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ABSTRACT

In this thesis the theory and application of electromagnetic
gus to drive fast moving plasma blobs into ambient gas is discussed.
It is concerned with the system in which the gas distribution
throughout the apparatus is uniform, rather than a small localised

puff of gas which is injescted near the electrodes.

Two different types of gun are considereds the conical (with
olectrodes) and the coaxial. Theoretical models for each gun are
considered and compared with ezperiment. It is found that in the
caso of the conical gun the operation of the device may be
satisfactorily explained by the model of an expanding column of gas

formed by the pinch,

In the case of the coaxial gun it is found that deviations
from the standard theory of electromagnetically driven shocks
occur. A tentative model which accounts for these differences is

proposed.

A third gun is also considered; consisting of a cylindrical
outer and button inner electrode. This gun does not however operate
as a coaxial device with the inner electrode rcplaced by a pinched

plasma colurmm, A model for its operation is discussed and described.

Observations were made on the flow of the plasma blob down
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the ‘tube to see if any clearly defined shock structure was formed

in front of the discharge heated plasma. In comuon with other

workers this feature was only found at low flow speeds @20m/ﬁs.)

and high ambient pas pressures (> 1 im. Hg.).w +*jcbvijﬂbvv

A quantitative description of precursor waves in terms
of constant volume ionisation fronts is given. I+ is shown

that under the experimental conditions the front will bo

diffuse and that recombination mey be neglscted.
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CHAPTRR 1.
JNTRODUCTION

1., Flectromacnetic Shock Tubes,

Since 1952 when the first observations of plasma prodnctlion
were made (Resler et al 1952) shock tubes have provided a useful
source of fast moving laboratory »nlasma. The hot gas produced in

these devices has the great advantage of being comparatively stable
and dense (107 1/cc) but suffers from being fairly cold. (10 - 20,000°K

is about the maximum temperature obtained).

The earliest shock tubes were simple pressure driven devices
consisting of a high pressure region of cold gas separated by a
digphragm from the low pressure gas. When the diaphragm was broken,
the high pressure gas expanded intoa lowpressure region building up a
gone of shock heated zas in front or it. It is apparent that a limiting
factor in this process is the expansion of the high pressure
drivinga@s, which is limited by the sound speed in this gas. In
order to make this latter quantity as high es possible the gas

should have a low molecular weipht and be hot.

These criteria have been met in a variety of ways.
Obviously the most suitable driving gas is dissocliated hydrogen,
which may be obtained in the hegting process. The gas may be heated
by a variety of techniquess electric heating (Fowler 1951),
multiple diaphragms (Henshall 1955) and combustion (Resler et al
1952). With these devices it proved possible to obtain shock speeds

of up to Mach 20 with temperatures about 20,000%K,
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In 1957 Kolb introduced the back-strap driven T-tube - the

first electromagnetically driven shock tube. In this cese a discharge
between two electrodes provides the driving pressure by the Lorentsz
force of the current with its own magnetic field. In theory this
should be capable of exerting pressures considerably in excess

of those obtajned by conventional msans e.g. with a field of

100,000 gauss we have a pressure of about 400 atm. The driver in

this case also has the great advantage of a very small "mass" and
consequently a high "effective" sound speed, so that shock speads in
excesgs of M100 can be theoretically expected. With these speeds

temperatures of the order of 100,0009K may be produced.
As a result several different geometries of electrical discharge
have been designed and constructed to obtain the fastest shocks.

These are discussed in the next section.

2. Driver Designs.

The earliest electromagnetic shock tube was the back-
strapped T-tube of Xolb (1957) which was a modification of an earlier
device by Fowler (1951). In Fowler's d.vice electrically heated
gas from the discharge in the arms of the T (fig. 1li(a)) was
allowed to expand dovm the side tube., Kolb improved the design
by placing the discharge in a magnetic field which forced the
current into the side arm by the g"? Lorentz pressure, Initially
this field was provided by an external field but it was quickly
realised that the same effect could be obtained simply by

bringing the return discharge conductor down the back of the tube.
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Unfortunately the device has several disadvantages: it is
irreproducible : the plasma is contaminated by impurities from the
walls and the electrodes: it does not produce a true shock

wave, except under very specialised conditionssand the plasma is of
small dimensions. Despite these objections the plasms produced by

these devices has found wide use as a spectroscopic source.

In'}958 Josephson introduced the conical gun (fig. 1i(b))
vhich w;;-capable of producing a very fast moving plasma of dimensions
suitablo for carrying out aerodynamic research. In its electrodeless
form the gun wge also capable of great gas purity, but still suflers:

from the disadvantages of irreproducibility and lack of a well

defined shock wave,

The coaxial device introduced by Dattner (1959) (fig 1i(c))
also has the advantage of producing a plasma of large physical
size and also is comparatively reproducible. It is perhaps the
most used of all drivers in modern electromagnetic shock tubes, In
this case the discharge takes place between two concentric
cylindrical cloectrodes and is forced by the magnetic pressure in the
region behind the front dovn the annulus between them. The device
however suffers from the disadvantage that the driving pressure is

not uniform and consequently the blob is not plane.

A similar device to the coaxial gun is the Mast (Magnetic

amnular shock tube ) of Patrick (1959) (fig. 1i(d)). In this device
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the discharge tekes place between cylindrica:r wivev=zudss of

nearly equal radius - i.e. it is similar to a coaxial gun of

small aspect ratio. It possesses the advantage over the coaxial
device that the discharge is nearly uniform over a cross soection
and the shock wave corrcspondingly plane. This type of gun has been
much used to investigate the various formsof magne??ydrodynamic
shock waves, but with little success, probably for the reasons

indicated in section 3.

The disadvantage of the non-uniform magnetic field has been
overcome to some extent in rail-zuns in which the electrodes are
simply two parallel plates with the discherge running between them
(fig. 1i{e)). Although this device has been thoroughly discussed
theoretically (Chapter 3 sectionm 1) it is limited practically by the
size of electrode required to give field uniformity (Chapter 3
section®a)) and the difficulty of meintaining a uniferm discharge.

Consequently it has been little used.

The last device of this type is the "Button" gun of
Bostick (1955) in which a plasma blob of vapourised slectrode is
ejected from the discharge between two point electrodes. However
in view of theilldefined current path in this device it is not

surprising that it found little application.

So far we have congidered only devices in which electromagnetic
drive is the prime shock producing mechanism. However, Fowler (1964)

has produced a device ~ "the segmented electric shock tube" - in which
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the purpose of the discharge is to heat the gas instead of

accelerating it. This is shown in fig 1i(f). The discharge takes
place simultaneously between the pairs of electrodes thus heating the
gas, which then expands in a similar mammer to the driver gas in a
conventional shock tube. Although it does not produce fronts of
high speeds, it is claimed that the segmented driver is the only

electric shock tube capable of producing true shock waves.

In addition to their use as drivers for shock tubes several
of these accelerators have also been used as injectors for magnetic
field trapping devices such as cusp coils. In this application,
for which the electrodeless conical gun and the coaxial gun have
been most used, a puff of gas is admitted into the electrode
region a short time before initiation of the discharge. This blob

is then accelerated into a vacuum,

3. Limitations of Electromagnetic Shock Tubes

Prior to 1963 it had always been assumed that these devices
behaved as shock tubes in which the plasma parameters could be
predicted from a knowledge of the gas state before the discharge and
the speed of the front. Although discrepancies between theoretical and
measured values of the tempecrature had been cbtained (Wiema, Berg
and Griem (1960)) they had been explained by considering the effects

of WYV, radiation from the discharge on the ambient gas in the tube.

However, Clompeau (1963) using a T tube with difforent gas in the
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driver section from that in the expansion part chowed that ymdas

most conditions driver and driven gas mized and that any attemp@
to predict valuos of the plasma statefrom the Rankine ~ Hugoniot

relations would lead 1o serious error.

Cloupeau's work has since besn confirmed by sevéral other
workers in differing types of driver. These observations are

discussed in Chapter T section 1.

A scries of observations on the form of the plasma blob in
the device used in the current series of oxperiment revealed similar

discrepancies which are discussed in Chapter T.

4. Procursor Phenomena

As alrcady mentioned in section 3 the gas ahcad of the major
front may already be disturbed by the discharge and/or shock wave.
These effects have always been ascribed cither to radiation or
eloctron diffusion from the shock front. The precursor signals in
electromasmnetic devices generally occur almost simultaneously with
the driving discharge. As a rosult we may conclude that the signals
must be a result of some photo-ionisation process in the tube. A
model of a photo-ionising wave is presented in Chapter 8, but
unfortunctely therc is a lack of experimental evidence against which

to compare the results of the theory,

In view of the large quantity of accummulated information
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on electromagneticshock tubes" it becawe apparent that a detailed

study of one dovice was necessary before it could bo used

as a source for plasma experiments. Initially it was decided to

use a conical gun, but the fundamental weakness of the device
precluded its use, and the modified coaxial gun was devised. The

work reported in this thesis reprosents a study of the operation of

these guns.
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CHAPTER 2
APPARATUS

In this chapter we shall review and discusc the various
experimental techniques used in this work and describe the
construction of suitable apparatus.

1) "Shock"Tubes
Various designs of clectromagnetic shock tube have been
tried (Chapter 1) with difforent degreess of success. For maximum

efficiency some simple rules may be elucidated.

1) The inductance of the device should be much greater than that
Pv-ﬁvt:c,lg A ww
of the oxternal circuit -censistent—with—:

U
=51 fhe current rise time shewldbs of tho same order as the plasma

blob formation time in the gun.

2) Contamination should be reduced by the use of electrode and
wall material of low vapour pressure, high thermal conductivity and

heat capacity.

3) The junction between the driver and the expansion tube should be
designed to give the plasma blob the maximum mass/hnit area of

expansion tube to cut down attenuation.

We shall see to what cxtent these criteria were oboyed in the

courge of the construction of the guns.
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The guns were designed to operate in the pressurc range

100n. to Smm Hg, thus eliminating any difficulties with gas
breakdown. As the purpose of the experiments was siuply to
investigate modes of operation of the guns it was decided that
highgms purity was not required and a back pressure of 10}1,
which was easily obtained with a rotary pump, would suffice.
Initially the tube was pumped out between shots, but when no
difference could be found between shots with the tube using e
continuous gas flow and with the tube filled between shots, it
was decided to use the continuous gas flow arrangement through
the gun. As the gas inlet was at one end and the pumping outlot
at the other a certain amount of Tlushing of the impucilies mus+

have resulted. The gas used was commercial hydrogen.

(a) Conical Gun.

The design of the conical gun was based on that of Josephson
and Hales (1961). The gun is shown in figs 2{) and {i). For
convenience of opsration the driving section and expansion tube
were made easily separable. The glass expansion tube being sealed
in a"Tuthol" or "Perspex" collar which was then scrowed into the

ring electroda.

The driver consisted of 2 15 cm. long conical pyrex tube
of half angle 10°. The ring electrode was made of copper and was
tapered to join smoothly on to the expansion tube collar, This
tapering of the electrode was not a success and it is suggested in

future that the electrode be madc as short as possible (Chapter 5 p.WD
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The button electrode was nickel brazed on to & coppar rod.
The inner strip lead from the condenser bank was soldered on to
the copper rod, which was thus the H.T. clectrode. The gas inlet
supply was via a hole drilled in the rod., The clectrodes were

goaled to the cone with "aArclditel

The earth strip lead was brought outside the copper rod and
goldered to a close fitting copper gauze cone which was clamped to
the ring electrode. Insulation between live and earth conductors
was obtained by inserting 30 shects of 1 thou. lielinex in tha gap.
Care had to be tzken to see that the lislinex overlapped the strip
leads by about 3" or tracking across its surface occurred. This
arrangement was not too satisfactory as it was difficult to push
the Melinex up the cone. A better system is probably to bring

the strip leads in on another plane, parallel to the electrodes.

This gun was not however satisfactory. Crazing occurred on the
surface of the pyrex and the cone oventually broke and had to be
replaced. Although this was not serious at 10KV. on the bank, the
cone would only last 2 or 3 shots at 20KV and thus limited the
working regime. The plasma flow was also very irreproducible and
rathor dirty and consequently was not considered suitable for

detailed invesfigation into the form of the plasma blob produced.

The inductance of the gun determined its physical size. From

appendix A we sec that the inductancc of a conical device is given by ¢

L = z{rI/ta.ne loge(BI/rI) ixzilioge(RI/Rzl)]h. (2.1)
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In fact we have

Rl = 3.8 ce.

rl = 1.0 Che

2.1 B

Rl/Rg 10 Lex't ~ 40 nh.

o'o IJ ~ 50 nh.
i.e. the gun is matfhed to the bank inductance. The measured value

of the inductance was in fact 70 riB.. the orror probably beoing due

to difficulties in estimating the radius of the pinched colum Rj,

(b) Modified Coaxial Gun.

In order to overcome the difficulties due to the surface
crazing of the glass and its eventual fracture in the conical gun,
it was decided to make a gun in which the discharge took place in
a region made of more robust materials. It was thought that the
device shown in figs. 2'iiijand(iv;would operate in a manner
gimilar to a coaxial gun. The copper cylinder formed the outer
electrode along which the discharge was supposed to move. The
inmner electrode - a nickel button -~ was supposed to support a
colum of pinched gas which would act as a rod conductor. The
operation of this gun is discussed in more detail in Chapter 6.
As a result it was expected that the blob would be comparatively
clean as only one electrode was in contact with the blob, In fact

although cloaner than the conical gun this gun was still rather dirty
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at high bank voltages — due presumably to "tufnol" evaporated

off the back surface and a deposit was formed in the expansion

tube.

Howover this gun was a great improvement on the conical
gun. It was reproducible shot-to-shot to better than 10% in plasma
proporties 50 cm. down the expansion tube and was also of course
more robust., The plasma blob attenuated more slowly with this gun
than with the conical device and comnsequently although its speed
at the muzzle may have been less it was usually faster in the working
section. The device was used to study the nature of the plasma blob

(Chapter 7).

(c¢) Coaxial Gun.

the
In order to investigate the oporatiom of, gun just described a

third gun was constructed. This was made as flexible as possible
and was designed to tako any coaxial electrode configuration
required. The muzzle is shown in fig. 2v. Tho contral rod
electrode could be screwed into the pin emerging through the back

plate to give a coaxial system of any desired electrods length.

As the gun was requircd to investigate its operation it was
necessary to make it possible to photograph the discharge. The
walls of the gun were therefore made of perspex with the outer
clectrode made of g auze. This system proved quite satisfactory, the

gauze standing up to the discharge without being damaged.
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The gun was about 60 cm. long including the expansion

section. The cap at the expansion end had three poris at
different radial positions in wﬁich magnetic probes could be
mounted to permit observations to be made on the current
distribution in thoe discharge. Using probes mounted in quartz or
pyrex tubes supported in the mount and z further wooden block it
was posgible to position the probe to about 2 mm. even near the

"back plate" of the elactrodes. This system is showm in fig. 2vi

2) Condensor Bank.

The condenser bank usod comprised 20 x lpf.4OKV BICC
condensers. Each condenser had its own spark gap triggered via
*2" Master gap" charged from a Marx Generator. The condensers fed
via cables to a collector plate and then by strip leads to the gun.

The system will be described by Brown (thesis),

Initially great difficulty was found when the insulation
of the strip leads ("Melinex") kept failing although operated well
below its nominal breakdown strength. Although this was never
satisfactorily explained it was thought it may have been a result
of voltage doubling of the pulse from the Master gap at the
initially open circuit of the gun. It was in fact found that this
pulse did case a breakdown in the gun and presumably pre-ionised

the major discharge.

Unfortunately the charging system on the bank mzde it
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impossible to reverse the polarity of thoe bank withoui a major

reconstruction of the system.

3) Production of Magnetic Fields.

Several experiments roquired the usc of magnetic fields of the
order of kilogauss. A simple method of producing such fields is
wiChad,
by the pulsed field witheud using a condenser bank discharging
through a coil system. Typical coils mads out of copper strip
insulated with polythene and set in "Araldite " are shown in fig. 2vii.
o-re.

As the design and construction of such coils is discussed by

Smy (1960) we shall not discuss them further.

The coil was powered by a 2KV condenser bank which could be
used at any capacity from 1 to 130uf depending on the magnetic field
roquired. The system used a spark gap switch to discharge the bank

and proved very satisfactory.

4) Magnetic Probes.

Two types of masmetic probes woere used @
(a) Blewett coil device.
This was & flux averaging device to measure Bg used with
the conical gun. It consisted of a small Blewett coil
mounted in the discharge tube at a radius of 1.3 cm. from the

axis. Its use is discussed in Chapter 5 page /{2

Tho coil comsisted of 450 turns of 3 thou copper wire
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wound on the plastic insulator of a plece of inwulat+rd .ixe
1 mm. in diameter. The wiro ::;Z provided the return conductor
for the coil. Initially it was attempted to insulate the coil
with Araldite, but this failed and it had to be covered with

insulating tape. The device was olcctosi..tically scrconod with

"Silver Dag" and mounted in a glass tube in the expahsion tube.

It has been shown (Coopor (1963)) that the time response of a
Blewett coil depends on the load. The optimum lozd has the same
lumped parameters as the coil itself. In this case a small coil
of 100 turns wound as above was used a load, and the outpub

matchoed inteo a twin-car o cable.

(b) Point Magnetic Probes.

To investigate the fiold distribution in the discharge small
ma;netic probes were constructed. The design criteria have been
discussed by Frayne (1963) and we will simply indicate the
relevant points.

(i) Rosonant frequency due to its own solf-inductancce. The

coil and foeder line will have a high signal attenuation for
frequencios near the resonant frequency of the system. For
frequoncies mich below the resonant frequencies of the Coil the
roesponse of tho system is linear.

(ii) Dimensions of the coil. It can be shown that the optimum
ratio of the length L to the outer diametor D of a .coil has the

value L/D = 0.72. In this case the coil, in an inhomogeneous
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magnetic field, measures the flux at the cenire cr vhe ¢oi]-

(iii) The coil must be made as small as possible to prevent

disturbance of the plasma.

