iIn Figure 2. The resistivity scaling isn o n_}"f"Z
and 1s 2 to 3 orders of magnitude higher than the experimentally observed
values. The two stream instability is only excited when dy > v Drift
elocities of this magnitude were not observed and the two stTeam
instability is not expected to play a role in the conductivity.
Sagdeev resistivity“ 1s predicted to occur when the lov acoustic
instability is excited. The dynamic frictian force acting on electrons

in the presence of the icn acoustic instability is

o 3wy dv o [av8(E Ydv XI-3
Toff ot e e
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wiera T is the effective scattering time, f 1s the electron distribu-
e

eff

rion function and S is a collision operator which has the form

2
e” 3 >

B s -FW g |2 XI-4
*
m 2v

3v

Wml'?‘ié

where X is the wave number and E,{ is the energy in the k mode. Equ. 4
is difficult to solve but a quasi-lipear approach leads to a kinetic

equation for Nk’ the wave spectrum

2

“i Tile
P = oW = -
2\)ka + - kS (£) Q XI-5
0 (enm,)
i
. z £ o
Eqr. 5 can be sclved for S(£} and thus Tes LE Nk and v, Bre known.

Yy is the growth rate of the mode and 1= approximzted by
2
T, @ 0 Al u
- i pi - 2f - d
AV] =y = - — =y -— Xl“é
LS 2 1{2 3v|v = /K A

v < @ is reguired In order fox egn. 6 to be a good approximation.

Sagdeev obtains for T g¢ due to ilon acoustic imstability

[
T = 102 .,1_
m?i

RI~7

-]
o a

e
where cs 15 the ion acoustic welocity and 1.1d is the electron drift
velocity éue to a parallel electric field. Experimental values of
T have been found which are in agreement with eqn. 7. The factor

eff
of 102 in eqn. 7 is only approximate and experimental values range

from 102 to 103 depending on the apparal:v.;s.s’B

Sagdeev reslstivity 1s obtained from
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T

m m -2 e

n= 7 = =35 10 T
ne Teff ne

mpi XI-8

H
" fof

This resistivity is plotted in Figure 2 and is seen to scale like
no 3_1/2. The magunitude is a factor of 2 to 10 greater than the
experimental values but if the factor 103 is used in equ., 7 the magni-
tudes agree well except for the differeat scaling with density.
Sagdeev Tesistivity was derived for a plasma in a homogeneous

nagnetic field and thus takes ne account of mirror effects. If equ. 7

is solved for V ¢ the following table is obtained.

Table XI-1
(em™y v o, (T =10ev) v, = (8/28, 3y
alem aff b e e 20’ Vesr
108 5x 105 Sec_}' 2x 106 sec-1 106 - 107 sec.1
1610 5 x 106 sec‘1 2 x 106 sec-l 107 - 108 sec—l
g 3 10 -3

Yy is comparable or greater than Vors fromn = 10" em ~ ton = 107 eom
2nd thus mirror effects must be taken into account when considering the
Sagdeev conductivity since the value of the conductivity depends on the
scattering process with the highest frequeacy. In particular, the table

shows that the conditioms for transition resistivity are satisfied

w202
) KT -
Veff < vb N (Bic) Veff 8
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This leads us to the definition of turbulent-mirror conductiviry
(as opposed to Spitzer-mirror conductivity) which mey be a possible
explanation of the n o /T;/ue scaling where Spitzer-mirror conductivit}
is expected. vei due to electron-ion collisions is very low and is
replaced by Vs from eqn. 7. The enhanced resistivity can be explained
in either of two complementary ways:

(1)} Electron interactions with current driven turbulence cause
the electrons to undergo small angle scattering. In a homogenecus
magnetic field a resistivity similar to thet given In eqn. 8 would be
expected. The presence of mirrors enhances the resistivity since a
small angle scatter Into the trapped regiom of phase space is
equivalent to a 90° scatter.

(2) ‘The presence of the instzbility enhances the role of the
mirrors. The small angle scattering due to the Instablilicy opems up a

larger portion of phase space to the mirror effects.

fither of the two explanatiomns leads to a turbulent-mirrer resistivity
scaling like transitional resistivity n @ Jf;/ne for the frequencies
listed in Table XI-1.

The above arguments are based on T gy derived for current driven
jon acoustic turbulemce. The fluctuations actuzlly seen in the electron
current corresponded to ion cyclotron imstability and a current driven
drift wave. However, zll of the arguments leading up te eqns. 7 & 8
were based on quasilinear effects, e.g. plateau formation in the
electron distriburion, wave-wave scattering, and wave-particle scatterins.

411 of these processes occur im ion cyclotron modes, Also, the condition
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for egn. 6 to hold is satisfled for the ion cyclotrom instability.’

u
d
<, — X1-1C
cl v
e
Thus, T for current driven ion cyclotron instability is not expected

Teff

to differ much from eqn. 7.

Txperimental evidence for the validity of rurbulent-mirror resistivity
is as follows:
(1) Experizental resistivity at low plasma densities is observed to

scale iike n & f?;/ne in contradiction to the expected mirrer scaling

(2} Flucruations in the electron current were observed when the
ancmalous resistivity was seen.

(33 udiv:hi and 're/'ri satisfied the conditions for excitaticon of
current driven ion cyclotron modes.

