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DYNAMIC PROPERTIES OF A THETA-PINCH DISCHARGE
IN A TRANSVERSE MAGNETIC FIELD

ABSTRACT

The suppression of radial hydromagnetic oscilla-
tions of a theta pinch plasmoid produced in air has been
investigated with magnetic probes and a framing camera.

In the presence of essentially static and uniform magnetic
bias fields (produced by Helmholtz coils) it was found
that the oscillations are suppressed by a flip instability
of the plasmoid and the direction of flip is controlled

by the transverse magnetic fields,

Using the suppression of radial hydromagnetic
oscillations as the criterion for flip, it is found
experimentélly that if “gzr is greater than a critical
value, then the plasma ringéflips, 'BT' is the strength

of the bias field perpendicular to the axis of the theta

coil, 'a' the radius of the discharge vessel and 'p' is
the gas pressure.

The experimental results are interpreted in terms
of a 'snowplough' model for the discharge, in which the
plasma current forms two concentric cylinders. The

prediction of the theorgy agrees with the experimental

observations.
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ABSTRACT

The suppression of radial hydromagnetic oscillations
of a theta pinch plasmoid produced in air has been
investigated'with magnetic probes and a framing camera. In
the presence of essentially static and uniform magnetic bias
fields (produced by Helmholtz coils) it was found that the
oscillations are suppressed by a flip instability of the
plasmoid and the direction of flip is controlled by the
transvers magnetic field,

Using the suppression of radiasl hydromagnetic oscillation
as the critericn for flip, it is found experimental}y that
if 2%; is greater than a critical value, then the plasma ring
flips; VBTV 1s the strength of the bias field perpendicular to
the axis of the theta coil, ‘a®' the radius of the discharge
vessel and 'p? is the gas pressure,

The experimental results are interpreted in terms of a
snowplough model for the dlscharge, in which the plasma current

forms two concentric cylinders, The predictions of the theory

agree with the experimental observations,
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CHAPTER I

INTRODUCT ION

~The theta pinch has been extensively investigated because
it can geherate relatively pure, high temperature plasmas

16 cm“j)o. To

(T~10° °K) having high electron densities (n_~ 10
generate the plasma, a large current is'discharged through a
coil surrounding a cylindrical discharge tube., The resultant
azimuthal elect}ic field induced in the discharge gas generates
an electric current resulting ln the formation of a plasma
cylinder. For short colls the plasma tends to form a ring
discharge. Thé discharge vessel 1is sometiﬁes immersed in a
constant magnetic field (i.e. bilas magnetic field) in order to
improve the breakdown characteristics of the discharge gas and
to stabilize the plasma.

From the geometry of the electric and the magnetic fields
_it éan‘be seen that the plasma is compressed radially, that 1is,
a theta pihch occurs., (The "theta" speclfies the azimuthalﬂ
direction of the current flow in the plasma). After the plasma
has compressed to a minimum.iadius, it experiences radial
oscillationg due to the pressures exerted by the magnetic

fields within and external to the plasma (Niblett and Green,
1959).
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It has been observed (W, Cilliers et al,, 1963) that under
certéin experimental conditions, after the plasma has pinched,
the magnetic fleld enclosed by it suddenly disappears as may
be deteqted by a small search coll inserted along the axis of
the discharge vessel. |

When the internal magnetic field vanishes, the radial
oscillations of the plasma also disappear, Thé investigation
of this disappeargnce 1s of considerable practical interest
in thermonuclear research work because it indicates that the
plasma confinement is unstable, that is, the plasma has a
short lifetime.

In this thesis, it is shown that the disappearsarnce of
the oscillations can be attributed to the rotation of the plasma
ring about a diaﬁeterQ The rotation is due to the interaction
of the plasma current with a superimposed transverse magnetic
field which induces axlal motions, The transverse field need
not be large and may be produéed by an inhomogenecus theta
coil field. The combination. of the-radial and axial motion of
the plasma causes the plasma ring to rotate about its diameter,
As the plasma rotates, the magnetic fleld can no longer confine
it with the result that the plasma and the enclosed flux are
dissipated. ThiS‘rétationvwés first observed by Clarke and
wﬁerker (1962), and they referred to it as the "flip instability".
They used an image converter camera to take successlve plctures
of the rotation. They did not use a bias magnetic'fieid to

influence the plasia.
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‘Bartoll and Green (1964) gave a theoretical model of the
flip, treating the plasma as a rigld magnetic dipole in a
reverse magnetic field, (see Fig. I.2.).

B_ = Theta Coil Magnetic Field

Bp = Plasma Current Magnetic Fleld

Transverse Magnetic Field

i
it

- Plasma Current

Fig, I.2. Top View Of Plasma Flip

To the author®s knowledge, no quantitative experimental
studies of the flip instability have been made, This is
primarily because the plasma tends to rotate about different
diemeters in successive discharges making it extremely difficult

to measure the rate of rotation of thé plasma ring.
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- In the present work, the plasma is given a preferential
axls of rotation by applylng a smell transverse magnetic field.
An axial motion of the plasma 1ls caused by the interaction of the
plasma current with this transverse fleld aﬁd the plasma rotates
about an axis perpendicular to the theta and transverse flelds,
If the axlal velocity issmall the radial velocity can be large
enough for rgdial oscillations to develop. However, as the
axial velocity increases, the osclilllations Will be suppressed
because the plasma will escape out through the‘ends of the coil
before radial oscillatlo;s can develop.

In this thesis the oscillations are detected by a magnetic
probe and the suppression of oscillation is chosen as the
criterion for the occurrence of the flip instability. The
occurrence of flip is determined as a function of the following
parameters: the dénsity of the discharge gas (alr), the strength
and the direction of the blas magnetic field, énd the radius of
the dlscharge tube., It 1s found that the flip instablility
occurs whenever 7%% > 0.02 ;%afﬁsé . Where "Bp" is the
transverse magnetic fleld, "a" 1s the radius of the discharge
vessel, and ﬁp " is the denslty of the gas. |

The axial and radial equations of motion of the plasme are

12
derived and solved approximately and predict that if - 754%7- is

$

greater than a given constant, the flip instability will occur,

in agreement with the experimental results,
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In the development of the axlal equation of motiocn,

a two current model of the plasma 1s used (T.S. Green, 1962),
One current malntains the magnetic flux trapped by the plasma
and the second current 1s induced by the theta coll magnetic
fiéld, The two currents flow 1n opposite azimuthal directions.

The Validity of this model 1s supported by framing
camera photographs of the discharge in a transverse magnetic
field, In the absence of the transverse field, the magnetic
forces acting on the current will ‘be in opposite radial directw.
ions and the current sheets are therefore compressed together,
rendering them indistinguishable from each other, However, a
transverse magnetic fileld, moves the current rings in opposite
aiial directions enabling the rings to be distinguisﬁable from
each other, J

Although the theoretical model 1s only a crude representation
of the actual plasma, the agreement with the experimental results
indicate that the model is a reasonable approximetion,

A summary of the original contributions of this thesis is
given in the abstract.

The apparatus used in this work is discussed in the first
part of Chapter II and the dlagnostic technlques sre discussed
in the latter part of Chapter II. The experimental results are
presented in Chapter III, together with the theoretical

interpretation of the results,
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CHAPTER II

EXPERIMENTAL APPARATUS

This chapter is divided into three sections which contéin
descriptions of:
Section A - Theta Pinch Apparatus,
Section B - Blas Magnetic Field Apparatus,

Section C - Diagnostic Equipment.

Sébtion A - Theta Pinch Apparatus

A theta pinch 1s produced by rapidly discharging a large
capacitor bank through a copper coil that is wound arcund a
glass tube, The resultant changing magnetic flux produces an
azimuthal electric field in the glass tube., If the gas. pressure
is appropriate;, the gas is ionlzed and forms a plasma cylinder,
The plasma current flows in the azimuthal direction and inter-
acts with the axlal magnetic fleld of the theta coll.
Considering the direction of the magnetic forces (see Fig, I.1l.),
it is seen that the plasma shell contracts rédially giving a
pinch effect.

The plasma loses energy rapidly through radiation, thermal
conduction, ete, To produce and maintain a hot plasﬁa it is
therefore necessary to provide a large amount of energy in a
short time to offset these energy losses, To achleve the

necessary high lnput power, a large capaclty, high voltage
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capacltor bank is employed. The input power is optimized by
minimizing the inductance in the discharge circuit. The

characterlistics of the theta pinch apparatus used in this

work are:
Charging Potential 10.4 kv 13.3 kv 15.3 kv
Total Capeacitance - 25 uft -
Total Inductance - 170 nH -
| Material of Discharge Vessel - Pyrex Glass -
‘Length of Discharge Vessel - 69 cm -
Inner Diasmeter of Discharge
Vessel : 3.4 cm 5.1 cm 7.1 cm
- Discharge Period - 13/Msec -
Peak Magnetic Field - 2.8 webers/m? -

The essential components of the theta capacitor bank are

depicted in Fig, II.1.

1 ::%:> Theta Coil

4

81 = Spark Gap Switch

C1 = Cagpacitor Bank

- Fig. II.1. Theta Capacitor Bank
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The spark gap switch, S, (see Fig, II.2,) is triggered
by applylng”gdfagt rise time, high vo}tage pulse to a trigger
pin, The capacitor bank, ci,-is thén discharged through the
 spark gap switcﬁ, Sl, into the thgta coil,

The éommand signal 1s provided by a pulse generator
(Theophanis, 1960), which produces an 18 kv pulse with a 40
nsec rise time, This generator can be activated:6 manually ér
by a low voltage pulse, In principle the high voltage pulse
produced by the Theophanis unit coﬁld be used to trigger the
thefa colil spark gap. HbWever,'thls;pulse is too weak for
reliable operation and also the trigger unit is not 1isolated
from the thete bank current, To avold these difficulties an
ultraviolet (uv) triggef system 1s used. The uv trigger
consists of a capacitor, C,, & spark gap, S,; and a resistor,

R,, all connected in series (see Fig, II.3.).

