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ABSTRAGT

The discovery of the existence of the magnetosphere
has stimulated laboratory studies of the interaction
between streaming plasmas and magnetic fields. The project
described herein was undertaken particularly to study
tiie boundary layer established in suqh an interaction
and the transfer of plasma across this boundary.

To simplify the geometry, a speclal solenoid was
designed with a turns distribution such that the resulting
external magnetic field was cylindrically symmetrical.
Field calculations were carried out by computer. The
experiments were performed in an evacuated chamber where
copper plasma generated in a plasma discharge gun was
directed perpendicular to the axis of the solenoid.
Velocity probes and a triple probe were used to measure
the plasma parameters - streaming velocity, electron
density and electron temperature. Magnetic.probes
recorded perturbations of the magnetic field by the
streaming plasma ard various cameras recorded the
interaction photographically.

The results showed the existence of & magnetic
boundary layer and measurements of the thickness of this
boundary layer showed general agreement with the value

predicted using the Rosenbluth sheath model. Furthermore,
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the parameters of the interaction were found to satisfy
a simple relationship equating magnetic energy density
and plasma kinetic pressure. However, it was observéd
that the boundary did not represent a "contact surface" -
i.e. plasma was able to flow across the boundary. In
addition, a magnetic perturbation was observed to develop
into a field-dependent asymmetry after the main interaction.
A corresponding visual asymmetry was recorded by the high-
speed camera.

An hypothesis, supported by computer calculations,

is proposed to explain the observed phenomena.
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CHAPTER 1
INTRODUCTION

h

[E]
{]

thesies

o

L]
e congernad with the fimdamental study

3

of the interaction between a2 sgtreaming plasma and a
transverse magnetic field.

A survey of the evclution of laboratory experimentation
and theoretical work is presented in Chapter 1 as well as
an outline of the thesis objectives, A description of
the experimental apparatus and diagnostic techniques used
in this project is presented in Chapter 2 while the
experimental results appear in Chapter 3. A model of the
interaction is proposed in Chapter 4 followed by the
tneoretical analysis of the problem based on this model.
Chapter 5 discusses the results of the theoretical
analysis - particularly the mechanism by which plasma

penetrates the boundary. Various appendices conclude the

presentatiorlo q

1-1 EARLY INVESTIGATIONS

Izboratory experiments in plasma physics were initiated
by Birkeland (1i9G1) for the purpose of explaining aurcral
phenomena. In his experiments, an electron beam was directed

£
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towards a magnetized sphere (terrella) which simulated
the dipole magnetic field of the earth. Excitation and
ionization of the background gas rendered the electron
trajectories visible and they were ebserved to impinge
preferentially on the peclar regions of the terrella. This
led Birkeland to the conclusion that the sun was a source
of cathode rays and was responsible for the phenomena
known as aurora borealis.

Impressed by Birkelandt!s work, Stormer undertook an
analytiec investigation of the problem and progduced a
monumental study of high energy particle trajectories in
a dipole magnetic field (1955). Results of this work seemed
to verify Birkeland's conclusions and Bennett (1959}
further enlarged on Birkeland'!s and Stormer's investigations
using the "Stormertron® apparatus. Though his results
were essentially photographic, Bennett'!s work did indeed
verify Stormer's results and seemed to realistically
simulate the aurora. However, both qualitative and
quantitative problems arose and, though vigoreusly defended
by Benmett, the work faded in importance with respect

to auroral phenomena though it remains important in the

study of cosmic rayse. H,«

- ~ RAATLTOTIAT  “TFRITTIS

3-2 MODERN INVEST

Interest in laboratory simulation experiments lagged



untii the advent of artificial earth satellites, one of
which (Lunik 2, 1961) measured properties of the solar
wind thereby confirming its existence which had been predicted
experimentally by Biermann {1951) from the study of comet
tails and theoretically by Parker (1958) in a study of
the hydrodynamic¢ expansion of the solar corona. Subsequent
satellite investigations revealed the existence and extent
of the magnetosphere and the existence of the Van Allen
radiation belts (see figure 1l-1) and several research
groups began studies of these phenomena on a laboratory
scale, (for example, Alfven et al. 1963, Bostick et al.
1963, Osborne et al. 1964, Sellen and Bernstein, 1964).
Difficulties in scaling interaction parameters from
geophysical dimensions to laboratory scale have imposed
constricting limitations on the value of this work and
much care must be taken in forming general conclusions
from simulation experiments. For example, electric fields
due to charge separation are a result of inertial effects
and, since particle masses cannot be scaled down, charge
separation phenomena cannot be properly represented in
the laboratory. Such difticulties are detailed in articles
by Block (1967) and Gore (1969). ﬁ
Unlike experimental endeavours, theoretical work
continued in the years following the Birkelana experiments
- the most notable work being Chapman and Ferraro's

discussion of "magnetie storms" (1934, 1932, 1933).
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VTEW OF THR n;nmn wwnu ONPER SPACR SHOWING THE TOROTIDAL.
' vm nn.m BELTS (ARTIST'S conczmon)

in an undiétufbeé eéﬁdi on, uhe earth's magnetic field is
usually depicted as the familiar dipole configuration., However,
under the influence of the solar wind {arrows ), the magnetic
field lines (light-coloured lines) are compressed and distorted
with the result that the geomagnetiec field is confined to a
teardrop-chaped cavity/with an elongated tail. This cavity is
cailed the magnetosphere, the cavity boundary is termed the
magnetopause, and leakage of particles across this boundary {by
mechanisms vet to be explained) is responsible for the presence

of the Vam Allen belts. ~



Hampered by insufficient data concerning tne corpuscular
radiation emanating from the sun, they nevertheless
developed a remarkably sound theory. consistent with current
data. Neoting that the geomagnetic field was affected by
solar flare activity, Chapman and Ferraro postulated that
the agent of this perturbation was an electrically neutrai
cloud of protons and electrons (a plasma) ejected by the

sun during the course of a solar flare. As this cloud
encountered the earth's magnetic field, current systems

were induced wnich cancelled the geomagnetic field in the
cloud and strengthened the rield between the cloud and the
earth. The cloud continued to advance until its forwara
momentum was expended in compressing the geomagnetic field.
Subsequent satellite investigations elarified many
uncervainties concerning the magnetospnere and new models

of interaction appeared. In particular, interest has
focussed on the magnetopause (boundary layer of the
magnetosphere) and possible mechanisms by which plasma

could be transferred across this boundary. The transition
layer between a plasma and a magnetic field was first
examined by Rosenbluth (195L) who determined the behaviour %
of the internal electric and magnetic fields for a plane
interface. This work was expanded by Shkarofsky and

Johnston (1961) who calculated the particle trajectories
inside the boundary and deduced fine structure such as charge

distribution and the ion-cvershoot layer. Other important
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aspects of boundary theory have been discussed by Grad

(1961}, Bernstein et al. (1964), and Sesterc (1965).
Determination of the shape and position of the

boundary between a magnetic field and a streaming plasma

s a cyclic problem. In the mest commen approach, it is

o
%

i
defined hy a surface on whieh kinetic energy density
the incident plasma equals the magnetic energy density.
To determine the magnetic field on the boundary requires
a knowledge of the electrical currents flowing on the
boundary. These currents are determined by the shape of
the boundary which, in turn, depends on the magnetic field
on the boundary and the problem has gone full circle.

Hurley (1961) approached a two~dimensional version
of this problem in a unique way. Setting up a dipole field
in a complex plane, he surrounded it with a circular
pboundary. Using a conformal transformation, this surface
was deformed in a manner consistent with Maxwell's equations,
a2 pressure balance equation, and behaviour of the field
at the origin. The result was an exact solution of the
boundary problem as well as detailed knowledge of the

deformation of the magnetic field. Unfortunately, as

Hurley notes, "The solution of the three-dimensional ——
Ty
problem appears to be quite hopeless.™. Several |

independent methods of approximaticn have been used to
calculate the boundary in three dimensions - 2 multipole

expansion by Midgeley and Davis (1962), a free surface
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method by Slutz (1962}, and the self-consistent field
method by Beard (1964).

h ] b 3 ST z
i-3 THBSIS PRCELEM

In an earlier survey of the literature (1966}, the
author was impressed by two characteristics of laboratory
plasma research -

a) the fundamental difficulties of simulating geophysical
phenomena in the laboratory,
b) the lack of correlation between theoretical and

experimental work.

As a result, it was proposed that the thesis experiment
have the following objectives:
1) The investigation would be carried out in an attempt
to understand the basic physical principles involved in
the plasma-magnetic field interface rather than to simulate
geophysical phenomena,
2) R serious attempt would be made to simplify the experiment
so that a meaningful analytical study could be carried out.
Most laboratory experiments have been carried cut

using a dipole magnetic field. It was recognized that g
“

ompliczting feature by virtue

0

this configuration had a

its three-dimensional curvature and SO this complication

O

-
=T =

was removed by adopting a speciaiiz-wound soclenocid as



the magnetic field source rather than the conventional

7flux ball ". With proper bafiling of the incident plasma

w
¢t

b al=%-1 -
-~

sy

g

2

]

{
{

¥periment becomes essentially two-dimensional,

ct
in

hereby simplifying analysis.