The coils used may be seen in fig. 2vii. 3 layers of 3 thou.
copper wire were wound on a small piece of 1/16th" diameter perspex

rod giving a coil with the following dimensions :

Inner diameter: 1.6 mm.
Outer diameter: 1.9 mm. No. of turns 42
Length H 1.5 mm.

The coil was mounted in the end of a 60 cm. guartz tube 2 mm.

i.d. and 4 mm. o.d. The coil was soldered to the end of a 50w
sub-minature cable which ran inside the tube. It was found that
a single coX ecable without additional screening did not suffer
from severe pick-~up and consequently it was not necessary to use
two copg feeders with the attendant complications. The coil was
cemented into the tube with "Araldite" epoxy resin, which was also

used as an insulator protecting the coil from the discharge.

The line was terminated with a 50 Wimpedance and fed into a passive
integration circuit of 20 pgtime constant (and impedance much
greater than 50y ). The integrated signal was fed into the

oscilloscopo.

The inductance and capacity of the feeder line—coil system

was measured using a conventional Q-meter and gave the following



- 26 -
values @
Inductance 3.$.p§3
Capacity 100 pf.
Resonant frequency 8 Mc/s.
This gives a rise time for the probe of less than 1/10|15

which was more than adequate for the experiments discussed here.

The probes were calibrated against a standard 35 turns on?

coil in a uniform field botween a pair of pulsed Helmholtz coils.

The perturbation. to the gas flow produced by these probes was

found to be small and negligible.

52 Cameoras.

One of the most convenient methods of investigating the
discharge and formation of the plasma blob in the system is by

rhotography. Two systems were used s

Streak photography in which the time development of a luminous

front in any one directioh is measured. A standard Aldermaston C.5.
rotating mirror camera (Skinner 1962) with a writing speed of
2ﬂmq/psand a total exposure time at maximum speed of Sq;s was found
to be ideal for ohserving the motion of the plasma blob along the

axis of the discharge and expansion tubes.

To obiain a qudlitative picture of the discharge in two dimonsions a
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Barr and Stroud C.P.6, rotating mirror framing camera (siwilar
to the S.4 of Skinner (1962)) was used. This gives 60 frames
at %Ps,intervals i.e. a total exposure time of T.5ug and is

consequently very convenient for studying the discharge.

This concludes the description of the major units of
apparatus used, Dther systems werc considered - spectroscopic
determination of temperature and number density, Laser and/or
Mach - Zender interferometric determination of density for example,
but in each case it was decided that the additional information
obtained in these experiments did not justify the time required to
carry them out, Additional experimental information will be found
in the sections dealing with the results of the experiments

considered.
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CHAPTER 3.
The Theory of Electromagnetic Guns._

1, Introduction.

Electromagnetic shock tubes may take several forms in which the
plasma is created by an electrical discharge within the driving
section. The mathematical analysis of these discharges is
generally a laborious problem and cannot be solved in closed form.
The analysis is further complicated by the difficulties involved in
specifying the dynamical nature of the collection of the gas and

the state of the driven gas.

In addition to these difficulties there are further ones due
to the goometry of the system. The simplest arrangement to consider
is the rail-gun which consists of two parallel plates between which is
a discharge driven down the channel by its own
JAB forces. Provided the width of the plates is

much greater than the distance of the plasma from

the end of the channel the magnetic field over the
current sheet is uniform and the force is consequently ﬁbiSf
uniform. When this condition is no longer obeyed the force varies
over the cross section and will cause deformation of the current sheet.
Thus we see that eoven in the simplest case it becomes a considerable
problem to analyse the experimental arrangement in mathematical

form. It will immediately be apparent that these difficulties are

magnified by considering some of the more sophisticated arrangements.

T
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Tho form of the analysis of the processes involved can be

regolved into two distinct tyves @

1) Floctromagnetic drive. Tn this a blob of piasma is accelerated
by the jA B <forcos on it dus to the 3_(magnetic Ti¢id) created
by its own return conductor. The dynamic motion of the gas may be

congidercd by a shock or snowplougu model.

2) Thermal drive. The plasma is hoated by the discharge and then

oxpands as in a conventional shock ivha dus to its high pressure.

The first series of processeus has been considered in great
detail by several autbors and we shall review and discuss their
work in this chapter. The second is now almost discarded except for
the work of Fowler (Section 9) but a special application of it will

be used in the subsequent chapter on the conical gun.

2., Eloctromagnetically Driven Shock Wavas. u S s

T
Consider a parallel plate rail-gun .
. W% @ @ @
system as shown in Fig, 3ii. >
—_— R
Region (1) is undisturbed gas into which a _
Fig 3.1

shock wave is propogated.

Region (2) is shock heated gas driven by the current sheet-magnetic
field forces.

Region (3) contains magnetic field but no gas, separated from

region (2) by a thin current sheet.
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The following assumptions are made @
(a) The field H3 is uniform in space -~ although it may vary in

time,

(b) The plasma produced by lhe strorg shock wave bas an arbitrany

but constant ratio of specific heats.

(¢) T™e conductivity of the current sheet is infinite. This
condition ensures that current only flows in the sheet and not in

the shocked plasma.

In addition to these each author makes furlher specific

assumptions to simplify the problem.

The first analysis of the magnetically driven shock is due
to Allen (1957) who considered the collapse of a pinch discharge
in these terms. Allen assumed a planar steadystate solution
(withY = 5/3) in which thoe current in the system was a constant,
thereby eliminating the difficulties duec to the density gradients

in the shock resulting from acceleration.

Subsequent studies of the various geomctriesplanar (Wright
and Black 1959, Morse 1962) coaxial (Patrick, 1959, Kemp and
Petschek 1959, HMarshall 1959, Pugh 1962) and cylindrical (Kumen
and McIlroy 1960, Groifingor and Cole 1961) have taken into account

the acceleration of the shock wave and the rise of the current.
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We shall follow the analysis of Morse in whiun exact

solutions are obtained for the limiting cases of small and large
time., The fluid-mechanical description of the plasma is

formilated in terms of the Lagrangian co-ordinate system thereby
avoiding the necessity of two-point houndary conditiuns with the

consequent mathematical complexity.

Two additional assumptions are made @
(a) The current is inductance limited and produced by a constant
voltage, constant inductance source,
s
(b) The current sheet,accelerated rapidly into undisturbed

gas 80 that the time required for the shock to form is small.

This current in this system is given by :

vot = (I + D)L (2.1)
Where V, and L, are the constant voltago and current of the source

and I is the inductance of the driving system and is given by 3

L = (2.2)
XP : Co- orcbwaala of LuvYnt Shwket
The magnetic field between the plates is given by 3

B = 4%11/“ (2.},.)

The total pressure on the current sheet is due to the gas pressure

on the shock hcated side and the magnetic pressure on tho other-

(2.9)
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p_ is the undisturbed gas pressure.

o
2,2
27V % (2.5)
P, - P = Sy ' 2 .2
P © 220 Loz 7/ (I+L XVLO)
W& will now specify the boundary conditions to the
problem ¢
The Lagrangian co-ordinate of the piaton iy specified as
a =0 (.2.6.)

The initial value of the density at the current sheet must

also be defined. Initially when the piston and shock front are
close together the density at the sheet will be the same as
that at the froni,

pplte ) = vt )0y (2.7)

S‘Ab$</v;|;t b rvddeates QuentheBy rentwred b cwvreunt Shart wal

The boundary conditions at the shock are assumed to

be given by the strong shock relations.

- 2y
U'behind shock = v / (¥+1) shock
_ (2.8 )
= 1
® behind shock Aty )/(4=1) shock
_ U'2
Ps %o /(] Fo
BUbSCTrLPE wn ki cates q,uo-m\'»t\j mewswreu of Thek S-mv\t‘ .
()

The Lagrangian co—ordinate‘?n front of the shock is equal
to the laboratory Cartesian co-ordinate(x )

At the shock front

a = x (2.3.)

iR
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After passing through the shock front the motion of the

particle is isentropic and may be expressed by an entroyp:

equation specifying adizbstic motion

- - 2,10
3 /at(pp Y) = 0 or bp Y. £(a) (2 ‘
Continuity and momentum are expressa6 1y @
(2.11)
P (ax/aa) = P,
2 B ' _
3 x/atz = 3U /ot = 1/90 ap/aa (2.12)

These may be expressed in non-dimensional form using

the following parameters.

X, %k

2
)
{

=7 a a ¢ = D
o * Y[R e,

U‘/U* = v ’ V'/U* - [0} ’ U*'t/xo - ‘c ’ p/POU'yfé :‘-: P
4 2., 2
U = c

= v - 2.1
o /8l p (2.13)
d separation of plates:
thus:
-—Y . .
PD - 1(a) (-2.14)
I3
- 27 =
D3 - (2.15)
2y . v _ 2P (2.16)
14 3 T 3 a



With boundary conditions:

- , (2.177
a T}s

day _ 4 _ 2,183
( dvs E%% =0 ( ’

D= )y (2229
VT ) (2:20)

\ :
_ 1 ) 2 = 2 & (2.21)
Ps = Po+ 5V Po+md§s)

These equations with the additicnal assumptions of a linear
pressure distribution in the Lezgrangian variable have been
solved by Wright & Black (1959) and Morse (1962).

The latter ;ives for small times

1 << 1 n << 1

e = () a(yes) A% (222
whence
_ @ _ 3 (2.23)
e
and
s o= s () 2(y+5) E 1 (2.24)
> 209 A sy ®

1
o (XN
(=)
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The long time solution is @

1
W Yy (2.25)
0 - ae) T (2.26)
n = 21/(%1.’1/4 -1 (2.27)
e = (e (2.28)

Bquations (2.22) - (2.24) are valid t < 0.5 and (2.25) - (2.28)

1>3.‘

Unfortunately the mathematics involved in obtaining a solution
to the problem of the electromagnetically driven shock are somewhat
intractable with this model. In the next section we shall derive
an approximate solution using the result that the flow is not
strongly dependent ony by considering a gas with y =1

(snOWplough model ) with consequent mathematical simpli ficationa.

3. Snowplough Model of the Electromagnetic Gun.

The snowplough model of the electromagnetic gun is simply a
simplitied shock model in which y = 1, i.e. the shock front is
assumed to be of zero width. It has the advantage over the analysis

of section 2 that it is simpler and consequently more flexible.

We shall consider the same system as in Fig. 3ii except that

region (2) will now have been compressed to zero.
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The following assumptions are made @
(a) The field behind the current sheet is uniform and in front is

Zero.

(b) The conductivity of the current sheet is infinite and the

current flows in an infinitely thin layer.

(c) All the gas in front of the current sheet is collected and

comprossed into an infinitely thin layer in front of the sheet,

The earliest applications of this approach were to consider
the collapse of a linear pinch discharge (Rosenbluth 1954,
Anderson et al 1958), but several workers have used solutions
based on it for the plasma gun (Dattner 1959, Xash 1960, Hart

1962, Cormack 1963, Bakken 1964).

In addition to the above assumptions we shzll also make the

following ones 3

(d) The current is supplied by a constant voltaze, constant
inductance source.
Vo= 4 (B + Lx)i (3.1)
dat

(®) Interaction effects with the walls are small i.e. there is no

momentum loss to the walls. ZEFrosion from the walls can presumably
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be included by modifying the density term.

The equation of momentum balance in the sheet is 3

d .2
Tlov) = By (3.2)
: - 2.4 BoA :
(It is easily shown that 1y, 1¢and 24 are equivalent).
1 8n X
~ (3.3)
m = m, + mX
where p is the initial mast of gas due to breakdown
o
remnants ete.
m is the mass collected/unit length = P A
The current is given by :
i =Vt (3.4)
1 /(L + Lyx)
Thus (2.2) becomes
2.2
a dx  _ 3LV 2
3 (B + Mgy = g (L, + Lyx) (3.5)
This equation without the initial mass term my but
allowing for the capacity has been solved by Bakken (1964a)
for small times.
Transforming (3.5) to dimensionless variables @
N2 = X X = L 3.
/xz, 1 o/Ly , X = m°/m1( 6)

&

2.4
vVt 4
o /2L1le2

EE (1 + y)-?lt = tz/(a +392 6.7)
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The boundary conditions are 3
y=0,%{=o,at T = o (3.8
Note: (3.7) has the particular solution(a+ y)=t which does not

satisfy (3.8).

We shall now derive a solution to {3.7) valid for small times

1T << 1

Let z = ‘174
d I
12(1+y)%§ + 162?1'2((1"'3’)%} = (7'_'_—3,—)'2 (3.8)

By using a series expansion for y in terms of z we may calculate

a solution valid for small time provided & > 1.

o e —2t [L 17 .2
VoS Tox®  * 12x_14a21-'[24 ;] z (3.10)

11 13
=~ T5515x14 goL 24 ~ g4 2

Thue for small time @

2 2.2 4 :
x = %:-2 Vo /2 Bo E_o k (3.11)
m Iy

Obviously this solution breaks down for the case previously

considered in which o~eag as all the coefficients tend %o zora.

In this case we may simply obtain the first term

Let 4 _V 2 (3.12)

4 an -
YRR B



Equation (3.5) reducez to :

(X _ 1t .
dt'(y%%') /X (:3.13)
If y << 1
4. 8 = 12 .
a7 (3.14)
3y = 1.4 4+ const. (3.15)
R 4
A4 = .\IJ6- 1‘2 (3'16')

c.f. (2.22)

A gories solution to the problem for long times can also be

obtained by the substitution
y = l/u T = l/v

but as the solution is not required the operation will not be

performed.

The asymptotic solution is easily obtained:
Ify >> a > 1

Lquation (3.7) becomes s

4] -1 am
2 3D - px (3.17)
‘The solution to this is
y = 1 (3-18)
v 2
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L further analytic solution to the snowplough equation will

now be cbtained for subsequent use
Ir Lo = le
i = i sinwt (3.20)

. \' \
where i = {\I\L/C) and y - IAJILC’ (3.21)

With these current eguations (3.2) becomes :

a v . 2.2 '

a-t(mv) = %;Lllo sin“wt (3.22)
2 1. oo

mv = 1 /4Llio (t - -2-W51n2wt) (3.23)
Now e, Moo ¢ b x (3‘24)

1 2 . 2.2 . 2 ‘
mox + —émlx = 1/8L110 + 4 Lllo COSZWt/16W2 (3,25)

+ const.
At t=0 X=0

1 2 _ 'y 2 2 . 2 3.26
m X + X = 1/81‘110 t - L.Llo (1-cos2wt )/16W2 ( )

Thus we see the snowplough solution is simply a limiting

case of the shock but has the advantages of greater flexibility.

4, Limitations to the Theory of Electromagnetically Driven
Shock Waves.,

In this section we shall examine in greater detail the

assumptions made in the calculations in the two previous parts.
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The assumptions will be criticised in general and not as they

relate to the various driving geometries (section 5).

(alﬁinear Current Sheet.

The first assumption we shall examine is one which is not
explicitly stated in either calculation but is none the less
*
implied - that of planarity of the current sheet., The importance
of this assumption involve 8 the flow of gas parallel to the current
sheet, Consider an inclined current sheet oS heor tw :‘3,% et
. Urr-tn® ft
moving down the tube (fig. 3 iii). The gas N ‘f_xt

particles will presumably be accelerated normal

Fé'a 3

to the sheet and consequently acquire a tangential
velocity component. A gas flow along the sheet will
occur and will cause incomplete collection of the
particles violating the primary assumption of shock theory. This

problem will be further considered in Chapter 6.

Let us now consider the possible ccusess of the non-linearity.
Behind the current sheet is the magnetic field of the return
current loop which produces the drive. Due to the non-infinite
conductivity this will penetrate into the current sheet causing
the conductivity to take a tenusor form with components parallel and

perpendicular (Hall currents) +to the electric field (Bostick 1963).
In the plasma we have @

I o( E + vaB ) parallel to the elctric
o = = field. 14.1)

* Current shest instability is considered in Section T.
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where _ 3
o = oo/( 4 +“"32182) (4.2)

¥

electron cyclotron frequency = eB/m o
e

electron collision frequency,

it

Te

and perpendicular to the electric field

S R T A (4.3)
. . - 1 = ta:n \9 :4'4)
J“/Ji /méue

Where 9 is the angle the current sheet makes with the
wall.
As w vt may well be greater than 1 we see that this effect
e e
nay be significant and it will be considered in greater detail

related to a specific case in Chapter 6.

() Infinite Conductivity.

This assumption is required to prevent the current
diffusing into the plasma created by the shock. The rate of

diffusion of magnetic field into the plasma is given by

Lyg 7 1/41:0L/c (4.5)

where L is the thickness of the plasma.

If diffusion is not to be significant the time t must be greater
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than the time taken for the plasma to be acceleratod

whore 1 is the length of the electrodes and v the mean vOlocity

of the slug

2
4;ZL v > 1 (4.6)

If the current does diffuse through the collected gas and its
thickness becomes finite, two separate effects will occur, which will

tend to introduce errors in calculation previously made.

Due to the finite thickness of the current sheet the
inductance will not be given by L;xin (3.4) where x specifies the
distance to (say) the rear of the current sheet. We may however
introduce a simple correction factor to take this into account
(Hart 1962). Let x specify the distance to the thin current sheet
which has the same inductance as the practical case., If the width
of the sheet is w and the equivalent current flows a distance kw

from the rear of the sheet (fig. 3iv) the

compression ratio in the sheet is @ - I

D = [x +(1-1<)w]/W ]

neglecting the initial mass mq ; -
The mass collected
moo= [x+ (1—k)w]m1 (4.

and
d
v = a%(xpkw) (4.8)
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Eliminating w

8
]

D/(p-14k) ™ (4.10)

(4.11)

and
v

1]

(0-1) pasx) *
Thus if D and K are constant equations (3.2) - (3.4) are

unchanged in form except for the addition of a numerical

constant factor.