Tungsten Electrodes

X N—"
M 32
Quartz Bulbdb S2 = Spark Gap Switch
Bakelite = 0.0
. Co = 0,054F
R2 = 50

Fig, II.3., Ultra Violet‘Trigger Generator,
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The pulse from the Theophanis unit 1§_spérked across two
tungsten electrodes contained in a quartz bulb mounted near the
electrodes of 8, (see Fig, 1I.,3.). The spark produces photons
that pass through the quartz tube and causéNé”breakdown of the
spark gap S2° The capac;tor, 029 discharges aﬁd a voltage pulse
is produced across R2° This pulse is used to trigger the theta
spark gap, S1° |

The uv trigger system effeqtively enplifies the energy
aveilable from the Theophanis unit from a fraction of a joule
up to 3 Joules, Also the opérating equipment is electrically
isolated from the main discharge circuilt by thevquartz bulb, thus
improving the safety of the equipmenﬁ end reducing the electrical
noise coupled from the high discharge current into the measuring
apparatus, The capacitor, 02, is charged with a potential
divider across the theta bank Cy (see Fig, IIlolo)° ‘The jitter'
of the complete triggering circuit is less than 1/2/48@0° More
detalils of the triggering circuit can be found ih the note by
Curzon and Smy (1963);

The theta capaclitor bank consists of 5 Cornell Dubilier
Model NRG 201 capacitors connected in pa?allelo Bach capacitor
has a caepacity of ﬁ;{F and a maximum operating potential’
difference of 20 kvdc, A low inductance geometry is obtained by
connecting the capacitors together with a parellel plate transmission
line consisting of copper sheets 2mm thick. The spark gap
(see Fig, II.2.) is located at one end of the bank and is
connected in series with the bank and the theta coil (Fig. II.1l.).
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The transmission line from the spark gep toc the theta coll

is a pair of parallel copper plates 2 mm thiékb 13 cm wide,
and 100 cm long sepérated by a 3 mm layer of polyethylene and
clamped together with wooden clamps., The spark gap electrodes
are insulated from each other by a disc of perspex. The disc
has been grooved to increase the length of the tracking path
between the electrodes, thus decreasing the possibilitieé of

. spurious breakdown (Fig. II.2.)s The physical dimensions of

the theta colls are as follows:

Material of Theta Coil Copper Gauze
Coil Diameter 4,1 em 6.1 cm 7.6 cm
Coil Length 4,6 cm 6.4 em 7.6 cm

The current; Icg in the theta coll is monitored with a
Rogowski coil consisting of a sovlenoid made from an 11 cm length
of delay cable (RG 65 AU) with the outer grdund shield removed,

A matching resistance is placed in series with the coill to dampen.
the resonance response of the coll, (For more details, see
Appendix E). The coil is placed in bétween the high current leads
to the theta coil,

The output voltage of the Rogowskl coil is proportional to
the rate of change of current, dIc/dtQ' To obtain the éurrent an

RC integrator is used (see Fig. II.4.).
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Z Coaxlal Cable R '
AV W .. To
- Oscilloscope
Rogowski
Coil ‘R —L c
1
- & = Matching Impedance, 220£L
Ry= Terminating Resistance, 50
R,= Integrating Resistance, 100K
C = Integrating Capacitor, l/AF

Fig, II.4, Rogowski Coil Circuit

The vacuum system consists of a Precision Model 150
roughing pump and a Balzer Model 120 diffusion pump, The base
pressure of the complete vacuum system is<:¥/4Hg megsured with
a Macleod Gauge, The leak rate of the discharge vessel 1s |

~20 yHg per hour,
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Section B - Bias Magnetic Field Apparatus

The source of the bilas magnetie field used in the experiment
is a pair of Helmholtz colls, The coils are powered by two
different capacitor banks, One bank 1s used to produce a large
field (0.6 Weber/mz)9 and 1t 1s connected to the Helmholtz coils
through a spark gap switch, At low fields (~ 0.1 weber/m°), this
spark gep switch cannot be reliably triggered and this necessitates
using a second bank which has a solid stéte tfiggering device,
This extends the operating range of the Helmholtz field to lower
values (~ 0,009 webe'f/mz)o

Section B.,1 - Large Fleld Bank

The bank consists of 3 Cornell Dubilier (Model NRG 212)
capacitors, 220 yF each and rated at 5 kvde, which are connected
in paraliel by coppér plates 2 mm thick, The capacitors are
connected to the Helmholtz coils through a spark gap switch
which 1is located at one end of the bank,

The spark gap switch (see Fig, II.5,) 1s triggered by a
high voltage pulse produced by amplifying the output of a
thyratron pulse generator (see Fig., II.6.) with a pulse
transfermer with amplification of ~ 33. A 660 ohm resistor
(1 Watt,'carbon) is connected 1n series with the pulse transformer
and the trigger pin (see Fig, II.7.). This reduces the electrical
nolse signals produced by the trigger spark. The characteristics

of the bank sre given on Page 17.
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F//////////it'ungsten Trigger'Pin

k/////////?olythene Insulation

erspex Cylinder

Resistor

>(////// Brass Rod
.

UHF Connector

Perspex Insulation

Trigger Electrode -

Fig;JII°7o Helmholtz Bank Trigger Pin



Capacitance 660/4 F
Charging Potential 500 v - 3000 v
Total Inductance (with coil) - 69/4H
Discharge Period ‘ | 1.35 msec
Peak Magnetic Field 0.6 weber/m2

Helmholtz Capacitor Bank

The electrodes of the spark gap switch tend to burn away
quickly becauge of the long time constant of the circuit., It
is necessary to readjust the polythene insulation (see Fig. II.
7.) on the trigger pin every ~40 shots,otherwisé the spark gap

does not have reliable timing characteristics,

Section B.2 - Small Field Bank

The low field bank consists of ten (DCM 539-2657-01)
capacitors rated at 10,OOO/M F each, at 75vdc., This bank is
connected to the Helmholtz colls through a silicon controlled
rectifier (C80 Type 2N2542), which serves as a trigger switch,
The maximum current produced by this bank i1s ~ 400 amps and the
time required for the coll current to reach its maximum value
is ~2 msec, A trace of the discharge wave form ié given in

Fig, II.8.
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Time Scale: lmsec/cm Vertical Scale: 160amp/cm
Fig, II.8., Current Waveform For The Small Magnetic
Field Capacitor Bank

A circuit diagram is given in Fig. II.9.

Diode

N
12

Helmholtz

Zener %
? . Coil

Diode _ 1o€uf

j (70V) i
llQ A.C. 3

Transformer
2N2542

Trigger

Fig. II.9. Small Magnetic Field Capacitor Bank
Circuit Diagram
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‘Section B.3 - Helmholtz Coil

The Helmholtz coil 1s constructed as a pair of colls, each
having 19 turns of No. 2 AWG copper wire, The inner and outer
diameters of coil are 25 cm and 28 cm respectively. The coil
frames are made of bakellite and wood, and brass rods are used to
hold the frames together, The angle between the axis of the
Helmholtz coll and the axis of the theta coll is measured wlth
a large protractor of 25 cm radius (see Fig, II.10.).

The field distributions along the axes AA' and BB°
(Fig, I1I.10,) were measured by a solid state ¢ Bell 240
Incremental Gaussmeter ! and the results are given in Fig, II.
11, To ensure proper measurements, the gaﬁssmeter probe 1is
rotated ebout 1its axis to locate the position of maximum

signal before the measurements are taken,
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Seotién C - Dlagnostic Egquipment

Two main diagnostic techniques areruSed in this experiment.
In the first, magnetic probes are Smployed to measure the
mggnetic fields associated with the plasma. In the second, a
framing camera 1s employed to measure thg shape of the luminous

plasma.

Section C.1l, = Magnetic Probes

A magnetic probe is essentially a small search coil, (the
small size ( ~ 1 mm) means that measurements of the magnetic
flelds can be made with good spatial resolution). An emf, V, is
produced between the ends of the coll by a change in the magnetic
flux through the coll, Thus a coll placed in a timg.dependént
magnetic field which remains fixed 1n direction will generate a
signal proportional to the rate of change of that magnetic field,
If this sighal.is integrated with an RC circuit (see Fig.II.1l2,)
the resultant signal will be proportional to the total change of
the magnetic field Eo‘

R
MWW
A 4 .
R = Resistance
C = Capacitance

Fig. II.12., RC Integrating Network
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When a signal 1s integrated, 1t is also attenuated., The
size of the output signal and ﬁhe distortion both vary inversely
with the time constant, RC, of the integrating circuit.
Therefore, the time constant must be small enough to produce
a measureable signal, but sufficlilently large to cause negliglble
distortion in the integrated waveform° In this experiment, RC
is chosen to bé ten times the characteristic time of the
measured event, (i.e. RC = 10 M sec for magnetic probes).

In the theory of the probe presented above, the inductance
and the stray capacitance of the coil itself have been lignored.
These produce a resonant response in the probe signal.

Therefore the gain of the circuit willl depend on the frequencj
of the slgnal measured. This 1s an undesireable effect which
can be reﬁBved by demping the resonant response of the probe
with a series resistance (Segre and Allen, 1960). This
resistance 1s referred to below as the matching impedance and
its value is equal to E&; where L 1s the self inductance of
the probe and C is the stray capaci?ance (see Appendix E),

The frequency response of the "damped" probe has been
measured by mounping it inside a solenoid that 1s connected to
a signal generator., The voitage across the leads of the solenoid
1s measured with an oscllloscope and from this, the rate of
change in magnetlc field can be calculated. The output signal
from the magnetic probe 1s recorded on the oscilloscope with the

circuiltry normally employed in the plasma investigation,
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The plasma current 18 monitored by two types of magnetic
probes, The first is é single axial probe to detect the radial
hydromagnetic oscillations in the plasma (Niblett and Green,
1959); for further details see Chapter III. The second, is
a directional probe to measure the rotation of the plasma ring
about its diameter, Bach probe is described below in more

detail ov

Section C.la -~ Single Axial Probe

The single axial probe consists of 35 turns of thin copper
wire, No, 44 (AWG) wound on a glass rod ~ 1 mm in dlameter,
Much care is used in winding the Qoil uniformly and the coil is
held together by epoxy glue. The leads are tightly twisted
together so that the net magnetic flux enclosed by the coil

leads (B, dA ) is negligible in comparison to the magnetic
ALEA ENCLOSED BY LEADS : .

flux enclosed by the coll (see Fig, II.13.).