The experimental configuration is depicted in figure
2-1. The plasma stream is generated by the pulsed discharge
of a coaxial plasma gun with a copper-centre electrode.
.The electromagnetic forces associated with the high discharge
current propel the plasma away from the gun and into the
main interaction chamber towards the solenoid which is
energized by a capacitor bank. Since the lifetime of the
plasma stream (about 40 microseconds) is short compared
with the time variation of the solenoid magnetic field
(about 3 milliseconds), the plasma encounters an essentially
unchanging magnetic field (neglecting plasma-induced
perturbations). Before reaching the solenoid, the plasma
encounters a baffle which prevents the stream from "spilling®
over the sides of the solenoid thereby ensuring the two-
dimensional nature of the experiment. Two side ports of
the interaction chamber were available for photographic

and magnetic studies of the interaction.

"h
——
* a spherically-wound coil which sets up a dipole magnetic

field when energized.



CHAPTER 2

The experimental configuration is shown in figure 2-l1.

2-1 INTERACTION CHAMBER

The plasma-magnetic field interaction was studied
inside a spherical thick-walled glass vacuum chamber
approximately 60 cm. in diameter, with six ports (four
15 cm. and two 22 cm. in diameter) situated in mutually
perpendicular positions over its surface. This chamber was
evacuated using a six-inch oil-diffusion pump and rotary
mechanical fore pump with a water-cooled baffle to minimize
backstreaming of oil vapour. A base pressure of less than
10"mm. of mercury was readily obtained in the interaction
region. A vacuum thermocouple gauge and an ionization
gauge were mounted on the rear port for the purpose ot ‘
monitoring the system pressure. Diametrically opposite - |
this porv was a 22 cm. port leading to the plasma gun. A
30 em. length of glass cylinder was attached to this port
and the plasma gun was mounted at the other end of the
cylinder. The other ports were used for pumping, for optical

recording, for supporting the magnetic field solenoid,

9
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11
and for imsertion of the magnetic diagnostic probes into
the interaction region as shown in figure 2-1l. In order
to minimize reflections when making photographic
observations, the chamber was painted internally with
matte-finish glyptal cement and externally with a matte-
finish black non-conducting paint.

2-2 DPLASMA CUN

[ e X

A plasma "gust®™ of approximately 30 microseconds
duration was generated using a coaxial plasma gun (see
figure 2-2a) which was operated as follows:

A 60 microfarad capacitor bank across the electrodes
was charged to the desired voltage {maximum 10 kilovolts).
The main discharge was then triggered by a small amount
ot ionized material ejected from a thyratron-controlled
button gun producing main discharge currents of the order
ot 60 kiloamperes. The circuit containing the gun and
capacitor bank also contained a length of manganin ribbon
(resistance 0.12 ohms) effectively establishing a critically-
damped LCR circuit and ensuring only one gust of plasma.
Current waveforms were observed using a Rogowski coil
and a typical example is shown in figure 2-2b. %

Since the plasma is essentially material eroded from
the central electrode {anode), tests were carried out using
various materials for this electrode to obtain suitable
values for interaction parameters such as particle density,

ion mass, light intensity, and boundary position. As a
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FIG. 2-2b ROGOWSKI COIL
WAVE FORM (upper trace)

The lower trace represents the integral of the upper
trace and shows that the discharge circuit is effectively
critically damped and hence only one gust of plasma is

ejected.

vertical sensitivity
upper trace - 20 volts/cm.
lower trace - 0.5 volts/cm.

horizontal sensitivity
5 microseconds/cm.

13




result of these tests, a copper electrode was adopted
for use throughout the experiment. The outer cylindrical
electrode was made of stainless steel.

While the operation of the gun was quite straight-
torward, great difficulty was experienced in obtaining
a reproducible plasma. All diagnostic techniques empioyed
in this work showed wide variations in results obtained,
even in consecutive shots with unchanged experimental

configurationse.
2-3 SOLENOID

A transverse magnetic field must, by definition, have
a zero component in a direction parallel to the flowing
plasma. In practice, in a system of finite size, this
requirement can only be approximated over a limited volume
of space. Several configurations were considered but a
specially-wound solenoid was chosen because of its
simplicity and convenience. The windings of a conventional
solenoid were supplemented Dby end windings in order to
minimize the curvature oi the magnetic tfielad lines in the %
median plane at a pre—determined radial distance, namely,
that of the expected plasma-magnetic field boundary.

The design calculations were cased on mutual inductance
rormulae first derived by Jones (1898) and adapted for
use in magnetic field calculations by Fraser and

Romanowski {1955). Details of these calculations are



given in

The

Wire Used:

Core:

Basic Windings:

End Windings

Appendix A.

copper, gauge #22

final design was as follows:

{
\

nytherm in

sulation)

plexiglass, diameter 5 cm., length 15 cm.

L layers over entire length of core

. 6 end layers, one inch in length,

at each end of the solenoid.

Experience with initial models demonstrated the

inadequacy of the

with respect to prevention of electrical b

adjacent

insulation, during the winding of the final design,
condom was installed over each layer of winding.

device had been tested previously and found to be

of withstanding a

The entire solenoid was finally

of epoxy to add

end of a curved brass tube insid

nytherm insulation of the coil wire

solenoid layers. To supplement this original

a

This

potential difference of 14 kilovolts.

Radial and axial field components for this

are given in figures 2

LO microfarad capacitor bank, trige

thyratron switch.

the

the

wWa s
W=

By controlling

®potted" in a cylinder

mechanical strength and mounted on the

design

-3a and 2-3b while 2 pictorial

energized by the discharge of a
by a 5022 hydrogen
the voltage TO which

capacitor bank was charged, a peak current of

capable

15

reakdown between

e the interaction chambers.

field lines is shown in figure 2-3c.

*ﬁ
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approximately 200 amperes was easily cbtained.

A delay unit linked both gun and solenoid circuits so
that the sequence of evemts auring a firing occurred as
foilows:

With both gun and solenoid capacitor banks charged
to the desired levels. the thyvratron of the solenoid circuit
was fired. The solenoid circuit (being an ILCR circuit with
solenoid inductance = 23 millihenries) had a period of 6
milliseconds and thus reached maximum solenoid current
(and therefore maximum field) at 1.5 milliseconds after
firing. At this point, the plasma gun was fired with a
time duration of about 30 microseconds. The solenoid current
was essentially unchanged during this time interval and
hence the plasma was streaming into an essentially constant
magnetic field.

As mentioned previously, the field lines could be
straightened only over a limited volume of space and, as
can be seen from figures 2-3a. b, and c, this was achieved
over a length of approximately 5 cm. parallel to the field
iines at a radial @istance of about 8 cm. To prevent plasma
from spilling over the edges of the solenoid and encountering
compound field curvature, the plasma stream was baftfled

(see figure 2-1) to confine flow to the desired region

O

Hy

o
A non-inductive current loop was also inserted into

the solenoid circuit to measure solenoid current as a

interaction. %

o=
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function of capacitor bank voltage. Results of these
measurements are shown in the following chapter while
the principles of operaticn of nen=inductive current

loop are discussed in Appendix B.

2-L TRIPLE PROEE

During the past two decades, electrostatic probes
have been widely used as diagnostic tools for the
determination of electron teuperature, energy distribution,
and density of plasmas. In the case of transient plasmas,
such measurements using conventional single (Langmuir,1924)
and double (Johnson & Malter,1950) probes require the
determination of a current-voltage characteristic for
the probe and this procedure requires that the probe voltage
pe swept in a time which is short compared with the duration
of the plasma. An alternative method, useful for transient
plasmas whose parameters can be faithfully reproduced,
consists of gathering data for the probe characteristic
curve from a sequence of separate plasmas. Unfortunately,
probe observations of the plasma ejected from the gun
used in this experiment indicated a wiae variation from

one shot to another and it was therefore decided to use

()

~
1o

a symmetrical triple probe as described oy

(1965). See also Appendix C.
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The triple probe was first used with a voltage sweep
circuit to determine the energy distribution of electrons
in transisent plasmas {Aisenberg,196L)}. However, Chen and
Sekiguchi showed tnat removal of the volitage sweep function
allowed very convenient determinations of electron density
and temperature with a reduced response time, limited only
by the time of formation of the plasma sheath around the
probe electrodes. In addition, the system gives a direct
display of electron‘temperature values and a semi-direct
display of electron density values on a dual-beam oscil-
loscope. It is, therefore, particularly suitable for observing
single-shot, rapidly varying, time-dependent plasmas.

The probe consisted of three parallel tungsten electrodes
- 0,065 mm. in diameter and 0.5 cm. long. They were mounted
at three corners of a square of side 2 mm. (see figure 2-La)
inside a porcelain thermocouple spacer and the assembly
was sealed into a long glass tube (7 mm. diameter) using
epoxy cement. Connections to the electrodes were made by
spot welding #28 enameled copper wire. The leads were
then intertwined to minimize inductive pick-up, threaded

through spaghetti insulation and finally enclosed in

shielding braid. The probe could then be inserted into

the interaction chamber via a side port using & vacuum

quick-coupling which sealed onto the glass tubes

A schematic of the probe circul

Electrode #2 is allowed to "float™ freely at some potential

t is shown in figure 2-Lb.
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FIG. 2-4a GEOMETRY OF TRIPLE PROBE

Electrode Electrode Electrode
#2 #1 #3
Vv
i R = 250 KQ
R R C = 20 ufd.
! AT,
V =9 volts
C
% to g | cdrrent
differential probe e
amplifier | %

FIG. 2-4b SCHEMATIC OF TRIPLE PROBE CIRCUIT
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below that of the plasma while a fixed d.c. potential

of 9 volts is maintained between electrodes #1 ana #3.

the electron temperature, Te, is obtained directly from
the voltage between electrodes #l and #2. This voltage

was measured using a Tektronix 1A5 high-impedance
differential amplifier which eliminated spurious ambient
fluctuations of plasma potential. Values of electron
density could then be calculated from the electron
temperature and the current flowing from electrodes #1

to #3. This current was measured directly using a Tektronix

current probe (Type 134).