(4) A high energy tail was observed in the electron distribution. This
rail can be explainad in terms of particle heating due to the formation

of a plateau.s
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Appendix

Data Analysis

Figure 1 illustrates the data taking system used on the octupole.
Fluctuation data obtained from probes are filtered and amplified by the
Tektronix 501 module. The signal is ampltfied to the proper level by
the op amp buffer circuit in front of the Camac modules. Three Camac
modules were equipped with Lecrcy 2256 waveform amalyzers. 1024 samples
with 8 bit accuracy can be obtained, The fastest sampling period 1s
T = 50 nsec. The digitized signal is read out of the buffer memory by
the POP-11/20 computer and is stored in core memory. & mumber cf things
can now be done with the digitized signal.

1) The raw data signal can be stored on a floppy disk,

2} The data can be analyzed: 4&n autocorrelation can be performed on
the signal followed by an FFT to give the power spectrum. A cross
correlation can be performed on two signals from probes at
different positions In the octupole.

3} The analyzed data can be displayed on the (BT or plotted on the

xy plotter.

Nyquist sampling rate: A signal to be digitized is composed of

frequencies from £ = 0 to £ = £ , where fm is the highest frequency
m

component of the signal. The Nyquist sampling theorem states rhat

aliasing can be avoided 1if the sampling rate T is chosen such that
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e. %. if fln = 10 MHz then T < 50 nsec. Conversely, if the fastest
sampling rate of the ADC is T seconds then the input signal to the ADC
must be filtered so that it contains no components with frequencies
higher than fm = (2'1‘)‘1. The fastest sampling rate on the Lacroys was

T = 530 nsec so that fm = 10 MH=z.

Leakage: Leakage is illustrated in Figure 2. A periodic waveform in a}
is sampled and the digitized sample ijllustrated in d} is stored in the
computer memory. The FFT calculation requires a pericdic signal.

This 1s ohtained by repeating the sampie 8s 1llustrated in e}. Discen—
tinzities cause sidelobes to appear In the power spectrum. This Is
referred to as leakage., The sidelobes are an effect of the sampling
and do not cerrespond to any frequency components In the inpur signal
to the ADC. The discontinuities result in the appearance of high
frequency components in the power spectrum in crder to build up the
steps. The discontinuities may also result in a DC component if the
signal no longer averages to zero. There are several ways to reduce
the lezkage.

1} Make sure the sample contains an integer number of wave periods.
Experimentally this is difficult to achieve. The phase of the sample
at the beginning and end of the sample window will vary and cne will
need to reject a majority of the data before matching phases are found.

2} Average the autocorrelation over a number of ahots. In this
way the phase difference will average to zero.!

3} Multiply the sampled data by a Hanning functien.? The Hanning

function forces the phases to match at the beginning and end of the



193

sample window.

Correlation functiom:
The correlation function is defined as the time average of the
product of two signals,

L 12
C(f,g,7) = lim % | f{t)glt~1)dt A1
T ~-T/2

If che signals are digitized the digital equivalent of eqn. 1 is
n-m

€(f,g,T) --ﬁ%ﬁ» E f

J:1 ’ A-2
— kT

where n is the number of sample points and n-m is the correlation
window withm < n,

If £ =g then C(f,f,7) is the autocorrelation of a signal. The
Weiner-Khinchin theorem® states that the power spectrum 1s the Fouriler

transform of the autocorrelation

@

Ty = [ cte, £,73eM 4 43

-

If f and g are different (e.g. signals from different positiona)
then C(f,g,T} 1s the cross correlation functiom and E(m) is the cross
spectral power density. Any random fluctuatifons not common to both f
and g average to zero aad only common frequencies show up in Cla).

Some of the commonly ohbserved correlations and power spectra are
illustrated in Figure 3. These illustrations are familiar to anyone
who has examined a table of Fourler tramsforms. Figure 3a illustrates

a perfectly correlated sine wave. Neither the amplitude of the wave
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nor the frequency change in time. The power spectrum shows that all the
power occurs at frequency ©, -

Figure 3b illustrates a wave which decorrelates after a certain time.
The decorrelation time T is the time at which C(f,f,T) falls to 1/e of
its value at T = 0. The autocorrelation function fs always maximum at
T = 0. The power spectrum is broadened with Aw = 1/T. Thuys the
decorrelation time is related to the width of the power spectrum.

The broadening of the power spectrum (and bence the decorrelation time)}
are often caused by turbulent processes in a plasma and for a given
instability the broadening can be predicted.

Figure 3c illustrates the autocorrelation and power Spectrum of
broadband noise. The noise quickly decorrelates to zero in a time T.
Most of the power in the power spectrum occurs at frequencies less than
Tt

Figure 3d shows the autocorrelation of a sine wave signal with
broadband ncise added to ft. In all likelihood one would not be able
to look at the raw data signal and tell that it contained a pure sine
wave burled in all the noise. The pure sine wave is easily seen in
the autocorrelation. The broadband noise decorrelates to zere in a )
time T and the sine wave is the only signal remaining. The power
spectrum shows power in the low frequencies < ’1‘-1 corregponding to the
noise and a spike at @, corresponding to the aine wavé.

4s a final example, Figure 4 illustrates the cross correlation of
two signals containing a fundamental frequency and one harmonic.

Signal 1 is giver by
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- 3 E -4
C{f,£,T) = Cosugt (w) (wg)y A /\ [\ /\ 2. signal 1

200

AWAWAWATN.
VAVRVAY -

_ Tw) = :
o CEET = e Toosugs 1l + (e + )2 /\ /\

- 1
Cl{w) = 1/3‘2 e ¢. cToss
correlaticn

oy L. T/ . =
C(E,£,7) = & + Sing,t Clw) = —"51'“—2+ & (wg) 4.
TS+ w

b, signal 2

272 x o X  pawer spectrum
o Phase shift

nfh a

Figure A-3

Figure A-4
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