—-Glass Tube

e
-

‘ //// //fmclass Rod-$
; Z TN
L= e 9 %

~§2mm¢

- Coil Leads ‘Copper Coil

Pig. II.13. Axial Magnetic Probe
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Screw | Bellows e
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Fig. II.14; Method Of Mounting Probe In The
Theta Pinch Discharge Vessel

The probe rod 1s joilned to another glass rod of larger
diameter for rigidity. The whole"probe system is then inserted
into a glass tube 75 cm long and 5 mm dla. to protedt -{:h;e_.,p‘r@b.e. from
the plasma, The glass tube is supported by a flexible joint at one
end of the discharge tube as shown in Fig. Ilolaé and is
positioned in the center of the theta coll by a set of adjusting
screws on the eleoﬁrode;

The probe leads are connected to the oscilloscope by RG 58
coaxial cable which is terminated in 1its characteristic impedance

so as to reduce reflectlons of the signal in the cable,
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The matching impedance of the probe is calculated (see
AppendixE) to be 430, The terminating resistance for the
ceble 1s 50fL and thils resistor therefore also serves to match
the impedance of the probe.

The signals are displayed on a Tektronix 551 double béam
oscilloscope with a Type G differential preamplifier, and are
recorded by a Polgroid Land camera. The probe signal is

d
prpportional to E?( Ic+ ) where Ic is the coll and Ip is

| *p
the plasma current per length, To obtain %%S a sultably
attenuated signal from the Rogowski coil (1°e°'%%P, see Page 13)
1s subtracted from the magnetic probe signal, This procedure will
be referred to below as the 'double probe technique’, (Green,
1962), A potential divider is placed across the output leads of

the Hogowski coll and is adjusted to obtaln the sultably attenuated

signal, Thus, 1f the theta bank is discharged with no resultant
plasma formation, then there should be no net signal produced.

To obtain the plasma current Ip,'the probe and the Rogowski
' coil signals are integrated by an RC circuit (see Fig, II.4L,).
The characteristlic time of the plasma ;urrent oscillation is
All/usec; thus the integrating time constant, RC, chosen 1is
lo/usec°

It is found that the capacitative coupling between the plasma
and the magnetic probe leads to no recordable signal. This is
determined by replacing the normal probe by a straight wire and
comparing the signel obtalned with the normal probe signal (see
Fig. II.15.).
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Fig., II.15, Capacitative Coupling Signal
From Magnetic Probe

The frequency response of the exial probe is given in

Fig, II.16,

Section C.1lb - Directional Probe

In generél if the magnetic field varies in direction, 3
probes are needed to measure the field completely., However, if
the plane of rotation is known, then only two probes are needed.
For the experimeﬁts desgribed below, a V' shaped probe has been
used for this purpose, Using the geometric relations and the
signals from the two probes, the direction and strength of the
magnetic field in the plane of the probe can be calculated,

The directional probe consists of two coils (20 turns) of
No, 44 AWG copper wire wound on a °V® shaped glass rod ~ 1 mm

in diameter and ~ 2 mm in length (see Fig, II.17.).
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Fig. I1I.,16, Frequency Response Of Axial Magnetic
Probe (Integrated Output)
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CQQggr Coils

Probe Leads
' Glass Rod

B_. = Plasma Magnetic
Field

Flg, II.17. Directional Probe

For convenience the response of both probes should be
identical for a glven flux change through each probe because the
probe signals are quantitatively compared with one another. To
satisfy this requirement, both probes are constructed with )
identical geometry and the output signals are finely balanced by
use of a potential divider on cne of the probes, The stem of the
directional probe is identical to the stem of the single axial
probe,

By integrating the signals from the two proﬂes and using
the doublé probe technidue (Page 26), the net signals will then
correspond to the plasma magnetic field, Bbo

Te calculate the direction of the magnetic field from the
output slgnals of the "V® shaped probés9 it is necessary that the
magnetic fleld be approximately uniform over the volume occupled
by the two probes and be coplanar with probes-l and 2 (see

Fig. ILl?.,)° Then the signals received from prcbe 1 ( Vl) and
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probe>2 (V, ) are vV = Vocos(g +§&)

(1) Vo(cosgcosé - sin%siné)
and v
(2)

where 8§ 1s the angle between the axes of the two probes and &

- #

~~Vocos(% -§5)

N
|

i

Vo(cos%coss + sin%sing),

is the angle between B, end the theta coil axis (see Fig. II.17.).

By combining these two signals and letting ¥ = 90°, then

N — €05 a5° ¢ — 5\N4a5°5]
Vv, 1 C0545° LOSE +5In45°sIn §
= sé—gi
(3) COS5§ + 5ink

Therefore, knowing the values of vV, and V2 as a function
of time, the angle & can also be determined as a function of
time. The frequency response of each probe is ghen in Fig, II.18,
(For the experimental procedure, see Chapte® III, Section B.4),

Section C.2 - High Speed Framlng Camera

The Bafr and Stroud Model CP5 high speed rotating mirror
framing camera can photograph 60 frames at a maximum rate of

6 frames/sec,

8 X 10
It consists essentially of an oblective lens, ﬁl (see
‘Fig.'IIol9,) and a magnifier lens, L,, which focuses the image

on the surface of the rotating mirror. A lens quedrant, LB’

focuses the mirror surface on the curved film track,

The polished stainless steel mirror runs in flexible mounted
white metal bearings. It is driven at a maximum rate of 330,000

r.p.m. by an air turbine operated at 40 psig.
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Fig. II.18., Frequency Response Of Directional Probe
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& Pinch PMl
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A L .Mirror AMPLIFIER
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|
TRIGGER et , PB’L‘QE DELAY SYNCH

L1 = Objective Lens
L2 = Magnifiler

L3 = Lens Quadrant

Fig, II1.19., PFraming Camera Schematic

The event to be photographed must be synchronized with the
position of thg rotating mirror, since recording can only take
place during 15O of each half revoiution of the mirror, A
pulse to initiaté the thete piﬁch discharge is provided by one
of the two photomultipliers, PM 1 or PM 2, ;ight from a 6 volt
1amp is reflected from a part of the mirror surface and directed
by a prism to the photomultiplier, so it gives pulses synchronized
with the mirror position. Thé mirror speed is monitored by =
frequency meter which receives a signal from a search coil

adJacent to a magnetized collar on the mirror shaft,
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CHAPTER III
RESULTS

In this chapter, the experimental measurements of the
dynamic behaviour of the plasma with and without a blas magnetlic
field are presented and dlscussed. The characteristics of the
magnetic probe signals and the framing camera pictures describing
the plasma with no blas fleld are studled. Then by comparing
these characteristics with those for a discharge in a blas field,
the effect of the blas field on the plasma can be obtained. A
theoretical model is then constructed to!assist in the inter-
pretation of the results., The predictions of this model are
compared with the experimental results and the limitations of

the model are discussed.

Section A - Discharge Of Theta Bank With No Bias Fleld

Expefimental Procedure

The discharge tube 1is evacguated to<:1/4Hg pressure and then
filled with air to the required pressure as measured by a
Macleod Gauge (I 5%4). The discharge tube is then isolated
from the pumping system by a valve and thevtheta bank is charged
to the required potential., Subsequently the Theophanous pulse
generator 1is triggered (manually for the magnetic probe |
experiments, or by photomultiplier pulses for the framing camera

experiments), thus closing the theta spark gap switch (see Page 8).
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02 = 0005/4F

S1 = Theta Bank Spark Gap
82 = Ultra Violet Trigger

Fig, III.1l. Schematic Of Theta Pinch Discharge
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and discharging the capacitor bank. Using the integrated
Maxwell®s equation, the strength of the azimuthal electric fleld

induced in the discharge tube varies in the following manner:

(1) E suf $e
where r = radius from the axis

I = theta coil current per unit length

For coll currents‘Ic which vary sinusoldally with time,

%%c (and therefore E) is maximum when the current goes through
zero, Hence, with appropriate conditions, a plasma cylinder will
be formed when the theta coll current Ic’ goes through zero,

If the plasma forms before the theta current reverses, (see Fig.,
III. 2, ?osition B) the plasma current is compressed to the walls
of the discharge vessel by the magnetic forces. Hence, before
radial contraction begins, the plasma'sheil has a definite mass
(see Fig, III.3.).

When no blas magnetic fleld 1is used, the gas initially
breaks down at the end of the first half cycle of the coil
current (see Fig., III.2. Position B). As soon as the magnetic
field external to ﬁhe plasma becomes larger than the magnetic
fleld within it, the plasma shell contracts radially and then
executes radial oscillations about an equilibrium position
(see Fig. III.2, Position D). Further details of these
osclllatlions (which have been discussed by Niblett and Green,

1959) are given in the next section (Page 68).
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As the theta current approaches its maximum value (Fig. III.
2, Position E) the electric fieldvgoeg to zero and the plasma
dissipates. When the theta c¢oll current agaln approaches zero
(Fig. III.2., Position F) the breakdown cycle is reiterated. This
phenomenon recurs at each half cycle of the coil current until
the peak induced electric fleld is too small to cause a break-
down in the gas,

A magnetic probe placed on the axls in the theta coll
records the rate of change in the magnetic field strength
within the coll cross section. The integrated signal (see
Page 3B ) corresponds to the change in the magnetic field, 1In
the absence of a plasma, the probe records the change in the
theta coil magnetic field. However, when the electric currents
flow in the plasma, these produce magnétio fields which are
superposed on the theta coii fields, From the flux conservation
theorem, that 1s,_§§°dé = constant,the total magnetic flux

PASMA GROSS SECTION :

enclosed in a plasma ring is constant with respect to the
raedial motion. Consequently when the radius of the plasma ring
conﬁracts, the strength of the enclosed magnetic field increases.
Similarly, when the plasma expands radiélly, the enclosed
magnetic field strength decreases, Thus, when plasma executes
radial oscillations, the corresponding oscillations in the
magnetic field are reéorded on the magnetic probe wavefofmo A

typical integrated probe signal is given in Fig. III.4,


file:///B.dA
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Time - 2/4sec/cm Pres.- 50 uHg,Gas-Alr
(upper waveform)

Fig., III. A4, Integrated Magnetic Probe Signal

The corresponding framing camera pictures of the discharge
show that, at breakdown, a plasma sheet 1s formed at the walls
of the discharge tube. This then collapses radially to the
equilibrium position about which it executes radial osclllatlons.
The radial oscillations are not clearly seen because the time
resolution of the camera is approximately 1/2 the period of
radial oscillation, Thus, the osclllatory radial motions are
smeared out.