2-5 MAGNETIC SKARCH COIL

Magnetic field perturbations were measured using a
probe comprised of a simple search coil which generated
an output voltage proportional to the rate of change of
magnetic field with time, ie.e. to dB/dt. This output was
then integrated electronically to give a signal proportional
to B. In these experiments, the magnetic probe was used to
record changes in magnetic intensity with time at any
given location during the interaction.
Two opposing criteria had to be compromised in the f;%
design of the search coil. Firstly, the coil had to be ‘=QE§
physically small so that it did not itself introduce

significant perturbations. Conversely, a smaller coil



2L

gives a reduced output which is further attenuated by
the integrating circuit - particularly at low frequencies -

educing the overall accuracy of the measurements.

H

thereby
Details of these considerations are given in Appendix D.

Several coils of various sizes were wound and tested.
Tn the final design, 607 turns of #40 copper wire were
wound on a form O.24 cm. in diameter and 1.27 cm. long. This
coil was mounted on the end of a thin glass tube, potted
in epoxy cement, and inserted into the interaction chamber
(see figure 2-1). By means of a specially-designed probe
holder (shown in figure 2-5a), the coil could easily be
moved throughout the interaction area and its position
accurately determined.

The output of this probe was amplified by a factor
of 100 and electronically integrated using a Tektronix
Type "O" operational amplifier with integration parameters -
R = 0.2 megohms, C = O.1 microfarads - chosen to give
accurate integration down to 350 Hz. The resulting signal
was observed on a Tektronix 555 dual-beam oscilloscope
triggered by the firing of the plasma gun. However, by
operating time base upt in the delayed trigger mode, it
was possible to display the magnetic field perturbations

on a more sensitive vertical scale.
fe—

"

2-6 PHOTOGRAPHIC TECHNIQUES

1) Time Integrated Fhotographs



MAGNETIC PRCBE MOUNTED IN
ADJUSTABLE HOLDER

25
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The time integrated photographs were obtained simply
by aiming a tripod-mounted Polaroid Land camera (model # 120)
through the side port of the interaction chamber and
holding the shutter open while the interactiom took place.
The camera was focussed on the median plane of the solenoid
with a portrait iens imnstalied ©o O

of viewe. Typical film speeds and stop numbers ar

]
[
(@)
-
Q
&
(&)

Colour photographs were also taken using 35 mm.,

Fktacolor Professional S film (100 ASA - f4j).

2) High Speed Fhotographs
A high speed camera (modified Abtronics model #2HS),
capable of exposure times of 1, O.l, and 0.01 microseconds,
was also used to record the interaction. An added feature
of this unit was a delayed shutter mechanism which allowed
the interaction to be photographed at any stage of its
development. The film used in these studies was Polaroid

10,000 ASA.

Since recombination of plasma electrons and ions

normally emits radiation in the visible region, photographic
records can therefore be used as & qualitative indication
of the macroscopic behaviour of a plasma and are of e

considerable value in observing the dynamics of a pias

interacting with a magnetic field.



27

2-7 TIME OF FLIGHT MEASUREMENTS

1) Conductivity Probe Method

Plasmz velocities were deduced from time of flight
measurements carried out using two double (conductivity)
probes separated by a known distance in the flight path
of the plasma (see figure 2-7a).

Each double probe consisted of two tantalum wires -

1.5 ecm. long and 0,075 mm. in diameter - mounted parallel
to each other and separated by a distance of 2 mm. on the
end of a long, 7 mm. diameter, glass tube. A potential
difrerence of 225 volts was maintained between them by
charging a 20 microfarad capacitor connected between them
as shown in figure 2-7b.

When the probe was immersed in a conducting plasma, the
circuit was completed, thus allowing current to flow. This
current was impulsive in nature and hence produced a voltage
pulse across the primary of the pulse transformer (inserted
to provide electrical d.c. isolation of the plasma). The
pulse was reflected into the secondary producing a voltage
across termination resistance R2. The large resistors serve
to isolate the battery supply from the probe circuit during
the short time of the plasma flow. Thus the large capacitor
effectively establishes a low-impedance constant-voltage
power supplye.

Pulses from each probe were observed and recorded

- K e Aeasl
simultaneously on the two beams of a Tektronix >2> Guas-



Probe Probe
#1 #2 28"

Plasma Gun / fe— 28- 9::;|

{ - Probe #1
l Probe #2
Position Position
A B
NOTE: Position B was
viewed through
a side port.
l AB = 35 cm.
To
Pumps

FIG. 2-7a VARIOUS PROBE CONFIGURATIONS
USED IN THIS EXPERIMENT

T R1

to probe electrodes 3 g 52 to oscilloscope

c -
20u £fd., 500 v.
250 KQ

225 volts

: 1:1 turns ratio
l# pulse transformer
= 470 ohms

3 <0 Q
o

<
e

Rz = 47 ohms

e

FIC. 2-7b CONDUCTIVITY PROBE CIRCUIT
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beam oscilloscope, using both beams on the same time base,
triggered by the firing of the plasma gun. The elapsed
time between the two pulses was then determined and since
the distance between the probes was known, a value of

plasma velocity could be calculated.

2) Photodiode Method

Many experimenters have used two photodiodes to record
passage of plasma over a known distance for the purpose
of determining plasma velocities. This method was attempted
in the present work using RCA 929 vacuum photodiodes mounted
in positions A and B as shown in figure 2-7a. The photodiode
circuit is shown in figure 2-7c¢ and a sample trace recorded
at position A is illustrated in figure 2-7d. This shows a
well-defined plasma stream of duration 30 microseconds.
However, no such trace was abtainable at larger distances
from the gun, for example, at position B. The light intensity
had been greatly reduced, presumably Dy dispersion and
recombination processes. Further studies using a conductivity
probe located at position B showed that the signals {rom
the probe and the photodiode were not simultaneous, with
the probe signal always preceding. This suggested that the

forward portion of th tream contained substantially

T Ammas o
ke Gl ODLICR W

(]

more ionized material than the slower portion wWnere,

apparently, recombination processes were occurring at a

more ra

.....
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225 volts

e RCA 929
\\/ Vacuum
Photodiode

| e ————

to
5.6 K oscilloscope

e e——

FIG. 2-7c PHOTODIODE CIRCUIT

,.,.mllﬂﬁ
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FIG. 2-7d PHOTODIODE TRACES

The upper trace is the signal obtained from the
photodiode at position A and the lower trace is the sigﬁél

obtained from the photodiode at position B.

J S

vertical sensitivity
upper trace = 0.2 volts/cm.
lower trace - 0.005 volts/cm.

horizontal sensitivity
10 microseconds/cm.

"
Aﬂ"l//#
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Since the ionized material was of interest in this experiment,

further investigations using photodiodes were not attempted.




Uncertainties in the experimental measurements of this
chapter are indicated in the form of error bars whose

ignificance is described on the various graphs. A more

[0]

significant source of uncertainty is the non-reproducible
nature of the plasma gun as described previously and since
this behaviour is practically unpredictable, a guantitative

estimate of its effects is impossible.

3-1 SOLENOID CURRENT MEASUREMENTS

The field capacitor was charged to initial voltages
ranging from 1 to 8 kilovolts and then discharged through
the solenoid and non-inductive current loop. A plot of
initial field-capacitor voltage versus solenoid current
was thus obtained as shown in rigure 3-la. The computer
caleulations of solenoid magnetic field were programmed in
units of magnetic induction per unit current and thus, the

magnetic induction could be determined for any value of

field capacitor voltage.

3-2 TIME OF FLIGHT MEASUREMENTS

The only sensible measurements of plasma velocity were
33
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obtained using the conductivity probes described previously.
fypical oscillosccpe traces are shown in tigure 3-2a and
the variation of plasma velocity with gun-capacitor bank
voltage is depicted in tigure 3-2b, It should be noted that
the results showed wide variation, due presumably to the
non-reproducibte operatvion of the plasma gunie OOWSVEr,; 2
study of the resulits over a large number of shots indicated
vhat for a given gun voltage, no particular experimental
value differe? from the average velocity (shown on the

graph) by more than a factor of 2.

3-3 TRIPLE PRCEE MEASUREMENTS

Typical oscilloscope traces obtained from the triple
probe are shown in figure 3-3a and the effect of gun voltage
upon electron density and temperature - deduced from these
results are depicted in figures 3-3b and 3-3c. Once again,
the experimental results showed a measure of non-reproduci-
pility attributable to the plasma gun operation. A further
problem seems to have been prooe contamination giving rise

to unrealistic results. While most laboratory plasmas nhave

electron temperatures of the order of 30,000 K, the triple

probe, at times, indicated electron temperatures of the
order of 200,000°K and higher. Also, experimental values of
electron density appeared high compared with values
calculated from theoretical expressions relating the plasma-

magnetic fieid parameterse Furthermore, On suGcessive

,.mllﬂ!/
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FIGC. 3-2a CONDUCTIVITY PROBE TRACES

Three separate shots are illustrated, tne top trace
in each case representing the probe nearest the gun (see
FIG. 2=7a)-

Horizontal sensitivity 5 microseccnds/che

Verticzl sensitivity 20 volts/cms,
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Error bars represent standard

(ordinate) and possible

experimental error (abscissa)

=t

FIG.