The second source of error is due to the distribution of
the force due to the magnetic field. This may be represented by
a modification to the pressure in (2.12) and (2.10) but *he
difficulty involved is ccnsidercble and has not been attempted.
Provided the maximum current density still occurs near the rear
of the slug the situzation is not seriously modified. However
if the current density near the rear of the sheet becomes less
than the peak the pressure on this part of the mass becomes smaller
and it is accelerated less than the front of the blob.

Equations (3.2) and (3.3) must be modified to take this effect
into account as both the current and the mass in the sheet will
be altered.

be el

(¢) Non-Uniformity of the Magnetic Ficld between the
Current Sheet.

The uniformity of the magnetic field behind the current

sheet is determined solely by the geometry of the discharge

condig i s
soné-%&at—}en' ion. It will however be apparent that only under a few
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special conditions is this assumption satisfied (section 5) and

that serious errors may arise due to the different forces across

the current sheet.

(4) Ratio of Specific Heats is Constant.

Althoughy , the ratio of the specific heats of the gas okM}jis s
is accelerated — from 1.67 after dissociation at v«45.105 om/s.
to nearly 1 during ionisation at VVV2.106cmsin hydrogen -~ it
can be shown from equations (2.22) and (2.24) that the velocity
of the current sheet on the shock model is only weakly dependent
on vy (Greiginger and Cole 1961} Morse 1962). Thus the error
introduced by this assumption should be small and agreement

between shock znd snowplough models good.

(e) Interation Effects with the Walls.

The plasma inberaction with the walls may take three
different forms: boundary layer effects: electrode emission
limitations and erosion of wall material. All three will tend

to slow up the motion of the current sheet down the tube.

In a conventional shock tube working at pressures
1 mm. Hg. it is found that boundar y layers dominate the
formination of a true shock heated plasma and provide a channel
by which the compressed gas can escape behind the contact surface
(Duff 1959). This represonts a serious problem and is prosumably

related tothat discussed in (a) where a mass transfor to the wall
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is indicated. However it is likely that the heavy currents flowing
across the gas will tend to prevent the formation of a
conventional boundary layer and set up a region of extremely
turbulent gas. Thus although there will be a mass transfer
through the sheet, it is unlikely that a significant momentum
transfer will occur. Equation (3.3) for my should be modified

to take this loss into account.

The currents involved in tho discharge in accelerators of
this form are typically = lO5 amps. If the sole source of
current carriers were the ions and electrons produced in the plasma,
the only transport of charge to the cathode would be via the
ions. Unfortunately the mobility of the ions is such that they
are not capable of carrying currents of these sizes unaided.
We must therefore postulate that electron emission will occur at the
cathode. As in an arc this electron emission will taxe place in
a spot - a localised source of current - on the cathode, thereby
deforming the current sheet. A4 further complication is that
the cathode spot must move along the electrode with the speed
of the current. =Experimentally it is found that spots move in a
magnetic field in the required direction, but it is doubtful if thoy
can achieve sufficent speed to keep up with current sheet
(Cobine 1941). Perhaps the answer is that the spot is
continually being reformed as the plasma moves up the tube.
This effect will presumably cause a deformation of the current

sheet with the cathode side lagging behind the ancde i.e. in the same
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direction as the Hall current ;phenomenon(qa 'k%yb #)

Erosion of wall material will occur due to the dischargs.
Only material which is eroded into the current shest is of
importance in the calculation of the plasma velocity. Starr
and Naff (1960) found that the rate of erosion was dependent on
the square of the current and Cormack (1963) has modified
(3.3 ) to include this ¢

m o= m +mx+ KJi5(t) at §4.12)

However it is questionable whether such a procedure is any
tetter than simply modifying m i.e. a constant quantity
of material is removed from cach part of the clectrode. The
term may however be important at low pressure and should be

included in some form.

(£) Jowls Heating.

Due to the large currents flowing in the plasma significant
Joule heating will occur. The snowplough equations {3.2) -
(3.4) will not however be affscted by this as they simply
reprosent a momentum balance across the plasma. The shock
equations (2.10) - (2.12) may need adjustment to take into account
the variation in y . Also if the current flow takes place in the
bulk of thc plasma the equation (2.10) specifying adiabatic
conditions in the shock may need modification. This can also be
taken into account by postulating a varying functional form of Y

throughout the shocked gas. However in view of the slow variation
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of the flow velocity with y ths effect will not be of much

importance in calculating the speed of the current sheet.

If, however, the shock relations arc used to predict the
thermodynamic state of the gas behind the shock the Joule heating
will lead to erroneous results due to the considerable increase

in temperature.

5e Application to various Driver Geometries.

In this section we will discuss the aprlication of the
snowplough and shock calculations to various driver geocmetrieg =
rail-guns, coaxial and T-tubes. Although in principle cach of the
devices works in much the same way great care must be taken before

applying the results of sections 2 and 3 to them.

(a) Rail-gun. < v; ! :

The rail-gun consists of a pair of ﬁst 3

parallel plates, width b soparated by a \ *& \

distance d. Current passes betweon the two plates setting up
magnetic force parallel to the surface of the plate. If x
specifies the distance of the current sheet from the end of the

gun tho magnetic field is given by

B o= Amp, (5.1)

C T vels waj of h")kt‘
provided b >> x ‘5 2)
d >> x

Ll = 41Ti/bc.d.'}[/icx = 4nd.//.bc2 (503D
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The field in this case is uniform over the current sheet.

In practice the condition (5.2) is unlikely to be satisfied

and the field over the current sheet will not be uniform. In the

_._5.__’ &
limi ting case ba<di<X. - 4 b
- 1T
9y Swi 1';‘] i

We may take the plates gs represented by wires of +hickness

b separation d.

The magnetic field at the current sheet

is then given by:

ix 1 1
B. B 5w (09

where y is the distance from one of the electrodes (fié. 3vi).
This function however is only a slowly varying function of y
in the region d/5(y<4d/5However if the driver has this form care

must be taken in using (5.4) as it is dependent on x.

No account has been taken of possible return conductors at the

back of plates.

Due to the effects of Hall currents (4a) and electrode
omission (4b) the current sheet in a rail gun will be inclined
(Liebing 1963) and incomplete collection of the gas in front of

the current sheet may result.
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(b) T-tubes,

An electromagnetic drive for the T-tube

can be calculated assuming a current path as

shown in Fig. 3 vii. However it is unlikely that ‘ | {O !agL

the drive will extend far down the T-arm due to L x

-na]é&:f

the effects of self-crowbarring*{section 6). o
1 Fy3vii

The magnetic field at the current sheet will be given by a
modification (5.4) to include the back-strap if it is assumed

that the current flows in a thin layer near the wall.
i [ 4x 2D 24
¢l g2 4\/[:: +(D/2) ] 44[:: +(d/2) ]
2D
2 2
+ 44{(x+a) + (D/2) ] }

The first term is due to the current loop in the side arm.

(5.5)

The second term represent the stabilising effect of the linear

current.

The third term represents the driving force of the back-strap.

Equation (5.5)‘illustrates the importance of the back-strap
driving force. Without it the only drive would be from the
thermal expansion of gases heated by the discharge. However
as the discharge moves down the side arm the fields due to the
currents in the loop become significant and may produce most of
the drive (compare Fowler 1963). The duration of these currents
is limited however by the effects of a further brsakdown behind

the current sheet.* (Sectioné).

* This effect is well illustrated in streak photographs in
Kolb (1957).
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The current sheet produced by such a device shows inclination
with the positive side of the sheet leading the negative.
(Barnard & Cormack 1963). In this case this must te due simply
to the Hall effect (page?). As no electrodes are present near
the sheet, no deformation of the sheet due to current limitation

at the cathode can occur.

The button gun of Bo.stick (1956) can probably also be
pictured in a similar manner with currents extending from the
electrodes down the tube. In this case the geometry of the

current loop is 1likely to be extremely complicated.

(c) Coaxial Gun.
o | ™
The coaxial gun is transpose of ’—T’

the rail-gun from a linear geometry to a
Fﬂﬁ Svit
cylindrical one. It will be seen that in addition to the N

practical advantages of this arrangement the ratio °fL1/m1 cen be

increased, improving the efficiency of the drive. Opposed to
this is the non-uniformity of the driving force across the current

sheet.

It is easily shown for the configuration in fig. 3viii that
the magnetic field a distance r from the axis behind the current

sheet is given by

B = % (5.6.)
(5.7)

2 2
p, = B/&r = i/zﬂczrz
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Thus the magnetic pressure on the sheet varies across a radius
as 3ﬂr2. Neer uniformity of field may be obtained by making the
inner and outer electrode radio approximately equal as in the
"Magnetic Annular Shock Tube" (Patrick 1959), but this causes 2
decroase in Liand a loss in the overall abcoleration capabilities

of the tube.

Hart (1964) has indicated that if the snowplough model is
modified so that the total magnetic force is applied only to a
small annular region surrounding the oloctrodes reasonable agreemont
may be obtained with oxperiment even for large radius ratios.
Unfortunately the radius of the annulus must be determined by fitting

the experimental values to the theory.

However if the ratio is not large the total force may be
assumed to act uniformly over the current sheet to give an

approximate analytical solution.

.2
F = %Lll

B = eslrgn) e (5.8)

Experimental studios (Keck 1962) of the current shoet have,
indicated that it is deformed by the differemce of pressure across
it. In general it becomes convex downstream. Howsver there is also
a polarity dependence, the curvaturc being increased with the
central olectrode positive; prosumably a result of eithor or both

of the effects discussed in section 4((a) and (e)) . A result of
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this curvature is that flow round it will occur, which must be
taken into account in ostimating the mass of gas swept up by the
front. A steady state calculation based on the shock model has
been porformed by Fishman and Petschek (1962), but the problem has

not been solved during the acceleration phase.

6, Current Crowbarring in an Flectromagnetic Shock Tube.

It is frequently observed in devices of this type that during
the motion of the first plasma slug down the electrodes a socond
breakdown may take place in the gas left behind (Chaptor 6).

The voltage across the input terminals of the discharge
16.1)

Vin = %‘t(l'lﬁ) = Ll%t(ﬁ)

may oxcooed the breakdown voltage and thus generate a second blob.
The second blob will probably be formed from heavy particles from
the surface across which the secondary discherge occurs

(Hagermn and Oshor 1963).

Tho first blob is now decoupled from the discharge circuit
and thoe current in the loop formed through the secondary blob

will decay due to the motion and to resistive effoects.

Consider the situation shown in Fig.3ix. 1, ™ 4, ",

The primary sheet is denotcd by the sub-script

1 and the secondary by 2.

R $onse tutb d3p)
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We shall assume :
(a) The first sheet collects all the gas in the tube(snowplough

solution. )

(b) Resistive effects are small,

The motion of the first sheet is determined by

2
d B 14 2 (6.2)
SmGR) - giled = Ay
The motion of the second sheet by 3
2 2
a B,., _ B
) - B - B (6:)
- L2 2 6.
= (" -4 +)
The current i will be determined by
- ; (6.5)
Ly (mx) = Iihgn, -5
. (6.€)
o i1oxlo/(x1—x2)
and . (6-7)
ml = mo + mix

These equations with various simplifications have been solvei

by Pugh (1962) and Bakken (1964 b).

A simple solution may be obtained if the following

further assumptions are made 3

%< ¥ (6.9

¢
m°<< mlx
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{6.2) becomes

I

. (6.0
1?1'%?(“1) = L1112
and (6.61)

10 O/X (6.10)

Writing (6.4) and (6.10) in non-dimensional form

2 . 2
y = L4 = L. i 2
x1/xo E}l_}_{;,g %
1o {6.11)
2, 2
51_1%'_.) I %
J 6.12.)
(y.‘l! )2 = log(y/ ) 4 yo( )o]2
whers y. and(d'ca are specified at the seconda.ry
breakdomm - yo = 1
dy 2 (6.13)
(vgh)® ()5 + Lo
dyy [ 1+ logy 2]?
%‘% = (dz)o /(dz)o /y
dy\2 1
e (R <
(QX.) will increase to reach a maximum
dz dyy2
value at log y =L1- 2(d1 )o]/g (6.14)
~ v
of ( ) e = (2e) '3e:a:p(%f)fJ (6.15)

I (g?ct)i > ’/z the sheet speed will decrease.

monotomically.
Writing

” _ (%;L)i + log y ( 6.16:)



dyy2
and 6 = (dm)o
We have dz z\s —2(z-a)
at (a) (6.17,
1 N e yz 2z dz + 1 (6.18)
0

This integral may le evaluated as a recurrent series which
verges for all
converg r all z (3 +l)( 3}
i hfGe 29[ 225( 2 2]
o " —T-n+15’ i3

1
L 1
IR0 JEVCLONISS

A
]

(6.20)
This solution has also been obtained by Bakken (1964 b)
however it will be seen later (Chapter 6) that its use is
severely limited due to use of the invalid assumptions and planarity

of the current sheet.

T. Instabilities in the Current Sheet

In common with most plasma devices the plasma gun is not free
from instabilities in the current sheet. We shall discuss these
in a gqualitative manner as a mathematical description can be

found elsewhere in the standard references.

(a) Rayleigh-Taylor Instability.

§ Flﬁ 3x
The Rayleigh-Taylor instability is the 3

-

< .
magnetohydrodynamic analogue of the classical Ela. ?LA"[""‘ “

“ - el
EYIESS SN,
&

inertical instability resulting from a heavy Sic ';l‘: ?;Eﬂe,

fluid floating on top of o light dne in a



gravitational field.

In this case we have a plasma supported on a magnetic
field as shown in Fig. 3x. The gravitational field is provided
by the acceleration of the system. The instability is caused
by an interchange of fluid across the boundary. It is easily
shown that the growth rate is given bystka} Where k is the wave

number of the instability and a the acceleration.

It is readily seen that during the acceleration phase in
the gun the system should be unstable. As the growth rate
«fdna) is largest for the small wavelengths we would expect the

instability to appear as "ripple¥ on the field-plasma interface.

The next two instabilities are both due to interchange of
fluid and flux permitted by the finite resistance of the current
sheet. The description of them follows that given by

Furth (1963).

(b) Teaping Mode.

The teaxing mode is a long wave length instability and
results from the current density gradient in the sheet. The mode
permits the sheet to break up into separate pinched filaments. In
some local region where the pinch is slightly thicker than usual
more zero order current flows giving rise to a first order
perturbation magnetic field By. The By -~ field lines may be

compared to stretched rubber bands, causing a linear pinch to
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separate from the sheet. The tearing mode is most unstable
for long wavelengths (where the "bands" are most stretched) and

is stable for wave lengths less than the sheet thickness.

(c) Rippling Mode.

This mode occurs as a result of the resistivity gradient
normal to the plane of the sheet. An interchange motion occurs
resulting in arijdge of better conducting material. It can be
shown the motor effsct between the perturbed current and the initial
magnetic field will tend to increase the interchange motion.

It can be shown (Furth 1963) that the growth rate of this
instability is largest for small wave lengths. The plasma sheet

will thus develop surface ripples normal to the resistivity gradient.

(d) Fxperimental Observations of Current Sheet Instability.

The only reported observations of current sheet insta@ility
is by Gooding et al (1965) in a coaxial device with &as injection.
They report that under certain conditions the sheet breaks up into
a single spoke dischargs between the electrodes. It was found that
a rough criterion for stability against "Spoking" was that the flow
of neutral gas into the sheet should not decrease in time at a

faster rate than the driving pressure Bz/Bﬁ . This implies

that the sheet should not be allowed to accelerate, but rather move

at a constant speed or even to decelerate.

In view of the apparent importance of the acceleration of the

sheet in determining the growth of the instability one immediately
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suspects the Rayleigh-Taylor mode of instability as the cause

of M"spoking". However in general form the production of a single
filament of current from the sheet more resembles the tearing
mode (long wavelength mode). It may be that initially the system
becomes unstable through the formation of surface irregularities
by the Rayleigh~Taylor mode which then result in treak-up of the

system via the tearing mode.

No short wavelength instabilities either at the front or

the rear of the current sheet have been reported.

8. Blast Waves.

We now come to the two theories of thermal drive. Both
of these are hased on a model of shock waves originating in a
hot driver section. In the first, the blast wave theory, a constant
amount of energy is instantaneously deposited in a small mass of

gas which then expands.

The second theory which will be examined in detail in the
next section is that of electron driven shock waves produced by
non-equilibration of the ions and electrons in the driver discharge.

In this theory the heating process may take a finite time.

In this section we shall examine and discuss the principles

of the blast wave solution (Harris 1956).

A given amcunt of energy W is deposited instantaneously in a
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narrow slab of fluid in a tube of constant unit cross section.
The fluid will then expand down the tube prececeded by a shock

wavee

If the internal energy of the fluid E may be represented

by @

(8.1}
o= YR/

an exact analytical solution may be found to the subsequent motion.

It is assumed that the motion may be represented by the

standard hydrodynamic equations

Mass 3p _ aggg)
3t B dx
Momentum 3(p 3 o (8.2)
3t 2 - Sl + 2)
Ener .
= % (3ou+ o) = -2 (Fou’+ oub +pu)
t dx
With the Rankine-Hugoniot relations across the shock front.
In addition it is assumed that the total energy of the
syctem
s P (3pu°® + oE) (8.3)

is a constant throughout the motionm.

The above partial differential equations are reduced to

ordinary differential equations by a dimensional method and solved.
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A simple numerical solution may be obtained (Harris 1956)

if it is assumed that all the mass is concentrated at the

shock front

(8.3) becomes

W= (%1112 + B )edx (8.4.)
- 32+ B) px (8.5)

Where X3 is the position of the shock front down the tube
Wy
and wg and E; are the flow velocity and internal energies at the

front, determined by the strong shock relations,

i (8.6)

5 - /g

Where v is the velocity of the shock front

o= B o= L2 v (6-1)

" = {3 e .