Framing camera plctures have been taken from the ends of
the coil (see Fig, III.5.) and from the top of the coil (Fig. III.

6.). There is no evidence of axial motion.



Time Increases Left to Right, Frame Positions are Staggered,

Pres! 50 u Hg Air, Exposure Time~ 0,35usec.
/ Z
Fig. III.5. End-On Photograph (By=0)

Pres:75/4Hg

Fig. III.6. Top-On Photograph (BH=0)
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Since the coill dimensions and charging potential of the
theta bank are not changed in the experiments described between
pages 39 and 68, they are stated below and are referred to

wherevep=~ the information is required, i.e., in figures,

Standard Discharge Conditions

Theta coill diemeter : 6.1 cm
Theta coil length 6.4 cm

Charging potential of the theta bank 13.3 kv

Capaclty of theta bank 25 muf
Peak current in the theta bank 165 kemp
Period of the theta coll current 13.0/usec

Section B - Theta Pinch With A Blas Field

In the presence of a transverse magnetic field (see Fig.
III.3.), axlal Lorentz forces exist and these tend to drive the
plasma out through the ends of the coll, The combination of
the axial and radlal motions causes the plasma to appear to
rotate (i.e. flip) about a dlameter specified by the direction
B, x B

H ™ =coll H il B
coil field. If the axial velocity 1s low, radial oscillations

where By is the blas fileld and B, ,; 18 the theta
can develop., However, as the axlal velocity increases the plasma
escapes out through the ends of the éoil before the oscillations
can develop, i.e., oscillations are suppressed.

The blas field‘BH is produced by dischérging a capacitor.
bank through the Helmholtz colls, Although the blas magnetic

field oscillates (period is ~ 1,3 msec.,), the period is long
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compared to the life time of the dlscharge plasma (ﬁ/2»3>usec,)°
Hence for the duration of the discharge, the bias magnetic flelds:
are approximétely constant. In practice, the experiments are
performed by firing the discharge when BH is at its maximum
value, To achleve the proper trlggéring of the theta and
Helmholtz banks, two different methods are employed, The method
used in the magnetic probe experiments 1s relatively simble

and is discussed first. This»will_be followed with the method

employed in the framing camera experiments.

Magnetic Probe System

] SPARK - HELMHOLYZ]
TRIGGER AMPLIFIER GAP CAPAC!TOR

BANK ] >R,

rHELMHOTZ
COiL

\V

DELAY PULSE . uv SPARK. THETA THETR
UNIT AMPLIFIER TRI6GER GAP CA\;/:\C,\IJLOR :@
Rl,R2 = Potential Divider

Fig, III.7. Bias Field Trigger Circuit For
The Magnetic Probe
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- For the magnetic probe measurements, the Helmholtz bank 1s
triggered'manually and a potentlal divider across the leads of
the Helmholtz coll generates a signal which activates the delay
unit (Fig. III.7.). Then at a specified delay time, ie, when
the Helmholtz field is maximum, the delay unit emits a pulse
’Which triggers the theta bank,

Framing Cemera System

In the framlng camera.éxperiments the method for triggering
is more complicated becamse the theta bank must be dlscharged
when the rotating mirror 1s at a given position (see Page 32)
and the Helmholtz field is maximum. "Thls i1s accomplished in the
following way, (see Fig. III.8.). When the framing camera rotor
is running at the required speed, the output pulse from one of
the photomultipliers'tmiggers the Helmholtz bank, The same pulse
also triggers a delay unit which 1s adjusted to give an output

pulse when the Helmholtz fleld, B is at 1ts maximum value.

H!
The delayed pulse 1s fed into a gate circuit together with the

photomultiplier pulses from the framing camera. Hence the first

photomultipller pulse arriving after B, has reached its peak .

H
value, triggers the theta pinch discharge, Consequently, the
framing camera records photographs of a theta pinch discharge
which has been produced in an essentially constant bias field,

B In order to fire the theta bank at peak values of BH9 the

HO
tuis an integred’. multj p%
mirror speed is selected so thatLFhe time 1ntervai etween the

photomultiplier pulses .. = "' ... & % o 1. (where
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tM 1s the time required for the bias fleld to reach its maximum

value,

Blas Magnetlc Field Strength

The strength 6f the Helmholtz fleld at the time of the
discharge can be calculated by superposing a slgnal corresponding
to the time oﬁ the dlscharge of the theta'bank, on the Helmholtz
voltage waveform. By calculating the current in the Helmholtz
colls at this time; asSuming a slmple LC discharge, the
‘corresponding magnetic fleld at this time can be calculated.

The Helmholtz voltage waveform is monitored by a potential
divider across the Helmholtz coll; the signal corresponding to
the dlscharge of the theta bank 1is given by the Rogowski coil
signai. | | | | | '

The expérimental results in this section are divided into
the photogfaphic results and the probe measurement results,
Since the photographic investigation is mainly for qualitative
purposes, we discuss this first, treating the two cases,

g = §0° and # ~ 0° separately, where '#°* is the angle between

the axes of the dlscharge vessel and the Helmholtz coll,

Section B,1 - ghotograbhic Measurements

a) #=90%

At breakdown, the plasma current begins to flow in a ring
whose axis 1s approximately parallel to the theta coll axis.
(see Fig, III.9.). The current ring then separates into two

current rings which rotate about an axis parallel tc B, X By
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and in opposite directions. The outer ring then collapses
radially whereas the inner cufrént fing appears to have a
negligible radial displacement during this t}me. (see Positions
1 - 3, Fig., III.%9a.) After the ouﬁer ring has collapsed to an
elliptical shape from tﬁe end on photographs (Position 3, Fig.
III.9b.); the inner ring begins to'coilapse radially. The outer
ring 1s identifled by the fact that it absorbs the light
radiated by the inner ring

The two current rings rotate in opposite directions
indicating that the current flows in'opposite directions in the
two rings., In this case one ring should collapse radially whereas
the other should be pressed into the wall of the discharge
vessel, ( g x B forces are in opposite directions). This is
observed to be true. We suggest that‘the two rings correspond
to the current layers proposed by Niblett and Green, (1959).
The outer one is induced by the theta coil field (Bc) whereas
the inner one is -iriduced by the conservation of the flux
trapped in the plasma ring, In this model the two currents
flow in opposite azimuthal directions, Therefore, the transverse
field will *tear' the ring axially‘producing the two rings which
appear in Fig. III;9*, From the Niblett and Green model, we
expect that the outer ring will collapse to the axis before the
inner one does. This is confirmed by our observations, The
reason that the inner ring collapses eventually 1s that the B,
field induces more current in this ring causing a net inward

force on it.



. OQuter Ring

Inner Ring

Time Increases Left to Right, Frame Positlons Are Staggered,
Time between each Frame 7~ 0035/,4seco

a. Top On View Of Plasma

b, End On View Of Plasma
Fig, III.9. Sketch Of Plasma Photographs
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Fig, III.10. Top On Photograph Of Plasma



b) B~ 0°

In this case the direction and the strength of the blas
fleld radically affects the breakdown of the gas. Breakdown
occurs when the total axlal magnetlc fleld is approximately
zero, Thils is verified by using the magnetic probe measure-

ments to calculete the magnetic field of the theta coil,

—C
the blas fleld, B

B o11? at the time of the gés breakdown, It is found that when

H* is parallel to the initial direction of

B (1.e., parallel blas field), the plasma is comparatively

=coil’
unstable to the fllp instability (i.e. the plasma escapes from

the coil). If the bias field B,, is anti-parallel to the initial

H9

direction of B (1,e. anti=-parallel bias fileld), the plasma

=coil’
is comparatively stable against the flip instability,

The gas breaks down at the end of the flrst half cycle of
the theta coll current, Ic, when parallel bilas field is used,
However, if an anti-parallel blas field of sufficient strength
is employed, the gas breaks dowﬁ at the beginning of the first
half cycle of Lao Therefore, the breakdown of the gas can be
enhanced or suppressed by using an anti-parallel or parallel
bias field respectively,

The plasma dynamics appear to be gqualltatively similar to

those observed when § = 90° (see Fig. III.1l.).



(6 ~0°), B, = 0,024 weber/m? Pres,=50 4 Hg - Air

T
Flg. I11.11 Top On Photograph

(Bn OO), Bp = 0,068 Weber/m2 Pres.=50 yHg - Alr

Fig, III.12. End On Photograph
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The rate at which the plasma ring flips, depends critically
on the alignment of the theta coil and bias field., When # = OO,
no flip is observed for the experimental conditions reported above,
(see Fig. III.12.). However, a misalignment of # ~ 2° will
'f1lip’ the plasma ring., The most distinct effect of the blas
field is observed for the first breakdown of the discharge gas,

Sometimes, the plasma ring disintegrates in less than 5 x 1O"ZM

sec, (see Fig, III.1l4,)

g=0° Pres: 50 uHg - Alr

Fig., III.13. End On Photograph of Plasma With
No Transverse Blas Field
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B, = 0,04 weber/m2 Pres.=100 yHg, Gas-Alr

Fig, III.14, End On Photograph Of Plasma With
Transverse Blas Field

Section B,2a, - Probe Measurements (f#~0°)

The initial breakdown at the end of the first half cycle
of the theta current is chosen for the probe investigation,
Under these conditions the influence of the bilas fleld on the |
plasma dynamics 1s most pronounced and the discharge gas is
purer, Breakdown of the discharge gas is achieved in the
presence of a blas field, BH’ parallel to the initial direction
of the magnetic field, Bc’ produced by the theta coil,

From the double probe system, (see Page 26 ), hydromagnetic
oscillations of the plasma are observed and as @ is increased,
these oscillations are suppressed. The corresponding framing

camera pictures show that when the oscillations are suppressed,



52,

a plasma ring forms and disappears in mfl/usec, indicating
that the plasma has disintegrated,

The flip of the plasma 1s not readily observed photo-
graphically under this condition (see Fig. III.13.), because
the plasma moves too rapidly. The flip 1s clearly observed
in framing camersa photographs when there are a larger number
of oscillations recorded by the probe, However, the suppression
of oscillations was chosen as a criterion for flip because it
is a readily distinguishable characteristic in the probe
waveforms, (see Fig. III.1l5.).