2 3 4 5

~

[o)

~J
(=]

GUN VOLTAGE (kilovolts)

3-2b VELOCITY OF PLASMA MEASU

RED VIA CONDUCTIVITY PROBES
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FPIG. 3-3a TRIPLE PROBE TRACES

Upper trace is signal from current probe (vertical
sensitivity 1 milliamp./cm.) and lower trace is signal
from differential amplifier (vertical sensitivity 5 volts/
cm.}. The horizontal sensitivity is 5 microseconds/cls.

Two separate shots are shown to illustrate the non-

reproducible nature ¢f the gune



ELECTRON DENSITY (x 10'2/cm?®.)
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Error bars represent possible
experimental error.

Y

4 5 6 7 8
GUN VOLTAGE (kilovolts)

[\
(%)

3-3b TRIPLE PROBE MEASUREMENTS OF ELECTRON DENSITY



Error bars represent possible
experimental error.

ELECTRON TEMPERATURE (x 10" °K)

1 2 3 4 5 6 7 8
GCUN VOLTAGE (kilovolts)

FIG. 3-3c TRIPLE PROBE MEASUREMENTS OF ELECTRON TEMPERATURE
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experimental runs, the electron density values continued

to increase rather tham return to the initial value - a

fact which strongly suggested progressively worsening
probe contamination. Examination of the probe electrodes

showed the effects of particle bombardment which presumably
contributed to the deterioration of the epoxy separating
the electrodes. Preceding the final experimental run, the

probe was carefully cleaned to minimize these difticultiese.

3-4 MAGNETIC PROBE RESULTS

The entire area forward from the solenoid to a radial
distance of about 20 cm. wWas magnetically probed and a
magnetic field boundary was found to exist. This boundary
was roughly defined by an enhanced field area on the solenoid
gside and a diminished field area omn the plasma side. Typical
oscilloscope traces from both areas are shown in figures
3-La and 3-4b. From the data collected, field contour maps
depicting the evolution of the interaction were compiled
for both directions of magnetic field - ordinary and reversed
as defined on the diagrams. These are shown in figures 3-4C
to f and reveal the development in time of a magnetic field

asymmetry dependent on fieid directione.

All’“'lw



"___;unperturbed field
level

zero magnetic
field

FIG. 3-4a MAGNETIC PROBE TRACE
(exterior to the magnetic boundary)

Magnetic field decreases to essentially zero.
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level

q.ib MAGNETIC PROBE TRACE
- atic boundary)
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Magnetic field jncreases under the distorting effects
of plasma flows L .
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FIG. 3-4c MAGNETIC FIELD CONTCURS B -
(5 microseconds after firing o= plasma g
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Field out of paper

Field into paper

FIC. 3-4d MAGNETIC FIELD CONTOURS
{ 20 microseconds after firing of plasma gun)
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FTG. 3-4e MAGNETIC FIELD CONTOURS .
( 35 microseconds after firing of plasma gun)
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3-5 PHOTOGRAPHIC RESULTS

L7

a) Time Integrated Photographs

Tvpical examples of time integrated photographs are

shown in figures 3-5a, b, and c. These indicate that some

plasma does penetrate the boundary since light given off

by recombination of ions and electrons is visible on the

solenoid. However, there is also evidence of a plasma

stand-off in the vicinity of the magnetic boundary as

well as a "filament™ structure showing plasma penetration

across the magnetic field towards the solenoid.

The colour photographs particularly show a definite

asymmetry in the interaction (figures 3-5d, e, and £j.

b) High Speed Photographs

In order to obtain observable records even on

Polaroid ASA 10,000 film, it was necessary to use the

longest exposure time of the high speed camera. This was

nominally 1 microsecond and was measured electronically

to be l.4 microsecondse. Photographs were taken every 5

microseconds during the interaction and typical examples

are shown in figures 3-5g to kK. Q

Particulariy snteresting are the exposures taken at

B
r the

35 microseconds & i

firing of the plasma gun OT

approximately midway through the snteraction. These records

jllustrate very clearly a

strong field-dependent asymmetrye.



They also show a direct correlation

of plasma and the local decrease of

R X fiald santon mans.
i i Y alie s - T A W e ——— ——— - ¥

in theée magnevwicd

between the presence

the field indicated
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FIG. 3-5d TIME IHTZGRATED PHOTOSRAPH
(macnetic field into paper)

i~ A TS
DUOTOMRAPH
O

field out of poper)




FIG. 3-5f TIME INTEGRATED PHOTOGRAPH
, (zero magnetic field)
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CHAPTER 4
THEORETICAL ANALYSIS

It was noted with interest that, although the
interaction parameters were subject to inestimable variation
rrom shot to shot, nevertheless, the gross characteristics
of the magnetic field-dependent asymmetry remained, even
though the magnetic perturbation records were compiled
over a series of 120 shots. Ordinarily, the solution of
theoretical problems in plasma physics, either analytically
or numerically, requires the simplification of the relevant
equations to such a degree that interesting second-order
effects are absent from the solution - for example, in
the problem of magnetoaerodynamic flow past an airfoil,
details of the distortion of the magnetic field are lost
under the assumption of low plasma electrical conductivity
(Hughes & Young, page 532).

In the problem under study, the apparent insensitivity
of the asymmetry effect to gun non-reproducibility as well
as the two-dimensional nature of the problem encouraged
the author to view the asymmetTric interaction as a first-
order effect which would survive considerable simplification

introduced into any proposed model. g".

56
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4-1 FIELD APPROXIMATION

For use in theoretical calculations, it was necessary
to obtain an analytiecal expression relating magnetic fiela
variation with radial displacement from the solenoid.
Previous computer calculations had shown this relationship
to be of the ftorm shown in figure 4-1la - a curve which
conveniently bore a superficial rescmblance to the black

body radiation law of Plancke. Using the analytiecal form
of Planck?s law,

B = A1
r5 (eAZ/r_l)

where B = magnetic jnduction per unit current
r = radial distance from solenoid
A} = 5.32 X 10~%webers-meter?
Ay = 0.3972 meters

a curve fitting was carried out to determine the constants
Ay, Az and the quality of the fit as shown jn figure L4-la

was found to be satisfactory over the region of intereste.

L-2 MAGNEEOHYDRODYNAMIG MODEL

A magnetohydrodynamic model of the interaction was first
congidered and it became immediately obvious that this model
= - a2 rp"."
would be inapplicable to the problem belng atudied. TR1S

fact is easily demonstrated from an examination oi the
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MHD equations ,4~2a and 4-2b which express the relationship

between velocity and magnetic field.

3B _ = = = :
5t = Yx(vxB) + 1 V28 (4-23a)
v —- == - —
D[gg + (Vv.V)V] = =VP - pVy + puV3v + (£ + 2%) V(V.v)
+ o (H.VYH - uoV(H2/2) (4-2b)
where
I
OUo
= magnetic diffusivity
0 = electrical conductivity

Ho = magnetic permeability

= fluid density

P = ordinary mechanical pressure (no electromagnetic
terms)
Y = gravitational potential
v = kinematic viscosity
E = second coefficient of viscosity ‘
H = magnetic field

Since the magnetic field appears tinearly on both sides
of equation 4-2a and quadratically in equation 4-2b, the
sclution of these equations for plasma velocity will be
unaffected by a reversal of magnetic field - i.e. B ¥ -B.

The reason for the failure of this model is apparently
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the fact that the equations represent the behaviour oi a
fluid continuum, implying short mean free paths, high
particle densities and high particle collision rates.

These characteristics were not properties of the interaction

being studied and hence a new model was sought.

4=-3 SINGLE PARTICLE MODEL

With the failure of the MHD model, a model of the
opposite extreme was examined. The incoming plasma was
pictured as an assemblage of ions and electrons of
sufficiently low particle densities that their trajectories
were essentially those of free particles. It was obvious
that sueh a model coutid not, a priori, explain the existence
or a magnetic boundary; however, it was considered to be of
interest to examine the trajectories and estimate the
distrioution of light which would result from the
recombination of ions and electrons impinging on the solenoid
from these paths. The magnetic boundary was represented by
an intinitesimally thin surface across which the particles
experienced a discontinuity in magnetic field and streaming
velocity.

The fTamiliar equations of motion in polar coordinates
{r,6) are;

m (¥ - ré?) = - eBrb (1) ﬁ

m (rf + 2r6) = (m/r)d/dt(rzé) = eBr (2)



where e = electronic charge
m = mass ot particle
B = magnetic induction
and x represents differentiation of X with respect To time.
The coordinate system used is defined below and the M.K.S.

system of units is used throughout.

origin at

) centre of
R solenoid
—_————— o
streaming
particles / e
ﬁﬁé;u;of‘paper)
From (2),

r2g =< J Brdr
m .

Inserting the analytic representation of B (with the

approximation exp(Ay/T) - 1~exp(Ap/r) ) rrom section L-1

and making the change of variable u = A>/r, we obtain

r20 = ¢ {exp(-u)}{u? + 2u + 2} + D (3)

where

.
c = =2 —

I = solenoid current

Ay, Ap are the curve-shaping constants of section L-1
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and D is the integration constant which can be evaluated
at the position of the particle on the magnetic boundary
(discontinuity).