Integrating we gets
2 2 1,, 2 (8.9)
1 %)
x = ()73 (2 /3 @y/3 73

2 2 R

as the solution.
This latter calculation illustrates well the physical

picture of the process involved’ 1t is tha#Aa shock wave in which
the head of the rarefaction wave has caught up with the shock

front and is attenuating it. The solution should thus be applicable
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to a shock tube in which the driver section is much shorter than

the expansion chamber. It should be noted that {8.9) is ottained

in the limit by the theory of characteristics.

Pugh (1962) has also obtained a solution of the above
functional form for a closed electromagnetic drive (self-
crowbarring system) in which the energy W is stored as uagnetic

energy by the closed current loop.

Unfortunately there are several objections to this theory

and in fact only poor experimental agreement is found.

If the heating process in the gas is by ohmic losses
from the current in an electromagnetic shock tube the rate of
heating will be limited by the current rise rate, i.e. by the
inductance and by the resistance of the gas. In the author's
device

6
v~ 3.1l0 cm./s. at x~15 cm.
p ~ 1 mm, Hg. :i.*vlo5 amps, T ™2 Bs,

W~ iRy ~ vzpoxA ~ 100 joules
This requires R~1o"2m but J(L/e) ~ 10_2m

and the discharge "swings" i.e. the actual resistance R'. 1/10"[1'/0 <R

The input energy via resistive heating is thus insufficient to

account for a blast wave,
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Further sources of heating are found durirg ‘the
acceleration processes from the electromagnetic drive due to
inelastic collisions of gas particles with the current sheet.
However this involves a prior movement of the heated mess

violating the initial assumption.

Another inadequacy of the theory is the assumption of
constant energy. Due to the high temperature of the gas the
energy loss by diffusion to the walls and radiation will be

high * and should be included in the calculation,

The theory also breaks dowvn when applied to an
electromagnetic gun as a result of the inadequacy of shock
description of the plasma found experimentally (Chapter 7) due

to turbulence in the flow,

The theory is thus seen to be inadequate to express the
dynamics ofelectromagnetic plasma guns of the types discussed in

the present work.

9, Electron Driven Shock Waves

In this section a brief survey of the theory of electron

driven shock waves is given based on Fowler (1963). For a more

% Care should be taken when including a term for radiation loss.
The effective loss to the expandinggs will occur as the upper

olectronic level is populated rather than as the radiation escapes.
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detailed account the reader is referred to the abcve monograph.

Consider a cylindrical discharge chamber in which the
current flows between two electrodes one at each end. The
distribution of electrons in the chamber is determined by:
(8.1}

on_  _ 2
3;8 - oivene(N;ne) - Gne Devzne

neglecting any electromagaetic drive effects.

In the early stages of the discharge ionisation is assumed
to take place nearly uniformly across the discharge and

at this time is determined by the first terms of

(9.1) . At later times it is shown that the diffusion loss

5
term DeVhodominates the recombination one as the principle loss
process. Thus the density of the gas in the driver is assumed to

be diffusion limited.

The complete electrical behaviour of the system is then

calculated from the following equations:

D e2 »
i = EZ/P = k; Ezn ((91)
e
Energy coneorvation @ . (9.3
s T ' P 2 —"3 "
i, = (eVi + 3/2kTe) GivenN + m /M?mve n
Kirchoff's 2nd law: (:9.4)
di R R _
g+ R+g+3, = O
Mass conservation {9.5)
dn 2
= = (GiVéN -2“D)n

n

[}

Jo(kr) (9.6)
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Where
i = current n = no. density
E2 = electric field o = cross section
Dg = diffusion coefficient v = velocity
T <= temperature m = mass of electrons
L = inductance of externsal M = mass of ions
circuit
C = capacity of external 1 = length of discharge
circuit chamber
R = resistance of external A = area of discharge
circuit chamber

J = Bessel function of degree O. Vi = ionisation potential.

These equations are however not complete, Iven if we
neglect all electromagnetic driving force and motion some of the

terms are still incomplete.

The equation of energy transfer (9.3) should contain a term
to account for emergy loss by particle transport to the walls -
the two terms included are respectively the rate of rise of
ionisation and ion temperature. The rate of rise of electron
temperature is not included as it is assumed that aTe/at
is small,‘gTBODGWh&t surprising conclusion in view of the following
comments. Xirchoff's 2nd Law (9.4) does not include a term for

the change in inductance which results from the change in current

path due to diffusion of the charge carriers.

However the most serious criticism of this. part of the

theory is that tho discharge is diffusion limited. The neglect
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of the electromagnetic foroe tending to pinch the discharge will

result in erroneous results if applied to any discharge in which
the current 4~t104 anps or greater at pressures . 1 mmn, Hg. The
neglect of this %erm is surprising in view of the fact that the

discharge in Fowler's apparatus is observed to pinch.

Wo now move on to the theory of the peoduction of electron
driven shocks. If we cousider as before a discharge in which
"the sole heating process Is ohmic, the energy transfer is

initially to the electrons alone as they are the principal current

carriers
ar 26D 2 omN ,, T S —
_e = e E -~ (1-- W ) L (.l—a)dove +00_ ve ]
dat 3ﬁ2Te Mk e
ohmic Transfer tc heavy
heating particles Neutrals and

ions
..(evi + 3/2kTe)oive N (9.7

Ionisation energy loss.

The temperature of the ions and neutrals will be determined by

ion-electron and ion-neutral collisions.

2.
aT 2m°N 3 3 Je
it T I (1-%6)[ (1-a)o v '+ ao, v,"] (-9

if it is assumed that ions and neutrals equilibrate rapidly

amongst themselves.,

The time to reach equilibrium under these conditions is



- 67 -

given by ¢
for electrons
2n 2 .
ity .9
'ﬂe Favl < e /eeD E2 (<9 9 )
e
.8.10)
3B ) 0
e 2_17.
?1 o~ /ém m\gi»a)geve3 +a0, V 3

for the missive particles

Using the analysis outlined earlier cf ils (riving section

Fowler shows (1963 p. 73).
b 1077 1071 .
(9.11.)

Bo/s 103 10
! the

the g
wkugf bﬂedensitizexﬁgggsed in units ofkdensity at Imm. Hg pressure
0
and OC

anc By isielectric field in V/em.

- -9
i.e. the heating time of electrons ~ 10 - 10 ~ sacs.
It can be shown that s 4
8 .
o ~ a#ﬁn loga
( 9.12)

where A i givew by Spitzee (p.73).
(Spitzer 1956)

If we assume o+ >> oo we can set an upper limit to the relaxation

time.

It can be shown that the relaxation time based on (9.10) and

(».12) is given by (Spitzer 1956).

T o~ %‘- 26 3 (9'1 3)
a 2m“H /0+Ve
3 ;
~ 1 Smmk /2 (2. + 39)3/2 (9.14))
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It Te/me> T/m 3/
2
1 ~ 1 5.87T
Jhen41/43 for hydrogen
logh_ ~ 10 8
P ~107,% - a typical value,

¥°~10 /cc.
If we assume 10% jonisation - a somewhat lovw figure we get an

equilibrium time nv10—7secs.

As this is of the order of the time taken for the electric field

to rise to the values required by Fowler's theory we may conclude that
an equilibrium between the $lwvrpal motions of ions and electrons is

in fact established. (In the next chapter it will be shown that if
pinching occurs the bulk of the heating may be via the ions).

This result is in complete disagreement with Fowler 1963 p.73) who

finds

The concept of electron driven shocks is based on the
principle of a shock wave driven by the high partial pressure of
the elecirons. Due to their high temperatures the electrons will
have high thermal velocities and will tend to escape from the
discharge channel. Their motion will however be arrested by the
electric fields set up by charge separation and the ions will
also be accelerated out the system. The motion of the ions
preceeded by an electron front will form the driving piston of a
shock wave. Analysis has shown that the speed of the shock wave is

given by (Fowler 1963 P.80, Fowler and Fried 1961)
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v o~ J(me/M) (9.17)

Whoere M is the ionc mass.

The criterion for the fluid motion to be dominated by
electron partial pressure is (Fowlee 1954)

-

a T > T

€ i
In fact as shown above this relation is unlikely to be obeyed in
a hydrogon fi}¥%addriver so that we must conclude that concept

cannot be applied to guns of the type discussed in this work.
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CHAPTER 4

The Theory of the Conical Gun.

1. Introduction

Although the conical electromagnetic gun has been in use for
several years, little effort has been waln to investigete its
mode of operation. The electrodeless syster 'which should produce
the cleanest plasmz due to the lack of errcsion of heavy metals
from the electrodes) has been investigated by Bostick and Wells
(1963) and Bieger (1963). However as these analyses are
directly related only to the € - pinch system we shall not concern

ourselves with them.

Josephson and Heles (1961) showed that the discharge of an
electrode conical gun pinched and that the formation of the blob
wag intimately comnectcd with the secquential pinching motion of
the discharge down the tube. This was in agreement with the
theory put forward by Josephson (1958) to explain the opti--

nunm ceno angle (1007 found in a low pressure (30 - 30Q1q9

de;}erium system.

After breakdown in the gas pinching occurs at the small
electrode, heating this gas region first. The hot plasma is
assumed to heat and ionise adjacent gas before it is pinched.

Due to its higher temperature this gas requires more current
for pinching (i.e. more energy is coupled into the gas). This
process progresses along the tube to the hollow electrode with the

resulting hot plasma mass driving a high velocity shock into the
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observation tube. Although the pressure wave starts with little

energy at the small end of the tube, it is possible to continue
to add energy to it until it emerges from the hollow electrode
and so a large final pressure is producei (Josephson 1958).
The optimum situation will be one in whico “nuw pressure pulse
and the head of the pinched colum travel togccher. The velocity
of the pressure pulse is given by the sound speed:

V = (yRT /M)“%'
wvhere the symbols have their usual significance, and since the
temperature increase is proportional to the energy increase as
energy is added, in order to add energy to the axial wave, the
pinching velocity must be increased to match the axial wave
velocity. Since the pinching velocity camnot be increased
proportionally, then the radial distance must be such as to
allow pinching at any point to be coincident with the arrival
of the axial wave. The optimum cone taper angle was found to be
10° - corresponding to a "one-half power taper in which the
change in tube radius varies as the square root of the tube

length™.

However beyond this very loose description of the action
of the gun, no published work has appeared which explains the
operation. It was therefore decided initially to try to formulate
a more accurate description of the device which could be dealt with
in mathematical terms as it will be immediately apparent that due

to the pinching none of the analyses of Chapter 3 will be
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applicable to this configuration.

In ssction (2) a snowplough model of the discharge is
outlined., By making the assumption of ~urrent sheet linearity
the problem is reduced to two components ~ - ch may be solved
numerically with comparative ease. In sections (3) and (4)
the formation of the blob from the pinched column is

investigated by two different models,

2+ Snowplough Model of the Conical Gun.,

In this section we will sttempt to compute the dynamics
of tho collapsing current sheet in the conical pinch, using
the snowplough model. The snowplough model first introduced by
Rosenbluth ot al (1954) assumes that during its motion the
current through the plasma flows in an infinitely thin layer at
the surface of the collapsing shell, The driving magnetic field
acts on the current sheet as a piston driving the gas before it.
In the snowplough theory the motion of the shock preceding the
driver is assumed to be such that all material swept up is
compressed into an infinitely thin layer so that the shock and
the contact surface aro the same interface. It can be shown
(Wright 1961) that for strong shocks, the ratio of the speeds of

shock and piston is given by ¢
v = = Y+1

\
—_— (Y+1 //2

as M > 1
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Thus the snowplough model tends to the Fimitation of a gas whose

ratio of specific heats y -v» 1.

If the gas is initially cold and vnionised part of the
energy of the shock motion must be used tc ienise and dissociate
the gas. This is equivalent to introducing further degrees of
freedom to the gas i.e. Y is reduced. The offect of this is to
reduce the deviation of the shock and snowplough models. In
Quinn and Reynolds (1961) are shown graphs of the shock vs. driver
velocities for Ho on the shock and snowplough modols and it
ﬁéy be seen that in the region of study (pinch speed ~ 5 cm/p sec)

roasonable agrecment between the two theories is found.

In view of the difficulty of solving the current
voltage relations feor the discharge we shall solve the
equations with the limitzation that the current is dependent
mainly on the bank inductance, i.s.

Lo >> In
Lo bank inductance
L1 gun inductance

This gives for the current, neglocting resistive offects :

i = vviL/c) sinwt

LE 1/J(LC)

It is further assumed that the collapse time T is much

less than the quarter period of the current

T << n/af(LC)

i.e.
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In this casse : i = Vt/L

V - applied voltage

Snowplough Model.

I+ will boe subsequently shown (Appe:eix

B and fig. 4ii) that to a good approximation

the current sheet can be reprosented by a cons - —
based on the ring electrode with the pinch point 1
at tho apex. The pinched column forms the
Frﬂ ]
continuation of the sheet to the button electrode
(fig. 4i).
AmﬁEres theorem shows that outside ths current shecet
the field :
3 ‘2-1'
B - 2i,, (2.1)
Bz smzll - i in amps.
The magnetic pressure on the current shoet is
2 (z.2)

2 .
pm = B/BTT - (21/101‘) /811
We skall consider the motion of thoe current sheet in two

distinct parts - one axial and one radial. It will be shown that

with certain limitations these may be regarded as independent,

Let us considor first the radial motion.

Consider an olement g§x of the current sheet. We shall assume
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that the length of this element parallel to the axis, &x

remains unchanged during the motion, i.a. avx/at . 0t << 1
When the element is a distanco r fr-m the axis the mass

of gas collgetod

_ n(R,_L? - ) bx (2.3)

Where By is the radius of the cone at the starting point of

the e¢lement.

52
%ﬁ[n(Rlz_rz) og:] - —onr g*c%%w (2.4)
.2
= =+ /100r @.5)

We shall for simplicity considor the case where the

bank inductance >> the gun inductancs.

di JE
v = La—t- (2 )
- no rasistive elcment
i = (%)t (2.7)
2_:2) dr Ve, (t2
[p o (Ry°-x = -("/;2)" /ro0r (2.8)
Transforming variables
2 1
T (V' /100122 p0314) /4y (2.9)
AN , (2.10)
LsHE) - - F

This is the standard snowplough plnch equation which has bgen solved

by Rosenbluth and others. (Roscnbluth 1954, Anderson et al 1958),
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If the column pinches to a compression ratio of avuout

10, it can be shown

7, pimeh- = 1.43 (2.11)
£ = 1043 1 S N (2‘12)
P ( V2/1 00m. L2 4) /4 ecs
!

time to pinch.

Now II{P;hx tan ¢

The pi point therefors moves along the axis with
velocity
dx 1V 2y7/4
vp = I == 1.43( /IOOnpOL ) coty,
Let us now exemine the axial movoment.
Tho axizal magnetic forco
. 2
P = 2nr 6x sing B ¢.15)
f cosy /8

= 12 tang ox /100r
rwle of
This is equal to tho,changc in axial momontum of the olement

%;G{ﬂpo(Rlz-rz)g-‘fJ bx (2.16)

Making usc of the assumption of tho lincarity of the current

sheet
R-r
tang (Rr) /o (2.17)
o (2,28 o 48 (R) (2.18)
P\ T = 15or =
Transformingto dirmnsionless variables
(1) '
d ri1 232y —~ Ix 219 ;
E?[(l Jy )d'c::l - y Z ( )



. (2.20)

We must now integrate (2.19) using the solution of

(2.10) for y

Thus (221)

2
N Ty (Y-

Before proccoding to numerical intogration of (2.19)

itwill be convonient to deorive an approximate analytic solution

for use in the¢ next soction.

Lot us find the polynominal

Iy = lg" (2.22)

With the same boundary conditions as the solution (2,10)

vy = 0,1 =1.43, %f: -2.0 (2.23)
__1_ QX- = - ‘(2.24)
(1-y) d¢ /%

n = 2.0x1.43 = 3 (2.25)
() _ .1 L (2.26)

k = S = (1-43)3 3

(2.21') bocomes @
2. d T (T=y) &) (2.27)
(1528, Y = fo \E ﬂg_

Io zy 3k dy ( )



_smaparisc. betwezn various solutions of radial collapse equations

Ordinate := radius of current sheet
Absissa 1= fime

expressed in reduced units
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1
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ro Conical Gun
Radial Motion
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If wo meke the assumption that z reomains constant during the
motion wo may perform the integration. It will be seen in the

subsequent numorical intogration that the error introduced is

small.
¥
dz 1
dc = TIeLYEY -V I, (2.29)
- %L - 2.30
= p [ Ylog yp+ 1 yp] ( )
This gives as the axial velocity 1/
& . R igy +1-y 7V 2) 4 (2.31)
dt x ‘R %p Ip /10050 L
0

We may alternatively integratc (2.21) numerically to obtain
valugs of the velocity. This has heen done at the starting point

z = 1 and gives

dz

T a 3,0 (2.32)
compared with

dz '

s 2 2,0 (2.33)

from (2.31).

The variation in Z is _ 58 and as may be seen from fig. 4iii

ocourg mainly in the last eighth of the compression.

Let us now consider the effect of this axial motion on the
pinched columm. Provided the axial velocity is less than the
phase velocity of the column the pinch will collapse normally.

However, if the axial speed is further increzsed the current sheet



dz Az

d<
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Snowplough Model i
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A xial

Motion

Curves of axial velocity d"/dt and axial displacement Az
as o Tunction of time () expressed in reduced units

cf
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will tend to overtake the pinch point and become separated
from the pinched colurmm. The speed of the pinch point along
the axis will thus reprosont a maximum axial spoed for the

particles accelerated awially by the current sheet.

If Zp is the pinch point z co-ordinato

( 234)

4z, Y/1.43 tang,
dg

If §~10

dz o 4 (2.35)
dt

but at z = 1 the axial velocity’%f¢z3 so that the current sheet
will in fact attain this speed and overtake the pinch point. The
particles of the sheot will become detached from the sheet and
travel down the tubeo with speed that of the pinch point along the

axis. Broeak-up will occur roughly at z = %

From the calculation in Appendix B it boecomos apparent
that the condition for linearity of the current sheet is in fact
a limitation on the cone angle. If tho cone angle is too large
the current sheet will be concave outwards giving a greater
acceloration near the axis than the linocar case, but tho speed
of the pinch point will bo less. Thus in this case the mass

of the blob will be greater but its speed less.