The gas pressure in the discharge vessel and the strength
of the bias field at the ﬁime 6f the theta bank diséharge are
first set at selected values, After each discharge thg angle
g is varied in one degree 1ntefvals over the range + 18° and
the corresponding magnetic probe waveforms are recorded, In
the angular regioﬁ where flip occurs, § is varied by 1/2°
intervals to ascertain more accurately the actual value of #
at which flip occurs, ﬁc,amd referred to as the critical value.
Keeping the pressure constant, the Helmholtz field is varied and
the value of ﬁC(BH) is determined for varlous values of the bilas
field strength, BHo The blas field istrength was varied from
0.1 webers/m2 to 0,6 webers/m2 in 0,05 webers/m2 intervals,

The value of Bysin ﬁc(BH) as a function of the field
strength, BH’ is determined and found to be a constant for a

given pressure (Fig. II11.16,). The above procedure is repeated
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discharge conditions are specified on Page 40.

Fig, III.1l5,
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a. # Degrees
0,070 ¢
g /m? OO0~ o0 |
Bﬂsin weber/m 0 0 o In| '
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Gas Pressules
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By (weber/mz) Pressure
O 36MHg Alr
+ 0.6 o 75}MH8 AT
©150 uHg Alr

Other discharge
conditions are

| 0.4 given on Page 40

1 o.2

c. @ Degrees

o) oo O— © 20
o O] 0
0,050+ O &
BySin f weber/m{¢; & > & 20, 9
0,025
0 —t } - t 1
0.2 0.3 0.4 0.5 0.6

d. By (weber/mz)

Fig. II1I.16. Value of Bysin f, For Different
Gas Pressures
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for the following gas pressures; 16/MH'59 Zj/AHg, 35/MHg, 50/qu,
75 uBg, 100 uHg, 125 uHg, 150 uHg, 200y Hg, and 250 Hs. It is
found that for pressures between lé/AHg and ?%/4Hg, the value of
Bysin ﬂc varies as (pressure)l/z, (see Fig., III.17.), howevé},
above 75/MH3, the relation is no longer valid.

Thus for a given coil, BHiin ﬂc = constant, which will be
referred to as the stablllty constant.

The experimental results that the value of Bﬂsin ﬁc is
a constant for a flip at a glven pressure confirms the
hypothesis that the component of the blas field transverse to
the discharge axls is the important parameter in the flip
inStabiiity° For this reason additional experiments havé been

performed in which only a transverse fleld was used, (i.e.

g = 90°).

Section B.2b - # = 90°

In these experiments the bias field has only a transverse
component., Following the procedure adopted above, the value of

B, when flip occurs is denoted as the critical value, (BH)c°

H

To obtain (B o &t a glven pressure, the bias field strength is

1)
varied from 0,004 Webers/m2 to 0,024 Webers/m2 in increments
of 0,002 webers/m2 after each theta bank discharge. The
corresponding magnetic probe waveforms are recorded and in the
region o flp the magnetic field increment is changed to 000005_

webers/m2° The above procedure 1s repeated for the following gas

pressures; 16 vHg, 25 uHg, 35 uHg, 50 uHg, 65 uHg, 75 uHs,


http://III.i7.J9
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.,_.’2_,0. 7 mi
Log-Bﬁsinﬁc
(weber/mz)
2.6 1L
2.5
Ly
Slope = = = 0,55.
Z.4 | | TIOPE E LED
Gas : Alr
For Discharge Conditions
see Page
2.3 , } — — : ! O —
20 30 40 50 60 70 80 90100 150

Log Pressure /AHg

Fig. III.17?. Variation Of The Criticel Transverse
Field With Pressure (f & 0°)
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Log('BH)c .
(weber/mz)ﬂ;f

2.1

Slope = 0.5

Gas : Alr
Coil Diameter:35cm

For Discharge Conditions
see Page 40

20 30 B0 50 60 70 809b 100

Log Pressure -I/AHE

Flg. III.18, Variation Of The Critical Transverse o
’ Fleld With Variation In Pressure (g = 90 )
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BO/MHg, IOO/M Hg, and 150/44Hg. It is found that the critical -
1/2
)

value of BH varied as (pressure ‘within experimental error
for pressures between lé/m Hg, to 75/p4Hg, however thls relation-
ship 1s not valld for pressures greater than 75,/AHg (see

Fig., III.18).

Section B.3 = Variation In The Discharge Radius

The effect on the stablility constant BHsinﬂc in the linear

——————

pressure region (16}/(Hg to 75;&1Hg) due to a ;ariatlon of the
diameter of the discharge tube has also been studied. The
internal dliameters of the tubes employed were 3.4 cm., 5.1 cm.,
and 7.1 cm., Theta colls of constant aspect ratio were used and
the charging potential of the theta bank were varied to keep
the peak magnetlic energy density approximately constant,

The procedure described in the previous Section B.2a is
used to determine the value of BH§1nﬂc at various pressures
for eagh of the three tubes, An approximately parallel bias
field was used for these experiments so as to have reproducible
breakdown conditions., A summary of the experimental conditions

is given below,
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-61 -

Experimental Conditions For Varying Discharge Radius

Inner Tube Diameter Coil Diameter Coil Length  Bank VQltage

7.1l em 7,6 cm 7,6 em 15,3 i.,5 kv

5.1 em | : 6.1 cm 6.4 cm ) 13.3 ¥ .5 kv

F.4 cm 4.1 cm 4,6 em 10.4 % .5 kv
The dependence of the stability constant, BH31n¢c, on the

diameter of the discharge is shown in Fig. II1I.19. It was found
experimentally that the plasma showed less tendency to flip as
the dlameter of the theta tube was increased; further, the
stability constant varies roughly linearly with the tube
dilameter, However, there appears a minimum coil length, beloﬁ
which there are no magnetic oscillations under the present

experimental conditlons,

Section B.,4 - Directional Probe

The directional probes (see Chapter II, Section C.lb.),
‘are devised to measure the angular rotation of the plasma ring.
A Tektronlx 551 double beam oscilloscope with two differential

(Type G) preamplifiers is employed. On the upper beam, V the

u9
voltages from the two probes (Fig. III.20.) are subtracted.

Therefore,
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(2) Vy=Vy =V, ,

where vV, = T\Li‘?'(cosé— sin§ ),

v, = ?\i"(cosé+ siné ),
§ = angle between the axls of the
plasma ring and the theta coil

axis (see Fig.: II,17.),
V. @ corresponds to the strength of

the plasma field, Bp, (Fig, II.17.)
(3) Therefore, V, = -fE'vo siné.,

Copper Coils

\zf
N
N
Probe Leads - 3 \Glass Rod N

Bp = Plasma Magnetic Field

Fig. II.17. Directional Probe
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0,10_
Volts
0.05 4

1 ' 2 3 '3 5
Time - /ASec
Figo IIIo 20o Vl - Vz Waveform

0,15 -

0 : : —y : — :
1 2 3 n 5

Time - /MSec
Fig, III.21, V1 Waveform
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Probe 1 measures the component of the total magnetic
fleld along the axis of probe 1. On the lower beam, VL9 the
theta coll component of the magnetic fleld is subtracted from
the output of probe 1, i.e. double probe technique (see Page 26),
Thus, VL measurés the component of the plasma field, Bp, along

the axis of probe 1,

L i,e, V. = % (cog6 - sin% ). seeFig, III.21
By combining equations (3) and (4) the expression for 'g*

1s obtained in terms of the measured sighnals, Vu and VL’

(5) i.e, § = arctan Wﬁ%ERQ

Equation (5) is cnly applicable when the axis of rotation
of the plasma ring is perpendicular to the plane of the V!
probe, In order to locate this plane experimentally, the
probe is rotated sbout its stem (see Fig, II.17.) wuntil a
position is found for which V1Q;V29 at all times for successive
discharges. In practice this position, Qc = 9009 was determined
to within $10°, For this configuration, the plane of the ?V?
1s clearly perpendicular to the plane containing Bp and the
discharge axis, A further rotation of 90o about the stem,
therefore, brings the plane of the 'V' into the direction

required for equation (5) to be valid,
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Using the two probe signals and equation (5), i.e.§ = arctan

-\7-%7, the angular rotation of the plasma is calculated. The
v L

results agree qualitatively with the framing camera photographs,

(see Fig. III.23).

Lower Trace Vl s Upper Trace V2 - Vl

Probe Waveforms At ¢_ + 10° Pres— 50 uHg
Gas - Air

Lower Trace Vl ’ Uppexn Trace v2 - Vl

Probe Waveforms At ‘c"" 10° Pres.— 50 4 Hg
Gas =~ Alr
Mp. 111,22,



Time between Frames = 0.3/« sec, End On; 200 /qu

B, = 0,024 weber/m2

T a,
40° +
&

20° L Gas : Alr

Pres: 200 /AHg
2
BT t 0,024 weber/m
0 1 2 3 A

Time = /4890
b,

Fig.III.23., The Angular Rotation'§'
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In summary, the significant effects of a bias magnetic

fleld on the theta plnch are as follows;

Photography

1,

2,

A transverse blas magnetic field causes a rapld flip
of the plasma ring in a theta pinch discharge.

The two current model of the theta plhch 1s conflirmed.