Equation (3) can be rewritten

Du? (4)

IO

6 = {exp(-u) }H{u® + 2u® + 2u?l} +

>

2
2

g

2
2
and using the expression for 8 derived in Appendix E, the

variable, time, is eliminated and the differential equation

of the trajectories is found to be,

d*u _u? du,® U (g _ 43 =0 (5)

de? B de ]

where

B=u2+2u+2+—D——e—}-§ﬂ1l

Now let du/d6 = p, then dp/dé = dh/dé‘. p(dp/du) and if

P = Yyu, it rollows

-Y dy 1 u2 g - u3
Grv o - G s G O
o -
In(y? + 1) = |E=Z 9% qu (6)
- 35 n(Y - Bu
Let Bu = p, then dp = Bdu + udp and since @B = 8 -~ u?,
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Then
- 3 P
I(E___E_)du = gdu _ [ u?du _ dp _ (udp + u?d)du
gu } P B P P
[ [
— dp _ | f(ug - ud + u3)du _ | dp
J e } Bu =] "}
and 1ln (———l———) = lnp - u + lno
/yz 1

where o is another constant of integration.

Rearranging, we obtain the tinal integral

© u
6—e°=[d6=a[ g du
Jexp(2u) - a?B?u?
Qo U,

where 6, and u, are the values of 6 and u on the magnetic

discontinuity.

A programme tor the solution of this integral was ‘
written and run on an I.B.M. 7040 computer giving the

numerical solution for various trajectories depending on
the initial position and velocity of the particle. Typical
trajectories for ions are displayed in tigure A4-3a. Such
trajectories were plotted for a variety of representative
streaming velocities between two extreme end values - &
streaming velocity SO small that the particlies were turned
pack betore reaching the solenoid and a streaming velocity

so large that the particles were essentially unaffected
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by the magnetic iield and simply contvinued in a straignt
line. For no value of streaming velocity did the collision
points ot the trajectories with the solenoid concur with
the distribution of iight recorded in the high-speed photo-
graphs. Clearly then, even the superposition of trajectories
tor various streaming velocities (simulating the effect

of a velocity distribution) would not explain tne photo-
graphic results.

These difficulties, in conjunction with the atore-
mentioned neglect of the mechanism of establishing the
magnetic boundary, showed that the independent particle
model was inappropriate ror this problem and that the
proper model would be one in which the particles did show
a collective behaviour (so that they could distort the
magnetic tield tnrough tne tormation of currents) and
yet would be quaéi-rree {(so that their motion would be

asymmetric under the influence of a magnetic rield).

L-4 SELF-CONSISTENT FIELD APPROACH

The properties mentioned abcve are characteristic of
the self-consistent field method used successfully by ‘
Beard (1960) to determine the shape of the magnetosphere
on the sunlit side of the earth. From this method, the

following model was proposed as representing the interaction

studied in this experiment (see figure L-ka).
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B = /4 uomN v2 cos?y

2/pomN v cosy (7)

Let the surface be represented by the function F(r,9)

= a constant. We can, without loss of generality, write
F(r,0) = - R(8) =0
The unit normal to the surface is defined by

A4 = grad F/|grad F| = ¥ {¢ - B % dRy

where T, 6 are the unit vectors in a polar

coordinate system defined below, and ¥ is a normalization

constant.
i 1 dR -%
¥ =1+ 37 F@ !

ﬁ

D>

¢l

/\ k = unit vector

out of paper

"‘"’i 6'1 n

at cegure_
of solenoid
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The unit vector in the direction of the streaming

velocity is

v = - cos © r + sin 6 )
Then, |cos | = ln.v| = ¥{cos 8 + §1%_§ %%} (8)

Substituting equation 8 into equation 7, squaring and
rearranging, we obtain the differential equation describing

the surface,

drR _ Lopo sSin 26 + B /2 HoPo - B- *
ag—r{ }

(9)
B2 - 2 yoPo sin? ©

where po = 2mNv2 = the kinetic energy density of the plasma

Since the value of B on the surface is not known, no
further progress 1is possible without making an assumption.
Following the method of Beard, a reasonable value for the
magnetic field on the boundary was assumed and the resulting
differential equation was solved numerically on the I.B.M.
7040 cémputer using a programme pased on the Runge-Kutta
method. Several other independent numerical methods such

as Newton's method and Euler's method were used to compare

and check the results. The boundary pased on these calcula- -

tions is shown in figure L-4D.

The approximation of the magnetic field on which this

solution is based is the consideration that the boundary

is of negligible thickness when compared with the radius of

curvature of the boundary. Then, the surface 1is essentially

* positive © and the positive sign

The minus sign is used for

is used for negative €.
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a plane as far as the region surrounding a particular

point is concerned. In the case of a plane surface

separating a magnevic tield region trom a zero-field region,

the surrace currents tlowing in the plane induce equal but

opposite tields on opposite sides of the plane. Hence,

with the field zero on one side of the plane, the field

on the other side will be twice its undisturbed value.

Therefore, the approximate value of B used was double

the analytical expression for B described in section 4-1l.
Having obtained a first-order solution based on the

above assumption, a second-order solution may be obtained

by improving the primary assumption concerning the magnetic

field on the surface. This improvement requires the addition

of a correction to the boundary magnetic field due to the

currents flowing in the curved boundary (which was assumed

to be planar in the first-order caleculations). The value

of the correction field is given Dy the integral form of

the Biot-Savart law (see Jackson's nglassical Electromagnetism”,

page 137, eqn. 5.14).

S(ﬁ) X (I/[\'o - f{)dV
|£o - RI?

B —~ Ho
Bc(rO) T 4y

where £, is the radius vector to the point at which the

A L - .
correction tield is being evaluated, R is the radius vector

to a current element which is contributing to the field at
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£, and GV is the element of volume.
Expressing this integral in cylindrical polar coordinates
and the current density as a Dirac delta function (since

- LY é > - -
in this model, ¢ exists only on the intimitesimally thin

boundary), we obtain

Ec(fo) = 1_2_% {J(R) x (xrq - 1})} RAde dr dz 8(R - By)
lxo - RI?
z6r
Where ﬁb is the radial vector describing the boundary,
_ Mo ” ($(R) x (£o - R} R A6 dz
aT -

EE (10
z0 '

. where integration has been performed over the variable R
and hence, ﬁ is now exclusively on the boundary and is

a function of © only.

f(ﬁ) represents the surface current (in units of amps/

meter) and is evaluated using the well-known boundary

condition (Jackson, page 236, ean. 8.2) E

I(R) = (B/uo)(ﬁ x n) (using egn.7)
- (Zgi);E (h.9) (R x B) (11)
0

where n and ﬁ are the unit vectors defined previousliy

and B is the total magnitude of the magnetic field on the



(F,

gocundarye

By expressing the vectors in their component XOImS,
carrying out the vectior cperations ana then simpiifying
the expressions (see details in Appendix Fj, we finaily

obtain from equation 10,

{
- %_ﬂ_ (Eolélo)% & F(R) R d8 dz — (12)
2
[1+l‘—(-d—R-) ][r02+R2-2Rrocos(Go-6)+22] /
8 R2 *d6
2
h _ (8&y? [Zg gin (8 - 8,) sin 8}
where F(R) = (aF {?2- sin ( o) sin
- 9R (55 Io gj - 20
36 {sin 8 + 7~ sin (6o )}
+ cos 6 {ro cos (6o = ©) -R}

)

where ryand R are the magnituaes or £ and R respectively
. A ~
and 6, and © are the angles corresponding to £ and R respect-

ively (both variables are on the boundary)e.
Since the plasm2 stream is only of finite extent in
tne z direction and the 2 coordinate is jndependent of R

and ©, equation 12 may be integrated over 2 {(trom ~L to

L, say) to give

B (To) = % (P°;°);§ { o’ .
R) /L
‘é {l+ﬁ7('d_6- JIE(R) TIL+E( Y/
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whexre

£(R) = ro?2 + R? - 2Rro cos(8o -~ 8)

to attempting a numerical evaluation of this
integral, it was noted that an apparent singularity existed
for the case where R > T, and 8 »6,, that is, the contri-
bution to the magnetic +ield correction from the current
element immediately adjacent to the point at which the
field was being calculated assumed the indeterminate
torm 0/0. Further examination revealed that this element
did indeed have a finite contribution and details of this
examination are discussed in Appendix Ge

Considering a plasma stream width of & cm. (i.e. 2L),
equation 13 was evaluated using gseveral numerical integration
methods as accuracy checks and the results are shown in
tigure h-hkc. AS expected, the variation of B, was symmetric
about ©, = O, but the results also showed that Bg experienced
a local "ripple" in the neighbourhood of 6, = O. This was
an unexpected result and, considering the magnitude of the
amplitude of the ripple (about 1%), was temporarily ignored
in subsequent calculations. When this correction field is
added to the original approximation field, the second order‘
surface shown in figure L=4b was calculated and equation 12
was again evaluated. The results were similar to iiguir
L-Lc and again showed the local field increase-decrease

nature at §,= O. Ignoring the anomaly once again, a third-
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order surface was found for which eqn. 13 also dispiayed
a ecorrection magnetic field with a local ripple at @ = O.
Subsequent calculations of a fourth-order surface showed
no significant improvement over the third-order surface

and the solution was considered complete.




CHAPTER 5
DISCUSSION

5-1 EXPERIMENTAL DISCUSSION

in the determination cf streaming velocity. the double
probes were used essentially as conductivity probes and
thus problems with electrode contaminants which often affect
the shape of current-voltage characteristics were avoided.
The velocity measurements are therefore considered tO be
reliable to within 25%. This uncertainty arises primarily
from the non-reproducible operation of the plasma gun and
to a lesser extent trom recombination of the plasma stream
causing a changing conductivity as it flows between the two
probese.