If the cone angle is smaller than that required for a

linear current sheet the current sheet will be convex outwards
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giving less acceleration near the axis so the mass of the blob
is decroased but its spscd is greater. Investigation of fig.
4ii shows that in the 10° caso considered the current sheet is
slightly convex and it is thought that the compromise boatween
speed and mess of the plasma blob may operate so that this in

fact gives the optimum operation (Josephson 1958).

It is nocessary now to poiht out some of the sources of
orror in this calculation. We have alrcady considered the
cessential limitation of the snowplough model itself but have not

taken into account difficulties in its application.

1. The discharge will not leave the walls immediately but will
have a definite '"wall hang-up" time * Provided this is constant
over the surface of the cone it will not much affoct the analysis,
Observations of slowor discharges have indicated that #all hang-up"
is essentially a function of the oxtoermal conditioms and is thus
shot-to-shot roeproducidble. In this case it is likely that the

"hang —up" time will be constant over the surface.

2. The current is determined by the resistance of the circuit as
well as by thoe inductance. The resistance of the gun is caused by
ionising and dissociating collisions by the electroms in the

current sheet. The energy to cause the ionisation must come via

¥ wall hang up time measured <.1 ps.
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the curront and an ohmic resistance. Although the snowplough
relation eqn. {(2.5) is not itself modified as it expresses
the conservation of momentum rather than onergy, we must take
into account the modification of tho current due to the resistance.
Provided

WL Lcl>> B
the current is inductance controlled and we can neglect the
gffect of resistance, If however this condition is not obeyed
the collapse times will be inmcreascdfrom those calculated due to the

gffective curront reduction.

3. The collapse time is of the same order as the discharge quarter
poriod. The cffect of this will be to reduce the current below

the assumed value later in the collapse. This will cause the large
radiuscollapse curves to be extended and the spesd of the axial

pinch te be reduced.

4. The length of the element 8x of the current sheet parallel

to the axis does not remain constant. As the angle of the sheet

to the axis ? becomes large this assumption will not be valid

and the axial length of the sheet will be increased. This
effectively reduces the demsity of the ambient gas into which the
sheet moves and could be taken into account by adjusting the value
of p in (2.4). Diminution of the demsity will cause an increase in
the acceleration of the sheet and a conseguent increase in speed

of the "pinch point" along the axis.
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5. It caen be shown that if the current distribution is uniform

over the current sheet

By %< Bg

This can be easily seen by considering the current shect made
up of a series of uniformly distributed curreni carrying wires.
The field is then the resultant field due to the wires. As the

B, adds over neighbouring elements and By is formed by the

difference we see that the azumithal component must be much

greater than the axial,

Thus the dcminant driving torm is the azumithal field.
6. The gas pressure is not negligible. In {(2.4) we have neglectad
the gas pressurs in comparison with the magnetic driving pressure.
Provided the unshocked gas into which the driver travels is not
preheated before the shock this is a valid assumption even when

the shock is still near the wall - i.s. the current is small.

Te A further correction term in (2.4) should take into account
the finite mass of the current sheet at time t = o due to the
time teken for breakdown and due to impurities emitted from the
walls. The latter quantity is probably non-negligible in
hydrogen and will cause significent variations in the collapse

time.

Although this dynamical theory does predict the formetion of
a plasma blob of the corrcct speed it is unlikely that the slug of

gas can be massive enough to account for the propogation of the slug



down the expansion tube.

3. Monroe Effect.

Although purely electromagnetic drive is capable of
producing a plasma blob of the correct order of magnitude of
velocity (section 2) it does not appear that the mass of such a
slug can be sufficiently largs to account for the appsarance

of the outgoing plasma found.

A different approach was therefore tried. It has already
been pointed out that the outgoing plasma blob is directly produced
from the pinch and in the following chapter (5) it will be shown

that the blob has the same axial speed as the pinch point.

In this section and the following one attempts will be made
to try to consider the state of the gas during the pinching process
as it is believed that the blob is formed from the central pinched
colum. The first of these theories is contained in this section
and reprosents a purely dynamical approach based on laminar
flow in the pinching gas — an assumption which is probably
invalid and unfortunately does not give satisfactory results. The
approach is based on the theory of the Monroe effect (Birkhoff

*
et 2l 1948).

In section 4 we consider the pinched gas heatcd by its own
collapse expanding into the system via the open end of the magnetic

bottle. In essence this model is very similar to that proposed by
# I am indebtod to Mr. R.D. Medford for this suggestion.
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Josephson (Section 1) oxcept that the mode of heating is via

the collapse of the gas rather than by ohmic heating in the

current sheet,

The Monroe effect is the formation of a fast jet of
metal from the collapse of a conical liner encased in explosive,
We shall initially consider the theory of this process and try
to sce if it can be extended to include the acceleration
mechanism of a conical gun.

Fiq v
Consider the system shown in diagram

(fig. 4iv). The detonation wave travels

through the shaped block of explosive collapsing

<
. Delorehaow
the metal liner. The wave produces pressures WOAQ

s0 groeat that the strength of the liner may be

neglected and the material treated as a non-viscous fluid.

It is assumed thet after the initial impulse the pressure on
the walls is quickly equalised and the walls continue to
collapse without change in velocity. The effect of the
detonant pressures can be shown to give the liner a velocity
Vo which bisects the angle between the perpendicular to the
original liner surface and the perpendicular to the collapsing

liner surface,

Let us congider initially the case of two collapsing

planes ~ rather than a cone. The junction of the collapsing
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planes moves with speed .
-— 1 — .l-
vy = v, cosz(p-a) / sing (3.1)

along the axis (fig. 4v).

To an observer stationed at this point any point P
in the upper plane would be moving towards him with velocity
equal to the vector difference of the velocities of the walls

and the junction

Vo = v, cos +(p~a) / tang" vosin%(a—a) (3.2)
He will also see a "slug" moving to the left and a "jet" to the

right.

The assumption is now made that

as the whole process is unchanged in

E

time as seen by a moving obsorvcr at the

collapse point, Berrioulli's equation fy 4v
fdp + 2% - const.
4 (p) (3.3)

is applicable.

If the liner is nearly incompressible

i.0. o = o, = const. (3.4)

this reduces to

2

&

P/p0+ = const. (3.5)

If it is assumed that the liner moves away from the exploded gas
go fast that the surface pressure is low and hence constant on

all surfacos of the collapsing liner, the jet and slug will
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appear to recede with exactly the same velocity Vo as the walls

appear to advance.

In the stationary system, the jet has speed forward

Vi =V + ¥ (3.6)
Wt O
and the slug - also,forward direcfiow , hoas s}:eed/

= - V. .
The division of mass between the jet and the slug is
determined by momentum conservation. If m is the total mass/

unit length of the collapsing planes and mg and mj the parts going

to the slug and the jet respectively

m=m 4 mg (38)
and mv, cosg = msv2 - mjv2 (3-9)
where mj = m/2(1 - cosB) (?-199

ms = m/2 (1. + cosB) (3_11)

In the case of a conical liner the walls converge from all sides
and the total mass/unit length of the liner will vary down the
cone. This moans that the process does not appear stationary

to the moving observer and thc use of Bernoulli's theorem is

invalidated. The relations are however approximately true.

Lot us now consider if we can extend this model to
account for the formation of the plasma blob in the conical gun.

The situation howover differs from that described in a number

of ways:
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1. The collapse of the liner is caused by a sudden detonation

wave after which it proceeds without any accelerating forces. In
the conical gun the breakdown is uniform over the surface and the

current sheet is continuously radially accelerated.

2, The axial zcceleration of the current sheet will mean that

the angleg will vary in timo.

3. The anglep will bo determined by the dynamics of the collapse

not by purely geometric considerations.

4. Due to the magnetic forces the pressures on the collapsed
gas will not be small. We may however assume that during the

collision they are approximately constant.

Thus we sece that in detail the dynamics of the two systems
are much different. It may however be possible to use the
fundamental assumption involving Bernoullifs theorem and the

time invariance of the phenomenen zas seen by the moving observer.

If Vg is the collapse speed at an angle 9 to

the axis and Vp the speed of the pinch point
along the axis wo have (from 3.6) and (3.7) Fig 4v

for the speeds of the slug and the jet (fig. 4vi).

Vs = V-T2 (3.12)

vj = Vp 4 Vo

i

2 2
where V22 Vo4 VC - gvpvccose
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If we identify the blob with the slug the conditions for

a slug to form is

i.0. 2V cosd > V (3-15)
P c
But from (2.14)

Vo~ Vo/2.86 tangt
expression which is found to be approximately corrcct

(Chapter 5).
cosd > 2.86 tan¢1/2 > .25 (3.16.)

which is possible physically. However the moximum slug

veloecity
Vepax = Vp — Vmin. (3-17)
and . oy (3.18)
Vomin, = p ¢ '
Vemaz = Vo (.310)
wt V.~
c “'p
—~ 3.20
smax. 2VP Q )

i.e. the collapsing current sheet and the pinch point move
parallel to one another. In this case the mass of tho slug
is given by (3.11)
Mg ~ "Z'Lm.
However two points must be rcmembered :

(a) At §=0 thoe solution becomes invalid as the axial distance

is not sufficient to permit the collapse to occur.
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(b) It is experimentally observed and theoretically predicted

that there should be a limit to the angle § determined by the

collapse dynamics.

As the slug is too slow to permit identification with the
plasma blob it may be questioned whether the jetv might not be
compressed and form the blob. Compression of the jet will

occur if 3

However the minimum speed of the jet is given by

V.)' mn = Vp + Vo min, (3.21)

From (3.18)

. ' (3.22)
vy min = 2Vp - Vc'-:-f% vy

which is too fast to permit such an identification. It should
be noted that {3.22) is based on ¢ = O which is subject to the

limitations already described.

The failure of this hydrodynamic theory is almost
certainly due to the use of Bernoulli's theorem (3.3) in a
non-steady state with non-constant pressures. The difficulties
involved in trying to take these effects into account far
outway any advantages such a treatment will have., In the next
gection the same model will be congidered from the microsgopic
point of view as opposed to the microscopic fluid mechanical one

presented here.
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4. Expansion of the Pinched Column of Gas.

In this gection we will attempt to account for the formaticn
of the blob by an expansion of the pinched column of gas. In
effect we might consider this process as the formation of a
Ylast wave (Chapter 3 section 8) in the column of gas (e.ge
section 1). However, the theory proposed doos not analyse the
flow in these terms. The columm will expand at a rate given

approximately by the sound speed in the gas.

We shall however consider the problem as one of the escape
of individual gas particles from the colum . It is assumed that
the conductivity of the outside of the colum is sufficiently
high that the magnetic field does not penetrate into the ionised
ges i.e. the gas ﬁs collision dominated. We then have the

MAGNETIC
»»M
tOWISED

wm
situation diagraqu in fig., 4 vii. The

ECECTROGE
XEXH

high temperature ionised gas is contained % | —
AS
within an open-ended encl by th ati AR
pen—ende osure by the magnetic 'WAGNEHQQW?‘“
fields. Due to its high thermdl velocities WAL
Flg 4 vn

the gas will tend to flow through the open-end
into the expansion tube. If the mean gas velocity is
sufficiently fast this will result in a high speed slug of

gas being shot out of the system.

The analysis of this system is easy if the gas is not
highly ionised as we then have to consider only one species of
particles. We shall therefore initially derive the equations for

the gas flow with this limitation and then consider what
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modifications must bo nade to allow for the clectrons and ions.

If the diameter of the "hole" in the container is much
groater than the mean free path we noglect the effects of the
walls., The problem then reduces to the familiar one of effusion
through a small hole. However as the final current sheet is not
perpaondicular to the axis of tho system the particles mmst have
their velocities wectors lying within the solid angle defined by

the current shect & an angled to the axis.

In this case the rate at which particles leave the system

is given by (Appendix C)

—_ 4.1,

N = in sin%; v A (4.1)
Where n is the particle density; ¥ the mean speed and A the
area of the hole.
Which if 9 = 90° reduces to tho familiar offusion equation

n, = v (4.2)
The mean velocity of the particles leaving

5 - (kI 3

v, = (5 (1 - cos e)/ sins (4.3)

T = Kinetic temperature.

After loaving the systom the particles will onter a region
of lower gas pressure. BHxpansion of the slug due to the velocity
spoctrum within it will however be reduced by collisions
amongst tho slug particles and with gmbient gas molecules. As

the momentum of the system will be given bymlv. S-bwe may identify

1
¥, with outgoing plasma velocity v.
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We must now consider the effects of ionisation. If the
enclosure contains a high temperature gas the slectron and ionic
kinetic temperatures will be approximately equal ( o~folding
time m<10  8.). As the collision time amongst the heavy

particles (atoms and ions) is 10 s there will be thermal

equilibrium amohgst their kinetic states also.

T, = T, o= T, (4.4)
However by virtue of their considerably smaller mass the
electrons will tend to escape more rapidly than the ions. This
will result in the formation of a space charge electric field
which will tend to retard the electroms and accelerate the
ions. The solution of this problem is however extremely difficult

co.npa,re

and is not presented here. (6+# Fowler 1961 and 1964).

Despite this it is possible to place limits to the
velocities by agsuning allthse electron energy effectively

transferred to the ions or none transferred:

(4.5)

«f2vi < v < v

. . . alcn®,
Where Vg.ls the speed corresponding to the ions
In the former case the number of ions leaving the system is

unaltered and in the second it is increased by a factor J2

The next difficulty is in estimating the temperature of the
gas. The simplest situation is that in which the column reaches
a state of thermal equibibrium, in which case the Bennett

relation is applicables (4.6)
R
= /20084 k
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I = current in amps.

Nl = line demsity of columm.

The speed would be given by (4.3):

ol

v = VE (1 (4.7)
20

2 /mAp) :
This I/p ve.V is in fact found by Fowler (1963 p. 68) for a

somewhat similar electrode configuration with slow shocks. The
author however discounts a pinching theory for the origin of the

slug in favour of the electron driven shock theory (Chapter 3

Section 9).

In the conical gun the plasma is produced in too short a
time ( M s.)for equilibrium with the magnetic field to be
established. A kinetic temperature must therefore be sought

from the pinch dyiamics.

The most relizble estimate of temperature in the
pinched column would be found by considering shock conditions
in the plasma driven by the collapsing current sheet and
taking into afcount ohmic heating of the gas due to diffusion
of the magnetic field into the plasma. However calculations
of these factors in cylindrical geometry are extremely involved

and have not been successfully performed.

We must therefore attempt to use the results of our
snowplough solution (section 2). There will be two heating
stages @

(a) During the collapse. At this time heating will be via ohmic
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heating and also due to the torm in the snowplough relation :

From (2.4) it can be shown @

2

S(m) = 3° gradl (4.8)

Where L is the inductance of the system

V the velocity of the current sheet and m its mass.

The work done by ths system in unit time s

W= %12 grad L . v = %‘2 %—ﬁf (4.9)
d, 2 2 dm ,
v. &= (m) - FmO)+dy F (4.0)

tCevm
Thus there is an extra turn %Z? %% which does not represent

kinetic energy but must be energy transfer to the sheet. Bnergy
transferred to the sheet is used vo dissociate and ionise the
collected gas and also to heat it ~ the transfer being via the

current cawrriers i.e. the slectrons,

(1) At the pinch the kinetic energy of the massive particles

- ions and atoms -~ is converted into random thermal motion raising

the kinetic temperature in the gun

o ov?m (T, + T_) (4.11)

m; = mass of ions.

As the velocity near the pinch is nearly constant fig. 4 ii
e rim
the turm in (a) will be nearly squal to that in (b). However, we
have not yet taken into account the energy required for ionisation.

The ionisation potential of hydrogen is 13.6 oVe.and the dissociation

energy 4.0 4V, Thus each atom requires about 15eW%to ionise and
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dissociate it. The velocity corresponding to this ¢

Va =J[2Ei/mi] ~ 5x 106 cm/s (4.12)
This is approximately equal to the collapse velocity. We
may therefore_resard the mecond texm. in {4.10) (%-y? %% )
as being the energy source for ionisation and dissociation in

the gun.

If we now neglect resistive heating the temperature in
the pinched gas column is given by (4.10). In this case the

velocity of the outgoing blob is given by (4.5)
3 5
2
(™ /6) v, > v > ("/12) v, (4.13)

1
i.e. v = (i2) (4.14)

Lf the loss cone 4 is large.

But if we use the snowplough relation to find V, (Section 2)
from (2.23)

A

5 (4.15)

v = 2.O[V2 2

¢ /100 mp L

The pinch point moves with speed Vp along the axis where Vp is

given by s
i
2 5
oo T ‘Ganq>1w /100mp L 1(2.14)
- (4.16)
= v
"D °/2.8§ tang,
% 3
v ("/12)'41{ L——————ﬁl‘“sz ) (4.17)

sin” §
X 2.86 tan? v
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The plasma blob will be bestdimed if the pinch speed and

the escape velocity are the smame -~ in this case the blob will be
a compact well formed structure (compare section 1).

The condition for this is :
1
2.86 k (}:gggiﬁ) (& )2 (4.18)
12 .

cot¢1 =
sin2€
4.1
-~ 1.5k (1 = cos39) (4.19)
0 Sin2'3 (4.20)
If 90  and k+ 1 o
o A (4.21)
o L3
Ir $~0  and k~2 o o~ 17°

With these assumptions we are now in a position to explain the
optimisation results of Josephson (1958) and Hart (1959). As

de e v wnny
already mentioned Josephson found in determining at low pressures
that the optimum cone angle for maximum speed was 10°. Although
many of Hart's experimental arrangements are not amenable to
this analysis as the cone angle is too large, it was found that at

small cone angles the optimum configuration was given by an angle

of 20° at pressurcs > 1 mm. Hg. in air.