Magnetic Probes

1,

For a gilven air pressure, capacitor bank ehergy, and
discharge coil, if Bﬂsinﬂ is greater than a critical
constant, flip occurs. By is the Helmholtz field end 4

1s the angle between the axes of the Helmholtz field and
the theta coil,

For a given discharge éoil and capacitor bank energy,
Bﬂsinﬁc varies as p% where "p? is the alr pressure, This
relation is valid in the region of 1§/u Hg to 75 uHg air.
BHsinﬁc

With theta coils of constant aspect ratilo, .varies

p

| a8 the radius of the discharge tube, provided the magnetic

energy density in the coil is kept constant,
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Section C -« Theory

In this section, a theoretical modél is proposed to
describe the radial and axial motions of the plasnma, ExperiaA
mentally it 1s found that if the plasma moves axially a distance
greater than 2 (Zé'is the axlal displacement required to '
escape the contailnment of the coil), before it collapses to
0,8a (where 'a' is the initial radius), then the plasma
oscillatlions are suppressed, i.e.,, criterion for flip. By using
the experimental results given in the preceding section, the
validity of the theoretical model can be checked in the following
way. |

First the axial snd radial equations of motion are solved
simultaneously by a power series approximation. Then from the
solution of the radisl equation, the time, t_, for the plasma to
collapse to r~0,8a is calculated, Substituting this value of
tc into the solution to the axial equation, the axial
displacement, Z09 at this time is found. If this value of Z0
is greater than Zc (see above), then the plasma oscillations
will be suppressed, that is,flip occurs, This valge Zo is a
function of gas pressure, p, radlus of the discharge tube, a,

transverse magnetic fileld, B etc, Thus, the dependence of

T
the theoretical flip critefion on the experimental parameters
(1.e. Zo(p°BT’a)> constant) can be compared with that given

in the experimental results, The radial equation is discussed
first, followed by the discussion of the axlal equatlon of

motion.
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Section C.1 - Radial Equation Of Motion

The radial equation of motion is derived by equating the
radial magnetic forces to the rate of change of radial momentum,
(see Fig., III.3.). At the beginning of the radial contraction,
we assume the plasma shell has a finite mass m1raze because
of the finite thickness of the induced current shell., " If we
assume that all the gas particles are swept up by the plasma and
concentrated in a thin shell (Rosenbluth, 1954), then the

momentum of the shell per unit length is,

(6) m T (a - rz)%% + mrafe %% ;
where m = mass density of the gas,
a = internal radius of the discharge
vessel,
r = radius of the plasma ring,
mwra2 € = inltial mass of the plasma

ring per length,

The first term is the momentum resulting from the mass swept
up by the collapsing shell, The second term represents the
momentum arising from the initial mass of the shell,

The inertis force of the shell is:

(7) %—1-;- [m‘ﬂ’(a2 - rz)%%:‘ + %’E’ tmwaze %%] )
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The radial magnetic forces are due to the differences in
magnetic filelds on the inside and on the outside of the plasma
sheetoA Two approximations are made in formulating the expression
for these forces, The first 1s that the magnetic fields produced
by the plasma currents and the theta coil currents can be

represented by the field of an infinite solenoid, (for discussion

see Page 81},

(8) ioeo B =/‘°I 9

where B‘= magnetic field,
I = current per unit length,

/A@: permeabllity.

The second approximation is that the electrical conductivity
of the plasma is infinite so that the magnetic flux enclosed
by the plasma 1s conserved, Therefore the internal magnetic

field, B19 l.e. trapped field, can be represented by,

Boa2
(9) Bi = -;T 9
where Bo = inltlal magnetic fileld
enclosed by the plasma,
a = lnitlal radius of the plasma,

r = radius of the plasma,



-]

Thus, the radial magnetic force per unit length can be

represented by the following expression:

Bi . Bga“L
(10) Foogial = 27T ""2’/770 -
]

The theta coil field initially increases approximately

linearly with time, therefore, let

(11) B, & By (& +g),

where B, = rate of change of the theta coll
field,

/g a constant to be determined by the
initial conditions.,

Substituting this value of Bc into the expression for the

radial force, Egqn. (10), we have,

éc(t +ﬁ )‘2 Bcz)a)+

(12) Fraqigr = 27T |- "’"_’74""'2 - + 2/41«4

From the initial boundary condition that at

il
o

F 0,

radial ~
T =g ,

(13) E

then substituting these values into Egn., (12), 1t is found
that,
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B
(14) A= 5 -
c

The radial equation of motlon can now be written using

Eqn. (7), (12) and (14):

(15) %[mn(a‘-ﬁ%}*fﬂm“degﬂ = 2TT|/‘[— ggé%&x + %%]

To write Eqn. (15) in dimensionless fcirm9 tHé variables

¥y,1, and T are introduced where,

(16)

]

N
il
Hlct D

3

mna
02

C

3
o

The dimensionless equation of motlon is,

£

Solving this equation by a power series solution and

an - geyeod] = b dr

using the initial boundary condition,

(18) at T=0 g

ae
It
O

it & found that
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3
(19) Y= mgge T et +

5 - - = =~ -
Bem Ut .

From the framing camers photographs it is found that at
the critical conditions for suppression of oscillatlions,; the
plasma radius collapses to roughly 0,8 of its original value,
i,e., ¥y~ 0,8, before it disappears. When y~ 0,8, the following

condition on T is valid:

3

L 48
(20) (z)e >1>%
(see Pg4for numerical verification and Pgo for theoretical results
if this spproximation is not valid). Using this condition,
Egqn., (20), it can be shown that 'y’ can be represented by:

4

(21) ya& l- gz ~ 0,8
The value of T When y ~ 0.8 is denoted by the variable T..
It follows then that,

(22) T %~ (2.4 e)*
Note that this critical time,T., is not dependent ong or T.

The axial motion produced during the critical time, 7, , is

discussed below,
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Section C,2 - Axial Equation Of Motlon

In thils casey, it 1s necessary to take into account the
presence of the two curreht rings indicated by the framihg
camera photographs, (see Fig., III. 9.). At breakdown, the
changing flux from the theta coil broduces a current at the
outer surface of the discharge gas which causes intensive ohmic
heating, The heated layer expandsvacross the magnetic field
trapped within the plasma cylinder, thereby generatlng a
current on the inner surface of the plasma cylinder., This
current conserves the flux within the cylinder. It 1s apparent
from Fig, III.25. that in the snowplough approximation the axial

momentum of the elemental mass contained by the angle AS \is,

m 2 d |
(23) Fve@-rmg + Boeae ¥
per unit length,
where ? = axlal displacement,
A6 = angle enclosing a small
portion of the plasma,

(Figo IIIoZSo)o
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Magnetic Flield

Fig. II1I1.25. Specification Of The Angle '0°

The other variables have been previously specified (Page 69).
The assumptions made in derivingithe'equation of radial motion
(Page 69) are employed in this eéuation aiso.

In Egn. (23),;the first terﬁ is the momentum of the mass
swept up by the coilapsing shell%and the second term is the
momentum of the initial mass shell of the plasma. The total

magnetic force acting on the plasma is,

(24) Foscigh: = T A @ cos @ By sin 8 I
-r AQ cos & By sin g I,
where Ip = the plasms current which conserves
the initlal trapped flux,
Ic = the plasma current induced by

the theta coll,
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g = angle enclosed by the theta field

and Helmholtz fleld axis,

©
it

azimuthal angle of the plasma,
(Fig. III.25.).

The probe signal produced by the double probe technlque
corresponds to the net plesma field, However, 1t 1ls assumed
that when the inner currenf ring escapes confinement, the plasma
conductivity drops and the radial hydromagnetic oscillations
are suppressed., If viscosity is neglected, there is no coﬁpling
between the axial motions of the two current sheets and the
mqtion of the inner current sheet can be considered separately.
The motion of the inner current ring is discussed below,

The magnetic field produced by Ip, using the long solenéid

approximation is then glven by the equatlon below:

(25) L& A

where Bo is the magnetic field initially enclosed by Ipo If we
let AK be the fractional mass initially occupled by the inner

current layer, then the inertia force of the mass element is,

(26) KSemse (o -+ ) 9

where 'K’ 1s the fraction of the mass through which the current
shell passes that 1s retained in this shell (K#~1).

The equation of axial motion for this mass element becomes,

(27) KE[mE (o -r+a?ng]= \”Ae/%'; cose B,sing

!
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The maximum axial motion occurs at points where 8 = 0%,
If the variables y,T , and T previously specified [Ean. (16)]
are used, then the dimensionless equation of motion at point

of maximum axial motion becomes,

.

(28) y & {0-p ] = 2rbhong

KB MU am™

(29) where & =

PN

; 4
Substituting y = | — 3éw-fg“|a% I“—+-G%FF3T5 s Eqn, (19)’i

and using a power series approxlmation, it can be shown that,

B. 6., St | 2 s
(30) g = ng}'g;’fﬁt + 0*)

Thus, the axial displacement in the time 7. , will be,

T8, B.Sing

(31) o= RnpafamE ¢
2 ¥ &et
However, T, =(Q4¢) from Egn., (22), thus if > is
a constant, then the axial distance travelled by the elemental

BHsinﬂ

mass in the time {. 1s proportional to — If Z, is greater

than some critical value, Z then a flip occurs beca%se the
B.,=in
plasma confinement vanishes, This implies that —gfg—— must

c’

exceed some critical value, However, m%¥ 1is proportional to p* ,
so that the experimental and computed criteria for flip are the

same,



-9

(32) l.e. 5ﬁf§%¢ > constant

Section C.3 ~ Discusslion Of The Assumptions

Séction C.3a - The Trapped Field, B , Is Constant With Variation

In Gas Pressure

From the integrated magnetlic probe waveforms, the amplitude
of the signals correspond to the strength of the magnetic fleld.
Thus, by measuring the amplitude of the plasma signal when the
osclllations are just suppressed, one can éstimate the correspond-
ing magnetic field, It is found that the plaéma signal is
identical (within accuracy of the measurements, ~ 10%), for flip
conditions at all pressures between 16/M Hg to 75//\Hg, thus
implying that the trapped magnetic flux i=s approximately the

same for all pressures, (see Fig. III.26.).
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a. Pres:15 u Hg b, PreszS/a Hg
Time = }/usec/cm

c. Pres 50/,4 Hg d. Pres 100/1,133
Top Of Double Beam Trace Corresponds To The Plasma Magnetic
Field.

Fig, III.26, Probe Signals Showing B, Is Constant
For Different Pressures At Flip Condition
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Section C.3b - £ Is Constent With Respect To Variation In

Gas Pressure

It is very difficult to verify quantitatively that the
fractional portlon of the mass, € , in the initial collapsing
plasma shell is approximately constant with varying gas pressure.
However, it appears to be a reasonable assumption because the
framing cameras plctures show that the thickness of the plasma
shell before it collapses under the flip conditions, is constant
with varying pressures, (see Fig. III.27.). Thus, one would
expect the fractional mass, € , in the shell to be approximately

constant with change in gas pressure.