The magnetic probe results show surprisingly good
reproducibility in that the magnetic asymmetry. was recorded
over an experimental run of 120 gun firings. For the probe
used in this experiment, the response time was found to
be 5 microseconds and hence the +ield perturbations of
duration 30 - 4O microseconds were easily studied. MoTreover,
due to the small physical size of tne probe, tnere Was no
significant perturbation of the plasma in tne interaction
region and tne probe provided goad spatial resclutione.

The magnetic probe results substantiate the choice of é

7?7
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model to represent the interaction by indicating "magnetic

compression" on the boundary where the equation

— 2 2 ,
= 2mNv~ cos~ ¥ {egn. 5-1)

must be satisried. Ihis equation represents a peessure
balance between tne pilasma kinetic pressure and the magnetic
tfield energy density; however, the balance point 1in the
meaian plane occurs at a radial distance of about 14 cm.
rather than 8 cm. as anticipated in the original solenoid
calculations. Although the unperturbed field has 2
substantial radial component at a radius of 14 cm. (see graph
2-3b), this component is reduced under the effects of
magnetic compression by the streaming plasma while the

axial component is more than doubled. In this experiment,
the perturbed axial field at the boundary has a value of

8.3 X 10~° webers/meter while the maximum radial component
(occurring at the edge of the stream) is less than its
unperturbed value of 1.0 x 16 *webers/meter”. Hence the

relative magnitudes of the two components are

Br 1.0 g

= = 8.3 > 12%

which represents,; €V e worst possible case, an

essentially transverse magnetic fielde

Purthermore, if we consider the plasma to be a medium
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of high electrical conductivity, both magnetic and electric
fields tend to be excluded from its interior. Therefore,

at the plasma-magnetic field interface, across which the
normal component of the magnetic induction must be continuous,
we have a further indication that the radial component 1is
negligibly small. Now the total axial field at 14 cnm. is

8.3 x lomswebers/meterland the streaming velocity for a
plasma gun voltage of 7 kilovolts is 9.7 x 10’ meters/sec.
(see graph 3-1la). Substitution in eqn. 5-1 using m = 635
a.m.u. for copper ions yields an electron density of about
l.4 x 10"’/cm3 . This value is roughly two orders of magnitude
lower than the result obtained from the triple probe
measurementse. pDisecrepancies of this size can only be
accounted for by the effects of probe contamination.
Examination of the epoxy-cement base in which the electrodes
were mounted showed signs of deterioration under the con-
tinuous bombardment of ions and electronse. A black deposit
(possibly oxidized epoxy or a copper oxide) was observed
between the electrodes and suggested the possibility of
current leakage. Under the bombardment of plasma particles,
this deposit could become conducting and provide a low-
impedance path between the electrodes, thus displaying an
apparent current much larger than the true current flowing qqi.l
within the plasma jtseif. As can be seen from Appendix G,

this in turn, would indicate & larger than actual value of

electron densitye. Furthermore, using a Maxwellian energy
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distribution in developing the probe theory, the electron

current is given by

I
e

SJe exp (-¢V)

where S is the probe surface area, Jdeis the electron
saturation current density, V is the voltage on the probe

-

and ¢ = ¢ Wwith e = electronic charge, k = Boltzmann's
constant?Tgnd T.= electron temperature. Suppose now that
an apparent current, I;, is measured which due to leakage,
is larger than the actual value, I., - then the corres-
ponding value of ¢ would be underestimated and since P«l/‘]‘,_,
the value of T. deduced from these measurements would be
greater than the actual value. In an attempt to minimize
such effects, the probe was carefully cleaned before each
experimental run but it was impossible to ensure that it
remained so between successive shots. A less important
error arises at low plasma densities where the ion saturation
current is no longer independent of the probe voltage (see
Aééendix C). The effect of such an error is to indicate
values of n. and Te which are about 25% greater than the
actual values. “
The time development of the magnetically-asymmetric
plasma fiow pattern is revealed very clearly in the magnetic
probe results. Further evidence of this asymmetry is obtained

trom both the high-speed photographs and the time~integrated



81

colour photographs. A direct comparison between the high-
speed photographs and the magnetic contour maps shows the
presence of light near the solenoid in a position corres-
ponding to that of the transient, asymmetric reduction

of magnetic field. In both cases, the asymmetry is dependent
on the field orientation. A similar asymmetry is indicated
in the time-integrated colour photographs where the blue
light adjacent to the solenoid extends outward into the
region of reduced magnetic field. It therefore seems
reasonable to attribute this light to the recombination
of copper plasma ions and electrons, since ionized copper
{and copper compounds such as Cu0 and CuH) have abundant
spectral lines in tae blue-violet wavelength range.

It is alsc evident from the colour photographs that
the bulk of this blue light emanates from 2 symmetrical
region adjacent to the solenoid. This suggests that some
incident plasma tlows symmetrically around the solenoid
and is not noticeably affected by the direction of the
magnetic field. This is presumed to be the fast-moving
component of the jncident stream with velocities (greater
than 105heters/sec.) sufticient tO penetrate the magnetic
field. The magnetic poundary formed at 2 radius of 14 cm. ‘
is therefore not a total particle boundary. Since this
plasma is not defiected by tne field, its flow does not
take part in the compression mechanism CT subsequent

distortion of the magnetic fielde.
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The red light prominent in the time-integrated
photographs was examined using an f 1.8 diffraction grating
spectrograph and type 103AF spectrographic film and was
identified as the He line (6563 R) of atomic hydrogen. This
apparently is present as 2 background gas originating from
the dissociation of water vapour and possibly diffusion pump
0il. The red light is not observed in the nigh speed and time-
integrated black and white photographs since Polarcid film
is sensitive to the blue portion of the spectrum rather
than the red. Hence, these photographs presumably indicate
the presence of jonized copper plasma. The time-integrated
photographs show evidence of a partial particle boundary
and an overall asymmetry in the plasma flow around the
solenoid. Details of the asymmetry are not clear since the

black and white film has poor colour sensitivitye.

5-2 THEORETICAL DISCUSSION

a) ROSENBLUTH MODEL OF BOUNDARY

Rosenbluth (1954 ) first described the boundary between
a plasma and a magnetic field in terms of a charge separation
layer. The electrons and ions entering the magnetic field

region are forced to gyrate. The heavier jons normally

nave a much larger gyro-radius than the electrons and are qﬁi!

therefore carried farther into the magnetic field. This

enforced charge separation gives rise Lo an electric field

perpendicular to the boundary which tends to accelerate
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and decelerate incoming eiectrons anda 10ns respectively.
The actuali gyro-radius of the ions is therefore substantially
reduced while the electirons experience a large lateral
displacement as they traverse the boundary. Typical
trajectories are iliustrated in tigure 5-1 for plasma
n normal and oblique to the boundary surtface.

For an ion entering the boundary, the lateral
displacement of the jon (as it is decelerated and turned

around by the electrie field in the boundary) is given by

y; = 2/2 (m/M)(c/wp) (Shkarofsky & Johnston, 1961)
where

m = electronic mass

M = ionic mass

c = speed of light

w = plasma frequency = (Ii-P:i &
P P q Y € ol

N = particle density

go = permittivity of free space

which in this experiment yields
vy = C.5 mm.
Hence, on the scale of the interaction region, the ions
are specularly reflected at the boundary and the pressure “'..
balance equation (s-1) is applicable.
For an electron entering the voundary, the lateral

displacement of the electron is given by

Yo = M/m (vi) (Shkarofsky & Jjohnston,1961)
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= 45 metres,

and the time spent in boundary is given by
lO(c/va) (Shkarofsky & Johnston, 1961)

20 microseconds

where v is the streaming velocity
since the duration of the interaction is 50 -~ 60
the electrons clearly have sufficient time

microseconds,
to establish the boundary conditions and are indeed res-

ponsible for current flow within the boundarye.

The Debye length is given by

AL = ( ) (Kucherawy, 1966)
D 2
Ne
where
go = permittivity of free space
. k = Boltzmann's constant
In this experiment,) has a value of 0.11 mm. { assuming
les contained In a

T, ~ 30,000 K)o The number of partic
sphere of radius equal to the Debye length is

= 498N = 55>
N, 3TALN 6 x 10

in the Debye

that the number of particies
tnat collective

The ract
sphere is much greater than unity verifies
behaviour will be in evidence and single particle analysis

is inappropriate.
he electron-ion

If the ions &

collision frequency is g

re singly-charged,

iven by



wy TR where A = 9N

(Spitzer)

= 10°collisions/sec.
= 1 gcollision/ 10 microseconds.
Thus, over the time of jnteraction (50 - 60 microseconds),
there are typically 5 electron-ion collisions and hence,
the interaction is essentially collisionless.

In the Rosenbluth sheath model, the magnetic field
decays exponentially into the body of the plasma as

B = Bo e—x/6

where B, is the boundary value of the field,

x is the distance of penetration into the plasma,

2 .
and & = (E2BC5)% 5o the e-folding width.

2Ne?

Magnetic probing of the boundary layer showed the‘
magnetic profile to be exponentially decaying in good
agreement with the Rosenbluth model with s~l.8 cm. Using
the above expression for s , the electron density had a
corresponding value of Lo3 X 10“/cmi - a value which supported

that calculated from the pressure palance equation 5-1,

(1. x 10 /cme).



o) INSTABILITY

As mentioned in Chapter k4, the magnetic correction
field ealculated from the first order surface showed a
local variation in magnitude in the vicinity of 6, = O and
this result recurred in the correction fields calculated
from subsequent corrected surfaces even when the wariations
were ignored. Use of different numerical methods showed
that the variation was not simply an accumulation of numerical
error and hence, the problem was investigated analytically.