Thus somewhat surprisingly in view of the qualitative nature
of the calculation and the fact that we have not included
axial acceleration* we have predicted the optimum cone angle for
operation of the gun within the limits of the undctermined

numerical factor k. to a recasonable degree of accuracy.

¥ This term will tend to decrease the optimum

cone angle as it effectively increases Vg,
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We have also predicted s
Vpav

ag is obtained experimentally (Chapter 5).

The mass the slug is given by ¢
M = mNet (4.22)
If the effusion is assumed to take place during the time

the pinched column forms

N~ o, (4.23)
Where 1 is the length of the columm
from (4.1)

¥ o~ dmosingAlY (4.24)

Vl
Y =~ 4 aie
;1 T U-ces®®)
(4.25)

.4
M o~ _%.:LI]. sin’} /(1 _00533)
Vhere My is the mass of gas in the column.

Thus we see that if ¢ is large (& 90°) we can satisfactorily
account for the properties of the blob produced by a conical
gun by this rather crude model provided we include the

electromagnetic axial acceleration.,

The main limitation to thec model would appear to be the
assumption that the flow is represented by an effusion process.
However provided there is a sharp density gradient across the
end of the colurm this assumption will be justifiable as the

number of particles re-entering the column as the result of
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collisions amongst the outgoing gas will be small.
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CHAPTER o
'The Opsration of the Conical Gun,

1., Introductione.

The conical electromagnetic gun has found wide use as a
plasma accelerator for use as an injector in a magnetic field
trap. In its “Theta~Pinch" form the gun is capable of delivering
a hot plasma blob of considerable purity. However although many
parameter studies have been made few observations have been
carried out of the actual driving mechanism. Most of the guns
involved in these studies use injected gas as the driving
fluid, thereby suffering from a non-uniform gas distribution

which makes any analysis difficult,

Unfortunately one of the most repeatable features of this
type of gun is the lack of shot to shot reproducibility. (Scott
and Wenzel, 1959s Guhart and Morita, 1965). Although the
reason for this is not completely understood it is thoughtto be
associated with the initial breakdown, despite pre-ionisation
by the trigger generator. The initial form of the discharge
will be much influenced by the evaporation of wall material and
also by the initial breakdown point on the cathede. It is
suggested that the system might be improved by the use of a amall
ring electrode as the cathode. Hart (1959) found that the
initial breakdown with alumina cones could be improved by making
graphite traces over the surface thereby increasing the
symmetry of the discharge. He also found the "Teflon" gave a

symmetrical discharge. Scott and Wenzel (1959) also tried to
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improve the uniformity of the discharge. In this case the

return conductor was woumd azimuthaily round the discharge tube,
causing the discharge to rotate. However although the

reproducibility was improved the blob had now considerable

trapped field.

In view of this lack of repeatability the experimental
programme which had initially been proposed to examine the
theoretical postulates of Chapter 4, was severely curtailed.
Quantitative measurcments wore made on a comparative basis of
single shots. A series of qualitative observations were also

made to investigate the structure of the pinched column in the

gun.

2. Structure of the Pinched Plasma Column.

The collapse of the current sheet and subsequent formation
of a plasma column were examined under various conditions by
rhotographing the discharge with a framing camera. A typical
series is shown in Fig. 5i. The development of the column can be
seen as follows 3
1. Collapse of the symmetrical current sheet on to the axis starting

initially at the button electrode.

2, The pinch point moving along the axis nearly up to the ring
electrode. (3.5 i_.S cm. from the ring electrode). In some

cagses a small blob may be obscrved leaving the column.
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3. The column becoming unstable through the m = o (sausage)

instability and breaking up.

4, Although the pinch reforms no subsequent plasma blob is
indEdton

ejected until 30 us after the discharge,hen a slow moving slug,

probably the result of thermal expansion of t'.s remaining driver

gases, leaves the discharge section.

Qualitatively this is in agreement with the picture
presented in chapter 4, sections 2 and 4. The current sheet as
seen on the photographs is approximately linear and forms a cone

extending to the ring electrode.

The failure to form a column occurs at Z =1 instead of
Z a3} as predicted. The reason for this is not completely
understood but may be partly due to a failure of the snowplough

model.

Due to lack of definition of the framing photographs
attempts to make any quanf;;ive measurements on them were
unsuccessful. It was observed that collapse speeds and "pinch
point™ speeds were of the correct order of magnitude, but
observations could not be made to any greater accuracy. It was
therefore decided to meke a series of axial streak photographs

of the plasma in the discharge section and immediately after

leaving the electrode system.
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A typical streak photograph is shown in fig, 5ii. The

axial structure of the column is no?i well shown in these
photographs as the slit width used was too large. Observations
were carried out in the range pressure .1 - 5 mm. Hg, bank
voltage 10 — 15 kv. From these photogran'.s the "pinch point"

and plasma blob velocities could be measured.

Fig. 5iii shows a plot of Vp(= Mpinch point" velocity)against
(Vz/p), V = bank voltage, p = ambient gas density on a log -

log plot. Within the limits of experimental error the relation ¢

v, (Vz/p B (2.1)

is seen to be obeyed. The best fit to q is 1/5 but it can be
seen that ¢ = 1/4 as suggested by theory is well within the
limits of experimental error.

However if equation (2.14) of Chapter 4 is used to
calculate the bank inductance a value 500 nh. is obtained
compared with 130 nh. measured from the period of the discharge.
The serious lack of agreement in this calculation is probably due
to the failure of the assumptions that the capacity of the
condenser bank is very large and that the variation of inductance

due to the collapse of the sheet is small.

i.e.

Ll << Lo (202)

and J(LC)s>> 7
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where L1 is the gun inductance

Lo " pank ]
C non capacitance
T " Collapse time

Despite of these failures we may conclude that the agreement
between the theory of section 2 chapter 4 and :.e experimental

observations on the gun is satisfactory.

A further point may be made in connection with the Monroo
model of the gun (Chapter 4 ). It might be expected that
although the plasma blob cannot be associated with the slug
formed by a collapsing cone, a jet might still te produced.
However no such phenomenem could be observed under any
conditions either with the framing or the streak camera.
Nevertheless due to the low density and high charge exchange
coofficient it is quite possible that a jet of fast ions could be

produced and remain undetected by the methods used.

An essontial feature of the theory of the previous chapter
concerning the formation of the plasma blob is that its speed Vs
should be approximately equal to that of the pinch point Vp along
the axis. In fig. 5iv is shown a plot of Vp against Vs.

Every streak photograph taken is included on this graph and
errors in measurement are about 10%. It will bo seen that

with two exceptions the points lie on the line @

VP = 1.3VS + 1 (203)
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The two exceptional values were both obtained under the same

conditions (.1 mm. Hg. and 15 KV) and may well be due to an

asymmetric breakdown in the tube,

The extra constant term in (2.3) may be initially
surprising but is easily accounted for when the ambient gas

swept up by the blob is included.

The speed Vg Was measured from the time of flight of the

blob through the electrode/collar region, i.e. immediately after

the gas left the pinched column.

If we assume the blob snowploughss

mv, (mo + ml) v,

where mo is the mas§ of the blob

and m] is the mass of collected gas.

If A is the mean cross section of the gun, n the ambisnt

no. density

Loss rate ~ Anv /unit time/unit area
Al
Al cross section of pinched column.

Mass of bBlob .~ A p ¥V &t

6t ig the formation time of the blob.

Now from (2.4)

Al

PAV St

Vp/vs ml'i‘ml/mo -~ 14+

(2.4)

(2.5)

(2.6)

(2.7)
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Whore @ is the ambient gas density
Ao the area of the expansion tube a A,

1o a length a the distance of measurement.

- 2.8
VP/VS ~ 1+ 12/V 6":3 ( )
But
Vp —_— V = xs
(2.9)

tp ~ Vg o+ 12/ 5%
The factor 1.3 in {2.3) is presumably due to the non—optimisation

of the gun as doscribed in Chapter 4 iv.

It was hoped to gain further information niout the collapsc
of the current sheet Py measuring the inductanco of the system.

Since 3

1I) + RI (2.10)

S

V = &
assuning that %%LI) is the dominant term,; measurement of

S vat ¢iveés 1I. However, unforiunately, the signal level from
the potentiometer was dominated by noise (probably on the
earth) from the Marx trigger unit, which proved impossible to
eliminate, during the first /kﬁc. Thus no satisfactory results

wore obtained and it was not possible to verify that the current

sheet and lumincsity front coincided.

We may conclude, however, that discussion of the previous
chapter accounts for the operation of the conical gun in good

qualitative and partial quantitive agreement with oxpoeriment.
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3e Trapped Current Drive in the DPiasma Blob.

Sevaeral autkhors (Scott and Wenzel 1959, Pugh 1962,
Guhart and Morita 1965) have suggested that the drive
produced by the gun is a result of the electromagnetic forces
acting on the current shoet (our objecii » t <bis is that the
mass of the blob would be rather small). The .asis of this
hypothesis has beea the measuremecats of trapped magnetic field
insido the plasma blob. Fig. 5% illustrates the

formation of these trapped current loops. — -~ Currsnt TATHS.

If these current loops existed in the

author's apparatus it would be a severe

criticism of the theory of Chaptsr 4 as the .
—_—
TS -
pinch is supposed Dot to form after T = ¥ Bl ol
\“-::: - s\\
due to axial spced of the particles in the le
current sheet bei eater than the speed L
ne greater P ) 2N
of the pinch point along the axis., As a ';-‘5*;";:'5}_'71_5;{:’;{:;
‘\ o

result the pinch breaks up before it is

formed and the current does not extend axially

ST o ko>

B - - - - iy

as far as the ring electrods. [:___- —_— -3
Te—T - - 3

The most satisfactory mothod of
chocking this hypothesis would have beon to map the magnetic
field in the driving section. However duc to the lack of
reproducibility it was decided that the results obtained would
be difficult to interpret and might lecad to erroneous results,

as due to the breakup of the pinch azimuthal symmetry in
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this region was unlikely.

It was therefore decided to follow the previous workers
and lock for the formation of trapped current loops. A small
Blowett coil of 950 turns was wound ovs.. bhe %op of a 1 nm.
diameter plastic insulatcd wire. Onoe end of 1'.: coil was
soldercd to the ineide conductor of the wire to provide a
return, Initially the coil was insulaied by painting with
Araldite. Unfortunately this proved ineffective and the coil
had to be covered with insulating tope. The coil was
electrostatically screened with a thin coating (less than the
skin depth) of "Silver Dag". It was mounted in a thin glass
tube inside the discharge tube al a radius of 1.3 cn., The

coil was positioned 8.5 ecm. from the ring electrode.

It proved very difficult to eliminate pick-up from the
trigger pulse reaching tho coil and overloading the differential
input of the Type G plug-in unit used. However by integrating
the signal a satisfactory noise level was obtained. No signal
from the Blewott coil coincident with the photomultiplier
at the samc point was observed under any conditions. As the
ccil was capable of detoecting signzls due to axial currents
of less than 1000 amps. it was considered that if trapped
current loops oxisted thoy must be smaller than this value, This
corresponds to a magnetic field enl1l000 gauss which is smaller
than that observed by Scott and Wenzel (1959) ond by Guhart

and Morita (1965).
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Wo may therofore conclude that alihough the results are
somowhat inconclusive it is unlikoly that in the author's gun

curront drive plays any significent role in accelorating the

plasma.

The lack of trapped current drive found ia this
oxperiment is of considerable importance in elininating <vhe
possibility of trapped current driven suucr. waves (Pugh 1962)

briefly mentioned in Chapter 3-

= S CURRENT
TATH

Ececropes

The system described by Pugh is shown
in Fig. 5 v. In essense it is very
similar to the oporation of a gun with

self-crowbarring (Chapier 3). F!ﬂ 5v

The condition for significant current drivu is easily derived

from the snowplough system.

If we average tho magnetic field over a cross section $

J‘Bz/ands = %:;(mv) (3.1)

Where A is cross section of the tube.
B the magnetic field.
n tho mass of the blob.

v thoe speed " " M
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Now m = m, + ijvdt (3.2)
2 To 21 2% i .
ME L B ggts x In ()T e (3.3)
.2 T (344)
= /100 o (og)
Where the curront is assumed to bo concentrated in a small
filament radius T jess than tho tube radius Toe
v d—m. + miY. —.jf.los(‘rg ) (3‘5)
dt dt 100 /r1
ﬁ%% reprosents the effect of mass collection on the speed
of the blob. Thus if current drive is signiticant
2~ 100pAv° T (3.6)
i / Log( °/y ) y
1

In other words the megnetic energy density bekrind the front

mst be of the same order as the kinetic energy density.

Under the typical conditions s

Po
\'

1 mm.}g gas pressure

2 cm(%s.

ro = 2 Ch.

1]

in hydrogen

i —~ 104 axnps.

for 0/&1 ~ 3
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As currents of this size would be easily detcocted by the system
used we nust conclude that they do not exist and that drive due

to trapped currents in our conical gun is insignificant.

4o Conicael Gun with Axial Magnetic Field,

In an attempt to inhibit the pinching action of the gun
and thereby prevent tho fermation of a plasma blob an axial

magnetic field was applied within the discharge section of the

gun.

The magnetic field was provided by a 25 turn coil constructed.
as described in Chapter 2. The coil was wound on an "Araldite"
epoxy resin former to permit photographs to be taken through it.
To prevent shorting of the field by induced currents within the
roturn conductor, the latter was split into 6 separate leaves of
copper instead of the usual gauzme. Viewing of the discharge was
through the gap made by removing one leaf. Although this
presunably distorted the discharge, no asymmetry was obsorved
and its affccts were assumed nogligible. The ficld distribution
inside the gun prior to discharge is shown in Fig, 5 vi. The
effect of induced currents in the ring electrode can be clearly seen
from the drop in the field in this rogion. It is suggested that
ay future device using an axial field should incorporate a split
electrode. Any possible loss in symmetry of the discharge would
be more than compensated by the improved wniformity of the axial

fielde In the author's casc such a modifiXcation was deemed
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inadvisable due to the practical difficulties in modifying the

apparatus. The distribution of axial and radial field

conponents across a cross section is shown in Fig., 5 vi (b).

Let us now consider the condition fev flux trapping and inhibition
of the pinch. For the purpose of this calculation it is
convenient to use tle simple picture of a cylindrical current
sheet collapsing into a region in which iisre exists a uniform
magnetic field. The field at any point inside the sheet will

be the result. of two effects @

Flux trapping

3B . B eL (4.1)
(at)flux trapping T (gt)
Flux leakage through the shest
B . _ - )
(g—t)leakage = ,,V?B (4.2)

If the axial field outside the boundary is small

v 2B -~ -B/X2 (403)

Where x is the thickness of the sheet

2
and n = 0/4“0

Qar
ft

conductivity of sheet

aB 2 o2 g (4.4)
3t = =L 4qoX T ] i
Where V is the radial velocity.
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Thus if flux trapping is to occur

c > rcz/&t sz (4'5)

The thickness of the sheet measured from photographs -~ .5 cm.

If
2 cm

3.1060m/s.

B
non

2 (40 6)

6 > 10 mho/cm,

This cendition will be satisfied only in the later stages of

the collapse.

The collapse will continue until the megastic pressures
inside and outside the sheet balance if flux trapping is
significant, i.e.

IBill = |B°il
(in the case of no field the balance is with the gas kinetic
pressure). The trapped flux inside thoe sheet will then tend to
leak away, heating the plasma., The energy of the pinch
initially in the trapped field is thus transferred to the gas.

The gas is heated and escapes in the way described in Chapter

4. The leakage time of the flux is given by ¢
2
T oo 4noxT/2 (4.7)

A further retardation process is associated with the form=tion
of Hall currents in the current sheet which roact with the
radial field components to rcotard the sheet#*

¥I am indebted to Dr. Haines for this suggestion.
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Consider the situation shown Fig. 5vii.

The curront j will have a component 8
in the 4 dircction normal to the plane of o ¢ ‘
Fys Svi
tho paper duc to the non-scalar conductivity
in a magnetic ficld. The direction of iiu. curr.at jawill
be given by EABA .3 | where E is the

electric field.

Duc to these currents in the 9direction chere will be an

axial force on the current sheet:

, (4.8)
Fz = —JeoBr/c
With the configuration shown in Fig. 5 vii this can be shown to
be in the -z direction, i.e. reprczenting a force opposed

to the motion of the blob.

A field of the form shown in Fig., 5 viii

ELEcnRe»afﬂ\\g

would accelerzte tho sheet in the direction of the

blob motion but presents practical design
difficulties necoessitating the constructién
of a split ring electrode. y
Fig S Vi
The proposal is however open to the objection that the
current shoect acceleration of the shoet is only large onough
near the axis to account for the measurcd plasma speeds. Thus
if tho pinch is inhibitoed by the magnetic field the current shoet
cannot be expectaed tc be accelerztod sufficiently to account for

the outgoing plasma velocity i.e. tho curront sheet theory
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of formation required to obtain Hall acceleration of the

blob is not walid.

The effect of the axial field was investigated using the
framing camera. As with the systom with .t th- Ffiold the
gun was still very irreproducible, oliminating uae possibility
of meking a detailed survey of the field inside the gun which
would be required for a complete unders.wading of tho processes

taking placo during tho discharge.

Typical framing pictures with and without the field are
shown in fig. 5ix, under the same oxternal conditions. The
following differences should be noted
a) Absence of pinched gas colurm with fiold.

b) Delay in the arrival of plasma blcb with field.

c) Nearly planar front of the blob with applied field
contrasting with the hemispherical front without.

d) Slower moving blob with the field. The retardation of the

blob is more pronounced at lower pressures.

These differences are in general qualitative agrocment
with the picture of the operation of the gun prosented above.
The dolay in formetion of tho plasma blob with the ficld applied
can be ostimated at about %-ps. Using (4.7) this gives a
conductivity ~ 200 mho/cm. which is sufficient to obtain

appreociable trapping.
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The different form of the front of the blob can be

easily understood when it is remembered that the gas to form
the blob without a magnetic field comes from a narrow
column in the centre of the discharge tube, whereas with the

ficld the region of heated gas is larger -nd mxro diffuse.