Section C.3c - The Magnetlc Fleld Can Be Approximated By The

Magnetic Fleld Of An Infinite Solenoid

The infinite solenoidal approximation would be valid for

1ength
dlameter

experiment, the aspect ratio is ~ 1, However, in the region

a coll of high aspect ratio (i.e. ) but in this

close to the walls of the discharge vessel, the solenoidal

field representatlion becomes a reasonable approximation. Thus,

in the radial equation of motion, when y>0.8 (i1.,e.,the region

of interest in this experiment), a solenoldal fileld approximation

is reasonable., From theoretical calculations, the‘field

changes by ~ 10% in this region, (y = 1—-> y = 0.8). The plasnma
field in the radial equation is a second order effect when

¥y > 0.8 and thus the solenoidal approximation is not important,
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8o 50 /'(Hg bo 250 /J{Hg

Gas:Alr

c., 100 /qu

Fig., III.27 End On Photographs Of The Plasma
At Flip Conditioms
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In the case of the axial equation of motion, the plasma
current interacting with the transverse magnetic field is the

dominant forece, However, this force, F 1s proportional to

axlal?’
IpBT,and thus the geometry of the magnetic field produced by Ip
is not important., The only necessary requirement is that the
trapped fleld, Bys be proportional to ng which is true for a

plasma of any given geometry, i.e.,B_ = Ip F(r,z),

0
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3
Section €.3d - (%)€3>Tc>“%é Approximation

In this section, the approximation‘c}fe>>T¢>-%ﬁ is
investigated by substituting typlcal experimental values for the

variables, Thils approximation is used in deriving the expression

: 4
y = 1 e I_g'é o NOW9
ar
(16) T = [Aeps )
e
wheire ([, = permeabllity = b ox 1077 Henrigs/m
m = mass density a 7.9 x 10™5 kgm/m3
for p = 5O/M Hg, air,
a = radius of the discharge vessel
= 0,025 meters,
é = rate of change in the theta coll
c
 magnetic fleld »~ 1.2 x 106 weber/m2 sec
so that T s OQS/M sec,
B
(14) p=
Bc

where Bo = initial trapped magnetic fileld
|
I '53 Bmaxo
The valus of B0 was derived from the fact that under flip
conditions, the amplitude of the integrated probe signal due to
the plasma magnetic fleld is Q-§5 the amplitude of the signal

corresponding to the theta coil field, (see Fig. III.28.).
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Upper Trace - Plasma Magnetic Field: 0,05 V/cm, Lower Trace -
Theta Coil Magnetic Field:1V/cm, Time : 1 /4sec /em, Pressure ;

25 mHg, air, Other conditions specified on Page 40,
Fig, III.28, Plasma Field Strength At Flip Conditions

2
By @ 2.8 weber/m
B, = 0.056 weber/m2
ﬁc =1,2 x 106 weber/m2 sec

then.# = 0,046usec.
Substituting into ié— 5

(33) * = 037
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From Egqn. (22),

~
N
S
I
/:\
N
m
e’
_H_.

From the end on photographs of the plasma, (Fig. III.27.), it is
seen that the thickness of the plasma sheet before the collapse
is & {52, Therefors it 1s reasonable to assume that &~ .
Althovgh the value of € 1is difflicult to determline accurately,

it is seen from Egn, (22) that T, 1is a weak funection of €

The particnlar value assumed for € does not therefore critically

affect the velldity of the inequality, (Fje > > % .

Using & Q’ﬁ;
(3%) T.~ 0,7
From the above values for T,/@ , and € ; it follows that
p LN
(35) (Ej>6, ~ 100
The ineguallty ( Q%§%;>ﬁj>@§ , Page 84), then becomes
(36) 100 > 0.7 » 0.4

Hence the expression employed for y in the axial equation
g
(1.6, ¥ 1 =2 ) is valld within the limits of experimental

aCOUTESY o
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Section C.% - A Discussion Of The Interpretation Of The

Suppression Of Oscillations As The Flip Instability

Two plausible ways in which the suppression of oscillations
with increasing transverse magnetic field can be interpreted are
the following: first, the plasma conductivity becomes too small
to support the plasma current and thus the plasma dissipates,
or seccndly, the plasma has escapeé from the ends of the coil
because of axial motion,

In the conductivity model, the suppression of the oscillations
is explained by assuming that as the transverse biss fileld is
increased, the conductivity of the plasma is decreased thus
causing the plasma to disappear. However, this model has a number

of inherent difficulties,

1. One would expect preionization to enhance the hydromagnetic
oscillations and thus effectively increase the stability
constant, Yet, when preionization is applied, the stability

constant 1s not affected (see Appendix, A).
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2, One would expect the stabllity constant to not increase
if the length of the coil is increased and the peak
induced electric field in the discharge tube is kept
constant, Yet, on varying the length of the coil (see
Appendix B) it is found that the stability constant
increases as the length of the coll 1s increased.

3., One would not expect the transverse field to be lmportant
when the theta coll field becomés large., Yet in the
magnetic probe waveforms, the osclllations are slowly

damped when Ezmﬂl (2 = 3 sec after the breskdown of
. B."

¢
the plasma).

Onn the other hand, if the suppression of the oscililations
is due to axilal motion of the plasma, then one would expect the
stabllity to lncrease with the length of the coil because the
plasma must travel a longer distance to escape the theta coli°
Also, axlal motion of the plasma will exist even when EEIQ:%E .

By

causing a gradual suppresion of osclllation because the axial
force on the plasma is a direct function of BT and not Bca

At the time of suppression of oscillations, from the end
on framing camers photographs (Fig. III.13.), there is no clear
evidence that the plasma has a large axial motion because the
piasma forms clcse to the edge of the coil énd thus e=scapes
aftzr only a smaell displacement, However, from framing camersa
pictures where the axlal velocity can be measured approximately,
it is seen that for 1OO/M Hg gas pressure, the axial velocity
of the plasma is~1 cm //M sec (see Fig. III.11). Thus, the
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axial motion can cause the disappearance of the plasma in

< 1/01sec° As the plasma moves axially out of the coil it 1s
probably forced intd the walls because the magnetic field lines
outside the discharge tube, intersect the walls of the tube.
The contact with the walls rapidly cools the plasma and it
dissipates, (see Fig. III.2'%).

Because of the éxperimental evidence of the effect of
preionization and the length bf the discharge coll on the
stability constant, and also the evidence from the framing
cemera plctures, the peama’s sxldl motion  has been chosen to explsain

the suppression of the hydromagnetic oscillatlons, .

Plasma Driven

4fzﬁscharge Vessel Into The Walls

AN Theta Coil

Magnetic Field Lines

Ic = Theta Coil Cu;rent

Fig, III.29. Magnetic Field Lines Of Theta Coll
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Section C.5 -~ Variations Of The Theoretical Model

In this section variations in the theoretical model are
made that could describe the axial motion of the plasma, The
corresponding criterion for the flip instability 1is thenm derived,

1. Suppose that the 1’ term in the expression

ki
Fx -] — 3 \ <
is the dominent term, l.e. ta<f%i . Then the value of 7.
would be
- E3
(37) oo~ [25ET
B
i
yok
where T = Eﬁﬁ¥?]4
B |
Bo
£=T
Bc

Substituting this value of ’Q' into the solution of the

axial equation of motion, Egn. (31), then it follows that

— WBOBHS.‘Y\¢ 2
(38) By = e L

So that the criterion for flip becomes,

(39) g, varles as %%‘jgl > congtant ,
m
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Hence for this model, the stability constant would vary

as (am)—j_° This is not borne out by the experimental results,
Suppose the axisl motion of the outer current sheet

is responsible for the disappearance of the oscillations,

Then using the same assumptibns a8 given in the text,

Page 69, the power series approximation to the radial

equation can be approximated by

(21) YR~ e Ty at jcto.?
Thus

A
(22) T, = (Q4e)

The axial eguation of motion of the outer sheet is

(40) (O -K) ‘(%Erﬂ(l-\jﬂ g)g_ﬂ = 21 Bﬁﬁj"”co‘&
where (1) fa*T = the initial mass of the

outer current sheet,

Using the boundary conditions:

(4%1) t = 0;

N
i
o

az
d

ot
I
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and using the usual assumptlons described previcusly,

(Page 69), the power series approximation to this equation

is

B, COS® S /T & 3

- Sin
(42) B eatit (/m> 1; |

where T, = (2.4e)F

so that

BySing
(43) Z. K === > constant ,

° a* m* :

. Hence for this model thekstability constant would vary

as éé m'zl*'9 which again 1s not borne out by the experimental
results, .

Consider the case Whére the axial motion of the outer
current sheet is responsible for the disappearance of

the osclllations but the '[3 term in the radial solution

(19) V=i b O - et Koy e

(k) \jan\-géfff ~0¢
then T, = [Q%§I]3 \
(37)
where T Edéggﬁj .
g=2
B
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Substituting this value of T. into the solution to the axial
equation for the cuter current sheet, Eqn. (42), the

criterion for flip then becomes
(45) Z_ varies as Bpsing > constant

Nete that the flip condition in thls case is independent

of the mass density of the discharge gas and the radius

of the discharge veassel - a prediction which is agaln not

confirmed by the expérimental data,

From the sabove discussion, it is seen that the model of
the flip that is used In the text of the thesls is the model which
best fits the experimental results end also the experimental
conditions, In thils model it is assumed that the plasma ceases
to exist as soon as the imner current layer is driven a critical

distance in the axial direction of the discharge.

Seetion D - Suggestions For PFurther Work

1, In the work reported above, the accuracy in the direct
megsurement of the rotation of the plasma has been limited by

the time resolution of the framing camera., However, the results
from the directional probes indicate that this method of measuring
rotation, when perfected, is feasible to cobtain quantitative
regults, To improve the spatial resolution of the probe waveforms,
a discharge vessel of larger diameter could be employed; also

the directional response of the probe could be improved by
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increasing the length of the search coil (see Fig, II.17.). To
improve the time resolution of the probe waveforms, a heavier gas
could be employed to slow down the dynamies of the plasma., A
second improwement on the time resolution would be to increase
the fregquency response of the probe,

2, From the theory, it is seen that the object of this
invéstigation is the linner plasma curfent which conserves the
trapped magnetic field. .To investigate the behavicur of the
outer current sheet, it 1s necessary that the trapped flux in
the plasms be negligible, Then using the double probe technique
(see Page 26 ), the magnetic waveform would correspond to the
magnetic field produced by the outer current sheet,

For this case, the theoretical flip criterion is,

(46) Z varles as %g%%i > constant
In this case, the stability constsnt varies as éﬁx{*o

To attempt to obtaln the experimental conditions when the
trapped fleld is negligible, a heavy preionization of the
discharge gas could be appllied by a Z pinch discharge. If the
conductivity of the plasma is sufficiently high at the beginning
of the theta bank discharge, then there will be a negligible
amount of magnetic fiux that can diffuse into the plasma ring
and become trapped, In this experiment the suppression of
oscillation would bé investigated at the beginning of the first
half cycle of the theta current,
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CHAPTER IV

CONCLUSIONS

The results reported show that the flip instablility can be
produced in a theta pinch discharge and that the direction of
rotation can be controlled by applying a magnetic field transverse
to the theta pinch fleld, Using the suppressioq of hydromagnetic
oscillations to detect the flip instability, it is found that if
Bysing
w;—ggw is greater than a given constant, then the plasma ring
flips,

The results also clearly demonstrate that if bias filelds
are used td improve the discharge characteristics, then these
fields must be accurately aligned with the discharge axis. A
misalignment of & ~ 2° with a 0.3 weber/m2 bias field can
prcduce catastrophic flip instabilities, Misalignment problems
are best avolded by using the theta coil 1itself to produce any
bilas field required.