From section A-4, we have the differential equation of

the boundary expressed in polar ccordinates,

drR _ r {Uopo sin 20 - BJZiLlopo - Bz}

dae

B2 - 2uopo sin? ©

It follows that %% =0 fore =0 (i.e. on the plasma
gun-solenoid line) and alse approaches zero for an angle

given by

BvY2uoePo ~ B2]
HoPo

<@

il

+
(S L

sin~! [

which has been calculated to be about % degree.

Hence, in the vieinity of @ = O, the surtace has the q

approximate shape shown in the following figure, with the

L

points on the boundary defined by ©¢ and -8¢ having 2

iocal curvature greater than the surrounding points. AS

argued previously in connection with the calculation of
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origin
at centre
of solenoid

@
i
¢}

-8

/

the correction field due to a curved surface, a current
element which is curved induces a greater magnetic field
in its interior than a corresponding planar (or less
curved) element. Applying these considerations to the
diagram, we would thus expect a correction field with a
local minimum at €, = O and two maxima at 6, = $@¢ in
agreement with the pumerical results (see tigure L=hke).
If the tirst correction tield with a local minimum
at § = 0 is added to twice the solenoid field and used to
calculate the second order boundary, this will clearly
produce a ndepression® in the boundary around © = O since
the magnetic pressure will experience 2 local minimum av
this point. This produces 2 situation analogous to the Q
familiar Tkink" type instability and any current flowing
in the boundary around this depression will produce local
magnetic fields which enlarge it and hence break up the

surface. Thus, although the boundary can initially be
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established, the resulting currents which flow in its
surtace cause it to become unstable and break up with
the origin oi tThe jnstability at @ = O.

With the break-up of the surface; the slower, late-
arriving plasma is now able to enter the cavity at € = O
and because of relatively lower particle densities and
streaming velocities, the flow pattern is likely to be
dominated by the ion trajectories within the magnetic tield.
More specifically, these trajectories will resemble those
shown in figure L-3a (as calculated for the single particle
model) with -approximations to aliow for the retarding
effects of the gyrating electrons. The plasma flow will
therefore display a field-dependent asymmetry. Indeed,
there is some evidence of striations at € = QO and an
asymmetric flow of plasma in the time-integrated photographs
(see figure 3-5a,b}. From simple eyclotron theory, the
electron gyro-period is given by

T = 2Mm = heS X 10”° seconds under
the conditions of this experi;gnt.
The electrons, therefore, have ample time to gyrate and
reduce the tield locally (according to Lenz's Law) during
the penetration. The plasma which will be most effective
in producing this adiabatic behaviour is that associated o

’=

with the jate-arriving ions with velocities low enough
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that they do not impinge on the solenoid. ‘this presumably
accounts for the time lag between the appearance of
jllumination on the solenoid (at 35 microseconds as recorded
by the high-speed camera) and the appearance of the

magnetic asymmetry (at 45 - 50 microseconds as recorded

by the magnetic probe).

¢) CONCLUSIONS

In this experiment, 2 low-density plasma stream was
allowed to interact with an essentially transverse field,
the geometry of which was simplified to allow meaningful
analytic study. A magnetic boundary was established but
it was inherently unstable and quickly broke up, thus
allowing plasma to penetrate the field in a flow pattern
which depended on the orientation of the transverse magnetic
field. The experimental conditions were found to justify
the use of a Rosenbluth sheath as a model for the interaction
and calculations based on this model guccessfully predicted
the shape and position of th e boundary and the origin
of its instability. Comparison of these results with those
for a three-dimensional dipole magnetic field suggests
that this instability is due to the geometry of the magnetic

jeld - specifically, the lack of curvature in the axial

)

direction. The seir-consistent field approach including
calculations of the correction field has been applied TO
che 3-dimensional problem of the magnetospheric surtace

vielding a stable, converging solution. In this work,
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calculations to investigate the efrect of extension of the

plasma stream to infinite axial extent showed even this

n

itunation to be unstable and. hence it is evident that

]

ield curvature must be a critical factor.

d) SUGGESTIONS FOR FUTURE WORK

In view of the previous comments, a theoretical
investigation of stability-curvature eriteria as applicable
to this problem would be a desirable sequel to the work
presented in this thesis.

‘Much of the experimental work was plagued by the
non-reproducible nature of the coaxial plasma gun and
witn the recent development of gas injection plasma
guns (see for example, Gore (1969)), it is hoped that a
more accuratve study may be carried out on the boundary
layer and the nature of the fields in its interior. The
use of plasma ions of lighter mass such as helium will
allow the establishment of a particle boundary as well as
a magnetic boundary and will be a useful test of the
proposed theory of asymmetry. It would be particularly
interesting to study the boundary layer behind the solenoid
where the angle of incidence of the plasma stream would

pe grazing and thermal effects would be importante.

T

‘ |



APPENDIX A

SOLENOID CALCULATIONS

The calculation of magnetic fields due to solenoidal
current distributions has been discussed by several authors
in various regions of applicability. For example, Smythe
has obtained an analytic solution for the internal axial
field of a solenoid while Brick and snyder (1965) have
obtained series solutions for the median-plane field
exterior to a long, thin solenoid - a) near the surface
and b) at large radial distances from the solenoid.

For the purposes of this project, such solutions were
of limited gquantitative value since it was necessary to
calculate fields off the median plane; however, they did
suggest the solenoid configuration required to attain the
desired field geometry.

A cylindrical polar coordinate system was used as
defined in figure a-1.

From equations developed by Jones (1898) and applied
by Fraser & Romanowski (1955) , the magnetic field at point
8

F (=,

,0) due to +he solenoid of length (L./2) placed with

one end at z = 0 1is given by,

|
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Br 370 va/r {(k 2/k) F + (2/k)E}
= uelIc (KL, -
B, 8varp {2 } {(a + r)F + (a r)w}
where
I = solenoid current
a = solenoid radius
k2 = 4ar

(a + )2 + (L/2)2

2 4ar
(a + r)?

p = wire diameter

/2
- [z as ;
(1 - c? sin?¢)
0
/2
E=l (1 - c? sin2d>)!5 dé
(4]
T/2
T = _ d¢
(1 - c? sin?¢) /1 - k2 sin?¢
0

Using these basic eguations, the magnetic field for
a single layer solenoid was found by adding the
contributions of the left and right portions of the
solenoid. Variation of the field in the direction parallel
to the axis of the solenoid (z direction) was found by %

continuously adding the contributions of two solenoids of
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different individual lengths but whose total length was L.

Starting from a conveniently sized one-layer
solenoid, layers were added until the external field
reached the desired magnitude at the expected boundary
position. Subsequently, end turns (which serve to shape
the field) were added in various configurations and the
radial and axial field components were computed and
compared in each case. This was done on the I.B.M. 7040
computer using a programme based on a convenient numerical
method for evaluating elliptic intégrals (Bartky, 1938).
The specified criterion of "flatness" (ie. lack of field
curvature) was that the radial component of the magnetic
field be less than 5 % of the corresponding axial
component over an axial length of approximately 5 cm.

The final design satisfying these criteria is

described in section 2-3.
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APPENDIX B

NON-INDUCTIVE CURRENT LOOP

A convenient method for measuring curIe&nt invelves
measuring the voltage drop across a precisely known
resistance when the current under observation flows
through it. The magnitude of the resistance must be
small so that it does not affect the circuit into which
it is inserted and so that voltages across it are of
convenient size. Since the currents to be measured are
often rapidly changing, care must be taken to ensure that
the inductive reactance does not become comparable in
magnitude to the resistance. This was accomplished by
the configuration of figure b-1. The material used was
brass with dimensions 0.025 x 1.5 x 11.2 cm. and the
resistance of the final configuration was measured with
a milliohmmeter and found to be 2.5 milliohms. Hence,
for current of the order of 200 amperes, the output
voltage would be 0.5 volts - & convenient figure. Mylar
insulation was inserted between the arms of the loop and
the entire configuration was clamped securely between two
plexiglass plates to prevent separation due to the magnetic

forces of large currents.

g6
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This unit was inserted into the solenoid circuit to

measure solenoid current (and hence, magnetic field).

solenoid circuit

o
oscilloscope
brass

\ mylar insulating
sheet

NON-INDUCTIVE CURRENT LOOP



APPENDIX C

THEORY OF TRIPLE PROBE

Consider the three probes, Pl' Pz, and 23, immersed
in the plasma with dc bias potentials inserted between them
as shown in figure c-1.

If the bias potentials (de and Vd3) are set to zero,
then all three probes collect an excess of electrons (since
the electrons in the plasma are more mobile than the ions)
during the formation of the plasma sheath and their
electrical potential is ijowered from the free space
potential (= O, say) to some value denoted as the floating
potential Vf. see figure c-2. Since the probes are
equipotential bodies, no net currents flow between them.

The application of the dc bias potentials Va2 and V&3)
causes the potentials of the probes to readjust themselves
to a new (electrical) potential configuration as shown in

figure c-2. P, and P5, are forced to a potential lower than

2
Pl’ which is also less than Vf and therefore collect mainly

positive ion current. Pl on the other hand is raised above

Ve in potential, and collects mainly electron current.