It is to be expected that the final plasma bleb would
bo somewhat slower when the pinch is inaitiszlly restricted as
gas will escape during the heating process ~ though the
trapped field will tend to inhibit the loss rate (Wright and
Philips 1960, Roborts 1960). However, if tre conductivity is
high the plasma blob may be formed before tho trapped field has
all diffused away. As the conductivity is oaly weakly
dependent on the number density one might expect this
olectrical resistivity to be less in cases of low density,
where due to the faster motion of the sheet heating from
inelastic collisions and consequently temperature will be
higher, In evidence for this is the presence of a diffuse
pinch on the framing photographs taken at 5 mm. Hg. gas pressure
i.ae., the conductivity of the sheet was not sufficient to cause
field trapping. The spoed of the plasma blob under these

conditions is nearly the same as that without the field.

It is predicted from tho theory outlined in this section that
roversal of the direction of the field inside the gun should
produce no change in the formation of the plasma blob.

Photomultiplier records within the limits sot by shot-to-shot
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reproducibility confirmed that this was in fact the case.

The application of an axial magnetic field can cause a
significant improveoment in the shape and structure of the plasma
blob, but the gun still suffers from the general lack of

reproducibility apparently inherent in this type of device.
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CHAPTER 6

Ixperiments with Coaxial Systems.

l. Introduction.

In an offort to discover a more reproducible type of
plasma source & modifiod coaxial gun, without the contral electrode
was constructed. This gun was roeproducible 50 cm. down the
expansion tube to 10% in all the plasma paramctors moasured
(Chaptor 7). However although it was suspected that vhe
operation of the gun was similar to that of a coaxial gun
with the centrzl clectrode replaced by a pinchod filament of
gas (o.2Lovberg 1965) it was thought that tho device merited

further study.

A gpun was constructed with 2 perspex barrel and gausze
electrode (Chapter 2) to permit viewing of the discharge.
This gun had the advantage that it fgtgs readily adeptable
to take any clectrode peir required, and a series of
comparison measurements with a 30 cm. coaxial gun were made.
As these latter observations are mcro easily understood and
may be directly related to the calculations of Chapter 3 they

will be considered first.

It soon became apparent that the new gun did not
work as a coaxial systom and in fact paramoter studies of
both the new and the old cuns of this typo gavo difforent
rosults (fig. 6xvi). The problem was still further complicated

when it was found that the device was unstable and that the
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current sheet "spoked" (Gooding et al 1963). Despite this a

qualitative theory in agrecment with the observations is

proposed which accounts for these differcences.

2. Luminous Front Development in the Coaxial Gun.

A typical streak camcra photograph of the coaxial
gun with 30 cm. eloctrodes is shown in Fig. 6i. As can be
seen the plasma blob is only accelerated for a short time
before reaching a steady speed at which it is propogated down
the tubc between the electrodes. Behind the first front is a
second cne starting about 7 ps. later. This is formed by a
second broeakdown across the insulcator a2t the back of the gun.

Tho condition for this is ¢

d /.. di .dL (2.1)
Vb < d_'t(Ll) = Ird-_Tt;.-+1E'E

{here Vyp is the breckdown voltage across the insulator.

But

V -~ velocity of first blob.

LA - N (2.2)
The curront through the first blcb is short circuited
by the second (Chapter 3, section 6) and the front is driven
by the magnetic forces due to the trapped current. This
situation will be considered in more detail when wo discuss the

results obtained by mapping the magnetic field in the gun.
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Fig. 6 i Streak photograph
Coaxial system
15 kv 1 mm Hg Hydrogen
2 cm/ us.

Fig. 6 iv Magnetic probe signal
coaxial gystem
Upper beam probe 5cm from
insulator
Lower beam: photomultiplier
2 ps/cm.

1y O inree traces

v/ il
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In Fig. 6ii is shown a plot of the steady plasma speed

from the streak photographs against V%/ for a range of bank
press wre P
voltage, V 10 — 15 KV and densityr % - 5 mn. Hg. on a log-log
plot. The graph is a straight line of gradient 1/5. However
: i
it can be seen that within the limits of error vugvz/ ¥ is
P

also a satisfactory fit.

Using the results of Chapter 3 section 3, we have for
small times and small initial mass (an assumption which will be

verified later) from (3.16).

2 2 '
x = ALV 2] (2.3)
) ° /12L1m1(L0/L1)
2
dx v 24t (2.4)
d—'t= v ='\/[Ll [o} /3!111110 ]
Now if the dominant term in (2.2) is the first
ioeo V oA X L g’-j'—

b ~ c ldt

i.e. the second breakdown occurs during the second quarter
cycle (there is good evidence for this from the magnetic probe

results). During this time 3

di
ax -~ const.
x ~ const.
= Xc (say) (2-5)
L[5V 2 % 6)
v, = 2l /12m 1, 2 1%, (2.

_ 2 %
i.e. VP o (VO /p) (2.7)
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which is in reasonable zgreement with experiment.

It should be noted that use of (2.3) is not strictly
justified as the discharge swings. In fact one should use
equn. (3.26) of Chapter 3, but manipulation of the mathematics

is difficult, and the result essentially the same.

1
This result contrasts with the (V2/ )2 dependence
P
found by several workers (Chang 1961, Dattner 1959) where

there was no effective crowbarring.

In fig. 6 iii is shown a plot of luminous front
position against time measured with a photomultiplier. As
can be seen the velocity is approximately constant at 5 cm/Ps
after the blob has travelled aboutbem. down the tube. The
ambient gas pressure was 1 mm. Hg. and the bank voltags 10KV,
From this we may calculate the initial collection rate and
mass of the blob if we assume equations (3.23) and (3.26) of
Chapter 3 to be valid.

We have the following values @

= 6cm. = 2ps. = 5cm. /ps.
Ll 21og( 2/r ) = 2. 8nh /cm.
2n/r = 2né10 4;10 = 6.15 x 105 rdn/s.
i = 8.6 x 10" amps.
substltutlng in equations (3. 23) and (3.26) of Chapter 3

we obtain ¢

-5
m o+ 6m1 1.5 x 10 y (2.8)

m + 3m 7.3 x 10

i
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whence
m

1 (2.5 £ 1) x 107 gm. /cn. (2.9)
m

X 0 (*3x10°) em.
At an smbient pressure of 1 mm. Hgz.

6

]

(2.10)

|

pa

2 = density, A

2.2 x 10~ gm. /cm,

cross sectional area.

it

The agreement between these two calculated masses

indicates two facts @

a) The mass of insulator evaporated off during the first
discharge is small.
b) The collection during the early stages of the motion is

nearly complete.

A similar calculation to ostimate the mass of the second
blob is not valid due to the trapped field in front of it which
will exert an appreciable pressure to slow the blob. This will

be discussed in moro detail in tho following section.

3, The Motion of the Ground Sheet in the Coaxial Gun.

The development of the current sheet in the coaxial gun
was studied by measuring the magmetic field at two radial
positions along the gun. The field was measured using a small
probe constructed as described in Chapter 2 of 42 turns on a
1/16" perspex former., The probe was insulated from the discharge

and consequently it could be used to measure both B;;"'and.Be

simply by rotating the wnit through 900. By reversing the probe



- 133 -
and comparing the signals ihe electrostatic pick-up level
could be estimated. If tho gun was carthed it was found that
the lovel of pick-up - excepi from the itrigger pulse -- was
much loas than the signal level. The ringing frequency of
the system was 8 Mc/s £iving a probe rise time¢~'1/10 Ps.

The probe was Fed into a terminated line and the output signal

integrated with a “ime constant of 20 ps.

As it was not possible to measure azimuthal symmetry
with the probe mounting used, the check on this assumption was
provided by measpzing Bpe It is easily seen that if @ '

Bp < By (3.1)

ab two azimuthal positions (unless there is a very
exceptional current distribution) tho current sheet must
possess azimuthal symmetry. Use of this condition enables one
to calculate the axial current i flowing throush the cross

section specified by the radial position of the probe 3

i = 531" (302)

axial current (amps)

‘_lc
\

azimuthal field (gauss)

[vs]
il

radial position of probs (cm.)

H
1}

It was found in the coaxial system that the condition (3.1)
was obeyed at all positions. However it must be pointed out that
observations were only made at one set of external conditions
(pressure 1 mm. Hg. bank voltage 10KV), so that tho non-appearence

of the "spoking" instability (Chapter 3) is perhaps not very



surprising.

A typical probe signal is shown in fig. 6iv. One bean
shows tho magnetic ficld signal and the other tho output from
a photomultiplier viewing the plasma at the same axial
position via a perspex light pipe. As can be seon from the
trace the luminous and current fronts coincide. The
results obtained in the previous soction can therefore be
dircctly applied to the current shoet. F&g.élv also illustrgtes
the reproducibility of the device, which cnabled a complete

map of thc magnetic field during the discharge to be made.

Tho dovelopmont of the current sheot is shown in Fig. 6v
at two different probe positions. The current flowing through
a loop of radius given by the distance of the probe from the

axis may be calculated from (3.2).

It can be seen from the plots that the current sheet is
not plane, being curved convex downstrean towards thc axis.
As the magnetic pressure BZ/BWH is much larger near the
axis we may expect that the gas will be accelerated more near
the inner electrode than the outer. The curves for increasing

time indicats an increase of the slope of the front with time.
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This problem will be furthesr considered later.

In additioa to the presence of axmal curvent curponei’s
at the front the failurc uf equation {3.2) %o be satisfied
behind the front reveals the presence of an axial current in
this region, flowing in the reverse direction to that in the
central electrode. Such currents have also been observed by
Burkhardt and Lovborg(1962) Heywood (1965) (in devices with
central electrode negative) and Keck (1962). They were explained
by Burkhardt and Lovberg as a result of the failure of the front
to accelerate the clectrong, although the ions travel with
the particle speed. This causes a positive axial current

contrary to that observed in our apparatus.

Heywood has suggested two further processes which may

cause axial curront behind the front @

a) Electric ficlds due to the V'I,I\Be component of the Lorentz
force. It will be shown that if Vy exists it is probably
outwerds, away from the axis. In this case V,°Bg is in

the positive z -~ diroection, i.e. the current is again opposite

in sign to that observed.

b) Due to axial variations of the flow velocity bu'l-/b there will
0L

be axial gradients of the radial elcctric field in the

laboratory frame, which may be balanced out by current loops in

the gas behind the front.
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The magnitude of this effect is difficult to estimate
so that we cannot distinguish between it and the results of
Hall cuirents in *the plasme (Bostick 1953). Ve may simply
estimate the rotation of the current vector caused by Hall

offects. In this case it can be showm that

JZ/J = wT . (303)

e el
r

where y is the electron. cycloiron frequoncy

we - 1.8 x 10! B sec"l

and ¢ei 18 the electron-ion collision time

1,51 /2
T 15T

/n log A S8C,

Typical values for the experiment are :

'l""‘IO5 K
n‘v1017 /cc. 1ei ~ 4.5 x 10_'11 sec.
and B~ 5 x lO3 gauss

wéﬂei i 4

In view of the fact thaﬁwé‘ei_is only kmown to an order of
wmagnitude we may conclude that the agreement is satisfactory
and that Hall currents may be invoked to cxplain the presence

of axial currents in the reverse z dircction behind the front.

The slope of the actual current sheet itself may be
measured from the different arrival times of the plasma at
the magnetic probles. At time 4 ps. the sheet was normal
to axis, howover by 7 us, the front is sloped a2t an angle of
about 30° to the normal at the inner electrode, convex in the

direction of motion. This inclination of the current sheet
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is to he cxpected as ihe nagnei.c pressure aear the axis is
much greater than near the outer edgs of the Jischarge and

will be considerced in more datail ja ascebion 4.

The secondary breakdown can also be observed in fig.
6v. After 5 us. the bank current has nearly fallen to zero
(5.2 PS° half period of the discharge). However, the
magnotic field in the gun still shows the presence of currents
flowing in the plasma. We must therefore postulate the existence
of an independent current loop formed between the two electrodes
by the first and second plasma blobs meintained by the energy

stored in the magnetic field between the two blobs.

The structure of the return current exhibits an
interesting feature. At both 5 and 6 us. the field near the
insulator wall is larger at the larger radius than the smaller,
From (3.2) this must mean that the axial current through the
smaller cross section is less than that through the larger,
i.e. we have a current distribution of the form shown in fig.
6 viii. The current is thus inclined to the  ._Ouier gtlecfada
axis in the same manner at both the front and \\<£ \\X
back of the current loop. =l &

Favase A2 Chrotle
Fis 6 vili

At times > 5 Jis. one may use the momentum balance squations

winTor

to estimate z momentum transfor factor. If all the particles

accelerated reach the spesd of the sheet this factor would be
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the mass co.leciion ra’in.

o %-E(mv} = § 8% s (3.4)
Now B = Ei'/w (L s Curent n —£ . .wl)
After ?Ps. %%'= 0 (section 2)

avsy _ 1% 10e(Te/r) (3.5)

Where m is the mass of gas swept up by the sheet

g—{:—: va = e V(I‘22-—I‘12) (306)
a = %;}322 log(r2/rl) (307)

Where By is the field at radius r,,

At ro = 1.5 cme we *uvxd, ‘Q’CF-LV'\NV\-LV\,'\—O.L\J ,

Bzmax = 4.2 kg, at 5 ps.
= 2.Tke. at 6 ps.
s rl = .6 Ci,.
wie 34,13
NV‘CL- ) 30
a = o2 ;o;t't = 6}13.

These factors do not necessarily represent the mass collection
rate of the plasma driven by the magnetic field, but simply the
ratio of the average momentum transferred to the particles to

that if the sheet _acted as a plane impermeable piston. Only

if the sheet were plane and all collected particles accelerated

to its velocity would Y be the mass collection rate.



-14_0__

However as of 25 meuoted drer $he incer bBali of the gun
we nay assame that the {vend® desc fot 23t as an impermeavis
pistorn & shal ary athengt To apply t2: snovproough reliacions
to thrs sithaiion ~ill lead Lo erroncous .resulis. The

failure of the momentum balance condition
Outey electnde

is probably due to glas flow along the surface
' Go.s {low

frowt
L ner Lleckrode

front (c.fe Fishman and Petschek 1963) as shown

in fig. 6ix. This situation will be
considered in more detail in the following

v freme of movumg
section. wt

Fa 6
Nevertheless it should be pointed out that the particle
velocity and the current front velocity are the same, since
there is no change in the speed of the luminous front as the
plasma leaves the electrode region and the current rapidly falls
to zero., However behind the front is a considerable volume of
hot ionised gas in which the curremt continues to flow, although
this region is not as luminous as the front, presumably because

of its lower density and temperature.

At times t X5 jps. calculation of o in the imer region
gives @
a >1
as the velocity of the front does not increase we must assume
that there is either :
A momentum transfer to the outer walls where the megnetic

pressure 32/8“ is smaller
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of the front is unstable wiin the imer part ntravelling

faster than the outer.

Tn fect boih ihsse Themomena protavly oucur and = atable

stoady staie frcnt is unlikely to be established.

In view of these results one may see the danger of
assigning to the blob a mass given by the valume of gas in
the tube. In fact the mass is probably less than a quarter

of this maximum value.

The late time development of the magnetic field is
shown in fig. 6vi. The basic features are much the same as
in fig, 6v. Three blobs may be observed, all exhibiting

much the same qualitative features as the first,

In the region well away from thefront the relation
(3.2) is obeyed ~ providing a check on the radial positions of
the probe at this cross section. I+t should also be noted that
the field is reasonably constant in an axial direction well

behind the front, and falls to zero at the end of the electrodes,

We may estimate the resistance of the plasma by measuring
the decay of the magnetic field. Strictly speaking we should
congider a distribution of current through the gun as in
Chapter 3 section 4(b). However, in order to obtain an order

of magnitude it is sufficient to consider the current flowing in
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thin sheets at the end of electrodes and in the socond plasma

blob. In this case we have the followlng circuit equation

%_E(Ll) + R =0 (309)
but
L = Ll(xo—vzt) = L1v2(1-t‘) (3.10)
L1v2(1-t'¥3%-+ (R—lez)i =0 (3.11)
i = if[1- 8 ]_(lnR/ Vz) (3.12)
© T

Where 1{’ is the time after the second blob leaves the insulator,
Vo is the speed of the second blob - assumed constant.

va lue
T is theAt? at which the second blob reaches the ond of the

electrodes

iy = 1 (t£=0)

Vo 3.67 cm//us.

1 = 10.5}13.

Ip = 2.8nh/cm.

A log -~ log plot of B 5 acdnst (-4 js showm in fig. 6x.
As can be seen a reasonzble straight line can be fitted to the

points giving ¢
o~ 7 13 .1
P x (T-t/, (3.13)

K/ 0 .'3 (3.14)

K ~S S x ’O- s (3015)



O.5

ﬁcj 6X%

Decay of magnetic field
behind current front
Coaxial gun

Ordinate:-  Bg af radial distance of

1.5 cms off axis ‘

Absissa:- time' ( pusecs) with arbitrary
zero as defined in texf

- iy~



- 145 -
If the conductivity of the plasma isg the plasma

resistance

R_p = log(r2/r1) 1 ( .16)

Where 1is the thickness of the current sheet.

If R~R
D

7ol ~ 2 x 102 (3'17)

¢ ~ 10 mho/cm. (3.18)

The resistance of the gauze electrode was .3m'w
i.e. much less than R. We must therefore conclude that the
relevant plasma conductivity is ~-10 mho/cm. As this is much
less than that expected of the plasma blob we must conclude
that resistance of the gas remaining behind the first blob

is high,

4., Gas Flow Round a Curved Current Shest.