Ancther feature of the investigation 1s that the validity
of the two current models of a theta pinch discharge is confirmed.
This is diffioult to do if only the radlal dynamics of the plasms
are observed., However, the transverse blas field clearly
separates at least two current rings.

A theoretical model of the plasma flip 1s constructed to

assist in the interpretation of the experimeﬁtal results, In
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thls model, the plasma consists of two main current rings.
The outer current ring i1s the result of the change in the
magnetic flux produced by the theta coil., The inner current
ring is a result of the conservation of the magnetic flux
trapped by the plasma. When the inner current ring escapes
from the coll, the radial hydromagnetic oscillations are
suppressed., The criterion for flip predicted by this model

agrees with the experimental results given on Page 95 .
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APPENDIX A

EFFECT OF PREIONIZATION ON THE STABILITY CONSTANT
A tesla coll is used to preionize the discharge gas béfore
the theta bank 1s discharged. The purpose of this experimeht is
to determine the effect of prelonlzation on the flip‘instability;
The experimental procedure for determining the critical value of

the stability constant, B, sin ﬁc, as a function of pressure 1s

H
identical to the experimental procedure as givenﬁfor the
investigation of alir (Page 52), except that the gas is ionized
by a tesla coil during the theta bank discharge. It is found
that there is no appreciable difference in the experimental
results, A plot of BH sin § as a function of pressure is given

for both with and without prelonization in Fig. A.1l,
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2.4 ]
2.3 ¢
2.2 |
Log BHsinﬁc
2.1 4
(weber/mz) % = 90°)
2.0 4 Slope = 0,5
- Gas ¢ Alr
3.9 Discharge Conditlons
Appear on Page 40
3.8 ' N t s e+
10 20 30 _ 4o 50 60 70 8090100
Pressure Hg
a, Without Preionization
2.3 -
2.2 |
Log Bysing,
2.1 |
(Weber/mz) = 90°)
2.0 1 '
Slope=0.5
5 Gas : Alr
°9 Discharge Conditions
Appear on Page 40
3.8 - ¢ - ' ot
10 20 30 40 50 60 70 8090100

Pressure Hg

b. With Preionization

Fig, A.1. Plofs Showing Effect Of Preionization

On Stability
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APPENDIX B

CHANGE IN THE STABILITY CONSTANT WITH

VARYING THETA COIL LENGTH

The purpos; of this experiment is to determine how the
- B.sin
constant, _§§5;~29 varies with a variation in the length of the

theta coil, 1In theory, a flip occurs 1if Zo> Zc, where Zc is
propertional to the length of the coll, This inequality can be

expressed as

BHsinﬂ

> constant which varies as the length of the
p* '

coll,

Thus, the theory predicts that the stability constant

should be proportional to the length of the coil; i.e.,

Bﬂsinﬁc varies as the coll length

p*

In this experiment the value By sin §_ was found for a

H
given gas pressure (1001/4Hg, air), for different coil lengths,

Three coil lengths were used and the theta bank voltage was
2
Icoil constant, see below,

varied to keep
length
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Experimental Conditlons For Different Coll Lengths

Coil Length 3.4 cm 5.1 cm
Theta Bank Voltage 9.4 kv 11.5 kv
Induced Electric Field 1.4 E, 1.2 B

(Infinite solenoid approximation)

6.8 cm
13.5 kv

EO

It is seen that the stability constant increases

approximately linearly with increase in the theta coil length,

(Flg. A.2,) However, the results are only qualitative because

of the crude approximations that are made,

If the stabllity constant 1s a conductivity phenomenon,

then one would expect the constant to decrease with decreasing

induced electric field, but this 1is not supported by the

experimental results,

The investigation was not carried on for longer coil

lengths because of the limitations of the peak charging

voltage of the theta bank,
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Gas : Ailr
Coil Length
A 3.4 cm
© 5.1 cm
b 6.8 em
RS o S N
4 & O
0,02504
Bﬁsinﬁc
(weben/n?) a 5 <
0.0125 1 A A A
A
0 ¢ ; +
0,2 0.4 0.6
a. By (Weber/mz)
1
& .7
//
0,0250 | .
~
Bysing 7
(webey;/mz) ///C:)
0,0125 + /ﬂ&/
7 ' Gas : Air
//// Pres = IOO/qu
0 -l t - f
0 4 cm : 8 cm

b, Coil Length
|

Pig. A.2. 8Stability Constant Variation With
Coil Length
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APPENDIX C

SUMMARY ON THE ARGON EXPERIMENTS

An experiment to determine the varlation of the critical
value of the stability constant, By sin ﬁc (see Page 51 ), as a
function of pressure is taken fof argon, The experimental
procedure is identical to the procedure given for the
investigation of air (Page 51 ). The pressures investigated are
B/M Hg, 17 Mg, 25/4AHg, and'bl/MHgn

Argon at a glven pressure was found to be more stable to
the flip instability than air, (see Fig. A.%4.). The non-
linear portion of the curve was not determined because the
blas magnetic field was not sufficiently strong to suppress
the oscillatiops at pressures greater than 50/4,¢Hg° Within
experimental error, the constant BH sin ﬁc, varies as(pressure)é

(see Fig. A.4.).
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Pressure
BH (Webef/mz) © 8uHg Ar
A 17 wHg Ar
® 25/«HE Ar
o Ll-l/MHg Ar
L A
15 “1o ~5 0 s 10
a. @ Degrees
0,104 —0 O—0
o) © o) t;
BHsin¢c . ©)
(weber/m?) A £ = A LS
0,051
5@, A A A o
0 t ¢ 3 |
0.2 0.3 0.5 0.5 0,6

b. By (Weber/mz)

Filg. A.3. Value of BHsinﬂc For Different Gas Pressures

(Argoen)



2.9 |

nof
o

w1 04

Slope = 0,56

. .
+ e U 1

7 8 9 10 20 30 50 50 60 70 8090100

Log Pressure e/qu

Fig. A.4%, Comparison Of The Stability Constant Of

Argon and Air
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APPENDIX D

PICTURES .OF FLIP AT 100 uHg AND 250 441 Hg, AIR
/ 7

Framing cemera plictures of the plasma were taken for
different gas pressures, As the mass of the plasma 1s lncreased,
the dynamics of the plasma slows down and it is found that the
actual rotation of the plasma about its diameter becomes more
clear, At high pressures (i.e. 250/4AHg, air, see Fig, A.5.)

a new phenomeron also appears, As at lower pressures, two
current rings are observed., However, the outer current ring

is not the firs to collapse radially° This indicates that the
two current rings are not produced by axial tearing of the
Niblett and Green model of the plasrﬁao The tearing motion may
be suppressed at high pressures because of the increased inertia
of the discharge, We suggest that the outer current ring at
high pressures is produced in material evaporated from the wall
of the dlescharge vessel, At lower pressures ( ~ 50 /MHg)9 the
discharge spends less tilme near the wall so that the impurity
rings do not develop so readily. The sluggish movement of the
impurity current ring indlicates that the current 1is probably

fairly low, or that the ring is fairly massive,



e

Time Increases Left to Right, Frame Positions are Staggered,
By = 0,042 weber/m*, Exposure Time = O.B/M sec,

Fig. A.5. Top On Photograph Of Plasma At 200/¢«Hg Pressure - Air
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B, = 0,024 weber/m?, (8 = 90°).

Fig, A.,6, End On Photograph At 200 u Hg Pressure - Air
M

By, = 0,042 weber/m?, (8 ~ 0°)

Fig, A.7. Top On Photograph At IOO/AtHg Pressure - Air
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APPENDIX E

CHARACTERISTIC IMPEDANCE OF A MAGNETIC PROBE

One desirable characteristic of a magnetic probe when used
to make measurements is that the frequency response be flat in
the frequency range of interest (see Page23 )., In a magnetic
probe, there is a self inductance and stray capacitance which
combine to form a resonant circuit, However, the resonance can
be effectively damped (see Segre and Aiien, 1960) by introducing
sn appropriate resistor, R, (see Fig. A.6. ).

The equivaelent circult for the magnetic probe can be

written as shown below,

L = Self Inductance
= Stray Capacltance

= Resistance Of Probe

C

G = Generator

T

R = Arbitrary Resistor

Flg. A.8. Eguivalent Circuit Of Magnetic Probe
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Solving the circuit equation, it can be shown that if

R >/%§(z~ﬁ%;5i s then the attenuation curve has a resonance at

l\__‘go-,L_
1 ' = | ATE e
(1) w =
P C
In practice T < 5%,
(2) therefore W~ [——TT%QE—%
Thus if we let
(3) R= =8 =2,

then the resonance frequency decreases to zero,
To obtain the values of L and Co9 the followling circuit

is used,

| Co C,
L = Self Inductance
r = Resistance Of Probe
C0 = Stray Capacitance
C1 = Applied Capacitance

Fig, A.9, Clircuit For Damped Probe Circuit
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The clrcult 1s excited by a pulse and the resonance

frequency W, 1s measured,

(u) 1090 (A)\ = 1 ’
JL(C, +¢q)

Then the capacltor C19 is changed to C2 and the corresponding

resonance frequency (y, is found,

(5) | W, = 1

From equations (4) and (5), the values of c, and L can be
calculated, Using these values, the matching impedance is

found for each probe and given below,

_ 1L
Co L Z= 50
Magnetic Probe 540 pf 1.9 yH 43 o

Rogowski Coil 174 pf 25/MH 270 Q.
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