Using the current directions defined in figure c-1l; we may

write
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I, =1I,+ 13 (1)
Vo =V = Vg (2)
V3 =V = Va3 (3)

It is common practice in probe theory to make the

following assumptions:

1. The electrons in the plasma have a Maxwellian
energy distribution,

2. The mean free path of the electrons is much
larger than both the thickness of the plasma
sheath established around each probe and the
probe radius,

3. The plasma sheath thickness is less than the
individual probe separation distances; therefore,
mutual perturbation effects among the probes is
negligible.

Under these assumptions, we may write

L, = S (JeeXP(-d)V'l) - Ji(vl)) (4) _‘
I, =~ S(Jg exp(-¢V,) - Ji(Vz)) (5)
I =~ S(J exp(-¢V3) - Ji(VB)) (6)

where ¢ =,e/kTe and Je = nee(kTe/Z“me)% = electron saturation

current density caused by thermal electron diffusion to the
probes, Ji(V) is the ion saturation current density and is

assumed to be practically independent of V, s is the surface
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area of a probe; k is Boltzmann's constant, e and m, are

the electronic charge and mass respectively, and ng is

the electron density.

From (2). (3), (4), (5), and (6), it follows that

I. + I 1 - exp(-9¢V_.,)
1 2 _ az2 (7)

Il + I3 i - exp(—¢Vd3)

If the external voltage source de is now removed
and probe P2 is forced to remain at the floating potential,

I. =0, and I, = I

1 then from (7)

2 3’

..leexp(—¢VdZ)

(8)

Nj =

1—exp(—¢Vd3)

Since Vd3 is an externally applied voltage (= 9 V. dc),
the measurement of de allows the determination of ¢ and
therefore Te,_the electron temperature.

Further, from equations (5) and (6).,

1. - I, exp(p(Vyy ~ Vaa))
d2 d3’ "y (9)

and for 12 = 0 and 13 = Il = I,

Ji = (I/S)/(l - exp ¢(vd2 - Vd3))

(1/5)/(exp ¢ (Vgy) - 1) (10)

using egn. (8)

1 - exp(¢(Vgy = Vg3)) -y
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Chen and Sekiguchi, assuming a Maxwellian energy

distribution for the electrons, deduced the expression:

3, = exp(-1/2) e n_(KT_/m,)" (11)

Combining (10) and (11), we obtain

'“.!EI exp (%)
(12)

i
€ S ) e (KT ) * (exp(¢V4,) — 1)
e P(dVas
Thus, by measuring the current flowing from probe 1

to probe 3, (I), and using the value of electron temperature,

Te' determined from egn. (8), a value for ng can be

calculated.



APPENDIX D

THEORY OF MAGNETIC PROBE

Desirable features of a magnetic probe are

1. Good sensitivity to provide a reasonable
signal to noise ratio, especially in experiments
involving (noisy) impulsive discharges such as
the one described herein.

2. Appropriate frequency response characteristic
to allow observation of the rapid fluctuations
of the mggnetic field.

3. Small size to ensure that the physical presence
of the probe does not significantly perturb the
phenomena being studied.

A conflict arises in attempts to design a probe which

possesses all of these features.

The probe output is given by

v = nA dB/d4dt ‘
where V is the output voltage.(volts), n is the number of
turns, A is the cross—-sectional area of the coil (meterz)
and dB/dt is the time rate of change of magnetic flux
density (webers/meter? -sec.). A& large V is desirable to
satisfy feature #$1 and a reasonably small A is desirable to

103
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satisfy feature #3 and hence, it would appear that n

should be made large. Herein lies the conflict.

For a coil of inductance L with resistance R across
its ends, the time constant 1 = L/R represents the
shortest field-fluctuation time to which the coil will
respond with adequate sensitivity. The inductance of a

multi-layer solenoid is given by

L = — 0.8 r n? 3
6 + 9(1/r) + 10(b/rx)
where
r = mean radius of the coil (inches)
n = total no. of turns
I, = self inductance (microhenries)
1 = length of coil (inches)
b = depth of coil (inches

+
TE= T
¢

since a large output with small time constant is

desired, a figure of merit may be defined for any coil in

# ALLIED RADIO CORPORATION ELECTRONICS DATA HANDBOOK
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the form

V/L = F(nA/rn?) (6 + 9(1/r) + 10(b/r)) where F = constant

Thus

V/L a (r/n) (6 + 9(1/r) + 10(b/xr)) = (6r/n + 91/n + 10b/n)

According to this figure of merit, it is desirakle % ave
a large coil with few turns - a result incompatible with
the previous consideration and hence a compromise must be
sought.

The resulting compromise design is described in

section 2-5.



APPENDIX E

DERIVATION OF EXPRESSION FOR ©

By the derivative chain rule, we have

r = (dr/de) (de/dt) — (8) (dr/de), and thus

§ = $2da%r/d@e? + b (ar/de) (aé/dae) (e-1)
but the radial equation of motion (1) from section 4-3 is
m(¥ —ré?) = -eBré
and combining this with (e-1)
& (8(a?r/dae? - r) + eBr/m + (dr/ae) (aé/ae)) = 0
The solution é = 0 or 6 = constant is spurious and SO
- eBr ar ab

o — c—

= T de do

De
|

e =

106



]
Iy
iz

'NDIX F

DERIVATION OF EXPRESSION

FOR CORRECTION MAGNETIC FIELD

Introducing Cartesian unit vectors as defined in the

diagram,

A

cos 6 i + sin © j

@
>
o>
i

Q/ @ =-sin. 8 i1 + coOs e 3j
origin at
centre of
solenoid
the position vectors may be written
Eo = (rocosbo) i + (rosinby) J + Zok
ﬁ = (R cos 0) i+ (R sin 8) 3 + zk

~ 2 - R sinB)?

lro - R|3 = {(rocosbo - R cos0) 2 + (rosinbo
2
+ (z - 20)2}3/
3/2
= {ro? + R? — 2RrcOS (8o — 0) + (2 - zo) 2} / (£-1)
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Combining equations 8 and 11 of section 4-4

(R = (313{})’i ¥ {cose + Sin® dRy.o o 0%

R Ade
- (2Req= Y* sin® 4R, .o . 1 dR 2
[ Uol 6 {cos6 + " de}{e + E g9 T}

(£-2)

where

- [2Roy% ¥* siné 4R
Io -,[-%%] ¥ {cose6 + = de}

Now f(ﬁ)x(?o-ﬁ)

e . cing dR.4
= I, {[co;e %%._ sin6]li + [cos6 + Ei%— ag]j} x
{[rocos6, - R cos61i + [rosin®, - R sin6l]

+ (z - Zo) ]2}

uists - 2l - @ (2 - 21 + [recos(8 = ©

- Lo 9B sin(e, - ©) - RIK} (£-3)

(cos® + %'%% sin®)

where B8

n
I

<D
o

COS

- s5ino)

P
|
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Now, substituting f£-1 and £-3 into equation 10 of 0%

section 4-4, we obtain

Bc(ro)
[ [

— %%{[ RB(z — zo) Io 46 dz 13
é‘{roz + R2 - 2Rrgycos(8, - 0) + (z - 20)2}3/2
4
o

- 31 Ro Io(z - zg) 46 dz ]

éJ{roz + R2 - 2Rrgcos(6y — 6) + (2 - Zo)2}3/2
z

RI (rocos(6o - 6) - %1 %% sin(6y - g). ~R). d6. dz
+ [ 1k}
0

j'{rp2 - RZ - 2Rrgcos(6g - ©) + (z - Zo)2}3/2
z

We can, without loss of_generality, select the median
plane to be z = 0 and integrate the expression with respect
to z from z = ~L to z = L.

In both the i and 5 component terms, the integrands
are odd functions of z and, hence, these terms are 2Zero.
substituting the value of Io (£-2) into the ﬂ

component term, there remains

Bc(ro)

F(R) R 46 dz

j[1+%7(%%)2][r02+R2-2RroCOS(90—9)+22]5/4
zZ
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where

F(R) = (%%)2‘{% sin(6 - 6,) sind}

- 2R (sine + EX sin (80 - 20)}

dae

+ cost {rscos(8, - 6) - R}

which is equation 12 of section 4-4.



APPENDIX G

CONSIDERATION OF SINGULARITY IN

CORRECTION MAGNETIC FIELD INTEGRAL

The integrand of equation 13, section 4-4 is

R F(R)
S EmI + £R/L51

1

[1 + Rz

where
F(R) = '('52—1;-)2"{'% sin (6 - 8p) siné}
- dR o 1:'_9_ . -
30 {sin® + {~ sin (8o 26)}
+ cos® {recosi{Boe - 8} - R}
and

£(R) = ro? + R? — 2Rrocos(®o - 6) \T‘
Clearly, as 6 > 8o and R - ro, ie. the point of
observation is approached, the integrand tends to the
indeterminate form 0/0 since F(R) = 0 and £(R) >~ 0. To
determine the contribution of +he current element at the
point of observation, it is necessary to determine the

limiting value of the integrand.
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By the application of L'Hfpital's rule, we find

limit 1 aRr R F(R)
Rz (14 g (G lEmI0 £(R) /L2172
S + v

. dr 1 42w 2 dR, 2
_ [sinbo 37 *+ rocoseo][;? 57 - 1 - T (ag) ]
1 dr, 2
> [ fn —_—
2...0 L - + rO‘ (de) ]

where differentiation of the numerator and denominator must
be carried out twice to attain a finite limit.
variation of the integrand with 6 is shown in
figure g-1 for different positions of observation.
Incorporated into the correction field calculations
was a special sub-programme, written to take into account

the results described in this appendix.

R
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