In the calculations of the motion of the plasma blob
in a coaxial system it has 2lways been assumed that the driving
piston is plane, so that there is no gas flow normzl to the
piston. However in this system the magnetic pressure 32/811‘
varies coneiderably acrcss a cross section of the gun. This
will cause the central region of the discharge to be
accelerated more rapidly than the outside, causing a ocurved
fronts If we assume the front is impermeable to the particles
in the ambient gas, through which it moves, it can only

accelerate them normal to its own surface and thus give them a
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component of velocity along the surface of the sheet in its
o frame (due to the initial motion in this frame). The
gas may thus flow along the surface of the front until it

reaches the wall and then flow bohind the sheet.

We shall consider a steoady state solution.

The situation is shown in fig. 6xi.
In the rest frame of the driving
piston gas flows into a surface layor

with speed u parallel to the axis,

at a densityp' . Inside the layer

the gas flows normal to the piston with velocity v at a

density o

Consider a small section of the layer. In this section
we must satisfy the equations of continuity and momentum
conservation. The surface of the layor are specified by their

distance from the axis r and »+&
We shall assume that the system has cylindrical symmetry
and that the gas is inviscid

The equation of continuity gives @

lg—r(vaI‘) = p'u (4.1)

B

Momentum conservation transverse to tho gheett

2

%. pvAT) = pluzsin 9 (4.2)

il
2
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Momentum conservation normal to the sheet ¢

p/cos\‘) - p'ufcoss - pvzﬁg% (4"3)
(4.1) may be integrated to give :
pvir = Loru(x® - ro.z) (4.4)
Whereb- 0 at r = T,
Substituting (4.4) in (4.2)
(o PN = u sing (4.5)
From (4.2) and (4.3) we have @
P/cos\‘) .8ing = %—cose (-di-x-_( WQAI‘) - pvzﬁsing%‘g
= %g—l‘(pvar cosg) (4.6)
Now P = poroz/rz (4.7)

Whore po 18 the prossure at the point o defined by A =0

2 d 2 .8
p, T, tad = ITI"(QVAI‘ cosy ) (4.8)

Transforming to new variables:

4
8 = [ sing dt t = r2
% /.2
o o
(4.5) becomes
%.‘—b[v( ‘b—l)] = usin & (409)
v(t-1) = us (4.10)
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and (4.8)
Po/t tang = 2%—1—;-[%;) w(t-1)v coss] (4.11)
= p'u2 %g(s cos g) (4.12)

Writing a = P°/p'u2

(4.13)
tand d . 49
_a__%ag_w = cos$ a% - sing 3¢ .8 (4.14)
Now
ds .
ay = o (4.15)
2 L
d" s de
—5 = cosd ko
(4.14 1;becomes:
ds 2 d%s
2/t - D-(EI- "2 (4.16)
d ds
= 1~ ?1_1;-(5?1'1';') (4.17)
At t =1 8 =0
532 - (t-1) - a logt (4.18)
z
and, 2 - Ht-1) - at logt + a(t-1) (4.19)
Lt s° = Lt [At° - 2a(1+0t)(At-20t54...) + 28017(4.20)
t el At—aD
= Lt Mt%(1-2) ~— 0O (4.21)
At—0 5
4 Lt At - a(At - $0t° + ...)
Lt 28 = a0 (4.22)
t~+1 Lt =bt4(1l-a)
At =0

= 4—-“‘(1 _a) (402'3)
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ool
ij.ee if d8 >0, 3>0 ad.d8 <0 | S0 a3
dt " at
expected since s = { %% dat provided a ¢ 1
1

However a most important case is provided by a = 1.

In this case :

It s = It 1/3aAt3 (4.24)

t-~1 At—~0
and we see that only values of + > 1 are permitted or our

mathematical solution breaks down. Physically this is due to

a failure of the pressure balance equation (4.3).

We are now in a position to discuss the physical
solution contained in these results. The solution of
importance physically is one in which the front is convex in the
direction of motion, This is the solution given bj d's/dt > 0.

Ass S > o and @

= ) (4.25)

flow is away from the central electrode =nd we may specify t =1
(a= o) at this point. Notice from (4.25) that only in the case
of a =1 is the gas flow velocity at the electrode zero in the

frame of the front.
. . Gs .
The other possible solution at < 0o inWolves s < o and
gas flow towards the central electrode. The assumption A= o
at this point is therefore invalid. However, this case, with

the front corkaVe in the direction of motion, may be considered
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by placing the point t+ = 1 at the outer electrode. If this
method is used care must be taken to ensure 48 #£: o * in the
region between the electrodes or the solutiog#will break down as
shown above. As this does not represent a physically possidle

gas flow we shall not discuss it further.

It is evident that both s and d?/dt are continuous fer
for t > 1 provided 25/dt > o at + = 1.

This condition requires

ac 1 (4.26)

~

i.e. Py < p*u2 (4.27)

Condition (4.26) implies that the magnetic pressure at the
central elactrode is less than the gas kinetic pressure and
the excess momentum is carried away by the gas flow along the

shest,

The sheet in this case meets the electrode at an angle
given by @

. d .
Slne = a—:' = »\f[l — PO/p'uz:I (4028)

The results of Hart (1%5) are immediately interpretable
in these terms, Hart found that the gas velocity could be
predicted by the snowplough relations provided only a narrow
annulus near the imner electrode was used. We have shown for

the steady state case that the velocity of the front in the

laboratory frame (u) is given by 3 u s d1po/ )

*¥ It is easily shown that +this (4.29)
is equivalent to a = 1 at this point.



- 151 -~
We have not considered the case of the accelerating front,

but it is likely that if the pressure remains constant the
steady state will be established at the first opportunity, i.e.

at the lowest speed, given by :

= (pg) (4.30)
with the front normal to central electrode. This is the
situation found by Keck (1962). .The latter authors adopt a
model similar to the one used here but neglect the effects of

the third term in equation (4.3).

It is immediately apparent that the factor ¢ of

section 3 is related %o a.

1 2 ' '
a = 5B “logi 2/1‘) o'
450 1 /puz[(rQ/I‘l)z“lj
(4.31)
2
a = B
° /811;[;)’\.12
T 2 '
o = al(e/ry)? -1 (4.32)
[ 1 ]/210g(r2/1‘1)
wkev\ce_fmm 3.8) .
a = 9 at 5p s,
a = .4 at6ps. (4.33)

Thus we seo that as the driving pressure on the front £alls
due to the decrease in the magnetic field the blob rather than
slow dowvn becomes more elongated allowing greater gas flow
along its surface. Application of the results of the analysis
of the crowbarred system (Chepter 3 section 6) to the practical

case could vherefore lead to erroneous results, particularly during



- 152 -
the retardation phase.
A plot of the profile given by (4.19)for the case
a = 1 is shown in fig. 6 xii. Although reasonable
agreement moy be expected between theory and experiment near
the axis, carc must be used for large values of r/roas flow
through the sheot near the outer electrode must be expected

to distort the profile.

Atr/ro = 3 the theory predicts that the sheet should be
inclined at an angle of 60° to ihe axis. In faci experiment
gave a value of azbout 300. The discrepancy is probably due
to the failure of the system to establish a steady state and
it must be concluded that a time—dependent solution is

required, despite the mathematical complexity.

It must also be remarked that although a collision
dominated plasma the driving gas may be expected to act as a
solid piston if the pressure difference across the interface
is large, this assumption has not been ohecked, and in fact
the results of Burkhardt and Lovberz (1962) may render it of
doubtful validity. However the experiments are not directly
comparable as the latter authors use a device with pulsed

gas injection with the consequent variation in density throughout

the gun.

5« The Modified Coaxial Gun Without Central Electrode.

In view of the strong dependence of the inductence/unit
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length and hence the driving force in a coaxial gun on the

diameter of the central electrode, it was thought that a device
using a pinched gas column instead of the usual central
electrode would produce faster plasma blobs (and should
incidently be cleaner). The first gun of this type made had

a solid outer electrode made of copper (Chapter 2) and gave
blobs reproducible to 10% down the oxpansion tube. A

log-log plot of the blob speed v against v2/p (fig., 6 xiii)

gave a straight line with 3

&
2

2
v v
s (V4
in excellent agreement with the predictions of the snowplough

model.

However due to the construction this gun was not suitable
for a detailed study of the formation of the plasme blob., A
second gun using a gauze outer olectrode and perspex barrel
(Chapter 2) was constructed, The gun was designed to allow
photographic and magnetic probo measurements to be made of the

discharge.

A typical framing camera photograph of the discharge is
shown in fig.6xiVv, The discharge can be initially observed
to have a fairly plane front. However, as it moves up the
electrodes the central part pushes ahead of the sides due to
the larger magnetic pressure necar the axis., After moving about

T cm. the discharge becomes unstable and the head of the
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pinched column bresks eway to form the plasma blob, The

apparent luminous front behind the major front is spurious
and is due to light emitted by interaction of gas with the

perspex walls of the gun.

Magnotic probe measurements indicate that the discharge
is similar to that in the coaxial gun for the first 5 cm.,
i.e. an axially symmetric discharge moving dowm the tube.

However at 6 cm. the current trace becomes irreproducible
and B, components appear. It is thorefore assumed that
"spoking" has occurred. 9 cm. down the tube the field at

1 cm. radius is very small. However at 1.5 cm. radius and a
different azimuthal position the field is large and reversed.
At 1.9 cm. radius and a third azimuthal position the ficld is
in the corrcct direction but rises earlier than at 1.5 aa.
The field at this position is fairly reproducible (5%)

12 cm. from the insulator the field is small and in the samo

direction at the three field measuring points.

The qualitative picture of the current distribution is

showm in fig.6xVe
Time

o @ ® @

| —— — CUKKE‘NT
TATH

131
{

4 EigcTrooEs




~ 158 -
It must be omphesised that this picture is purely qualiilsvive.

Due to the instability it is impossible to mzks any quantitative
measurcments without = complete map of the field distribution
inside the gun. It is interesting to note that the spoke
apparently formecd at the same azimuthal position each time, though

no irregularity wzs apparent on the electrode.

We can now see the essential features of the oporating
mode of this gun. In the early stages while there is a stable
discharge gas is collected and accelerated by the current sheet.
During this stage the pinched central column of the discharge is
formed. The gas for this must come from the ambient gas; so that
the front must have a2 shape similar to that shown in fig. 6xvi.
The gas flow is as shown in the diagram and it
is immediztely apparent that the front will
have good ms collecting properties necar
the axis. PFlat fronts similar to these FLS ék\”
are found in the early framing photograghs (fig. 6xiv).
However am the front becomes stoeper the gas flow into
the pinch will become less and the column may become unstable.
Boefore this occurs the discharge "spokes" and the current
bocomes concentratod in z narrow filament. The bulk of the
front now has no drive and bocomes separated from the discharge
to form the plasma blob. The pinched column also bscomes
unstable duc to the lack of gas flow into it and a diffuse

formed,

column is founrd by the spoke which moves down the tube off the

axis as showmn in fig. 6 xvi The spoke will lag behind the
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blob as it is mainly formed in the slowly moving gas neser
the wall, whereas the blob is from the much faster flowing

region near the coentro.

In view of tho nature of the acceleration mechanism
outlined above it is to be expected that the snowplough
relations may be obeyed. Reasonable agrocment (fig. 6xiii)
was found using thoe carlier gun. With the modified gun, the
plasma blob speed was measured from stroeak photographs
just after the break-up of the discharge. A plot of v2/9
against plasma front speed is shown in fig, 6xiii, Although
a straight line log-log plot can be cobtained agreement is not
good and the gradient gives a power index of about 1/6
instead . It is thought that the lack of z2greement between
the oxpected value and that found experimentally in this gun
is due to the presence of a2 quantity of wall material

boiled off the insulator back plate at the start of the

discharge,

It will bo pointed out that this discussion raises more
quostions than it answers. It must beconcluded that furthor
work is neoeded before complete understanding of the

oper@tion of this gun is obtained.
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CHAPTER
Structure of the Plasma Blob

1., Introduction.

The electromagnetic "shock tube" was first introduced
as a source of high temperature plasma in the late 1950's.
All early work assumed that the gun operated as a conventional
shock tube and that the plasma conditions could be calculated

from the Rankine Hugoniot equations. (e.g. Kolb 1957, Wright

1959).

The first measurement made on the state of the plasma
produced by T—tubes in hydrogen (Wiese et al 1960), Helium
(Wiese et al 1960, Wiese et al 1961), Mclean et al 1960,
Barnard et al 1962) and Argon (Barnard et al 1962) all gave
values of both temperatures and densities which were in
disagreement with the theory of shock heating of the gas. The
discrepancy was accounted for by considering heating of the gas by
U.V. radiation from the discharge (Wiese et al 1960, 1961).

In general the results gave higher temperatures and lower

eleciron densities than thoae calculateq.

Stimlated by this work Cloupeau (1963) carried out a
series of experiments degigned to identify the contact
surface and shock front in T-tubes, In these a
collision between two similar plasma blobs was used to
identify the existence or otherwise of the cold shock wave

preceding the blob. By using a driver filled with a different gas
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(0.9
from the ambient one in the shock tibe. Cloupeau was able
to show that the plasma in the tube was the expanding driver
gas, Cloupeau concluded from his studies in air, introgen,

argon, helium and hydrogen at pressures 0,1 to 10 mm. Hg.

that ¢

(2) The shock front and the comtact surface coincide up to
distances from the driver which become relatively greater
as the pressure is decreased and the condenser voltage

increased.

(b) In cases whore the shock wave is detached from the driver
gas the light from the shock hoeatoed plasma sometimes remains

negligidle compared with that from ihe discharge heated gas.

(¢) In every caso part of the driven gas passes bshind the
front of tho discharge plasma : it then becomes luminous in
contact with this plasma, even if the shock wave has not

notadbly excited and ionised it.

Cloupcau's work was further extended by Jeanmaire
(1965) using schlieren-interferometer and shadowgraph
techniques to make the shock-wave visible. Again shock-waves
preceding the plasma blob were only found at high pressures

and low speeds in the T—tubes used.

However, Brederlow (1963), also using a T-tube concluded
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from measurements of flow velocities of the plasma that the
Rankine Hugoniot equations were applicable under a range
shock Moth v,

of conditions 0.15 - 2.5 mm. Hg. and M 8 - 32 in

hydrogen.

Cormack and Barnard (1963) as a result of Kerr cell
photography and a “ime resolved spectroscopic study of the
plasma blob concluded that the turbulent nature and non-
planarity of +the interface precluded any formation of the
shock wave. Cormack in a later paper (1964) further discusses
the turbulent neture of the blob and concludes that it is
the result of inertial instabilities at the interface due to

the heavy ions from the discharge.

This lack of general agreement is similarly reflected in
studies using other types of driver configurations., Chang
(1961) detected shock waves in a coaxial system under certain

conditions.

However Nakagawa and Earnshaw (1963) on the basis of a
Hs. {;rzssv»re

time resolved spectroscopic study conclude that at 50 uhgnd

thock Mach Mo, !
speeds— M 40 - 100 inHe,the plasma is comprised of ions
and electrons from the discharge. Koopmen (1964) in a similar
device found the plasma to be non-reproducible and turbulent
ahd to possess lower temperature and density than that calculated

from shock wave theory in a mixture of helium and noon at

1 mm. Hg., pressure.
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In a conical gun Fuchs ot al (1962) measured electron
temperatures behind the luminous front in helium at 1 mm.
prossure. Thornton and Cambel (1964) measured both electron
temperatures and densities at front speds 0.25 to 1 cm/}Js.
at pressures 50 p - 1 mm, Hg. in argon, Beoth found that
electron temperatures were greater and number densitics less

than thosse calculated.

From these observations we may draw some general

conclusions ¢

1) In general the plasma produced in the cexpansion section of
an electromegnetic "shock tube" is not shock heated and any
attempt to deseribe it by the Rankine-Hugoniot ogquations will

lead tc serious error.

2) Under some conditions of pressuro and front spoed a stable
situation may rssult in which a shock front may precede the
driving gas. It appears (Ahlstrom et al 1964) that provided

the plasma is allowed to travel a2 sufficient distanco the
contact surface may beccme stable., The distance required before
this occurs incrcases as the prossurs decreases and the

velocity increases,

3) Even when a shock wave is formed the luminosity is less

than that of the driver,
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4) In general where measurements have been made the electron
temperature has been greater and the number density less than
those calculated from shock wave theory though thers are

exceptions to this rule.

5) The plasma front is in genmeral turbulent and irregular in

shape.

In view of the difficulties in specifying the state of the
plasma formed by the gun it was decided to carry out a series

of simple experiments using the coaxial system to ¢

1) Identify if under any conditioas a shock wave preceded the main

luminosity structure.

2) Estimate the conditions in the plasma blob.

The first part of the experiment involved taking time-
integrated and time-resolved photographs and comparing the
arrival times of signals from 2 pressure probe and photomultinlier.
The electron temperature of the plasme was estimated from the
conductivity and the density ratio from the pressure and

temperature,

2. _Photographic Observations of the Plasma Structure.

If a shock wave were formed which proceded ths contact

surface the interaction with a plane wall should take the form
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diagramed in fig. Ti.
A

th 7i

W)
‘Refl.e ctovr

V.

Disthon el
At both the interaction surfaces - with the shock and the

contact surface the gas should be raised in temperature. As
the flow behind the reflected shock is small there should thus
be localised heating. However as the driving gas is in general
hotter than the shocked gas we might expect that the luminosity
would not reach to the reflector. or at least that thers would

be a luminosity disconiinuity neaw the end.

As thiksephenomena provided a possible verification of the
existence of a non-luminous shock front preceding the plasma
blob a series of streak photographs were taken of the
interaction. A typical one at low pressure is shown in
Fig. Tiia. As can be seen the major luminous front can be
traced up to the reflection and no cvidence for any interaction
between the contact surface and a reflected shock can be found.

SL%HUy

However aﬁAhigher pressures and lower spoeds a somevhat
different picture is found. A streak photograph taken under these
conditions is shown in Fig., 7ii b. The major front is now
proceded by a primary wave of much lower luminosity by about

R abdbove,
1-2 PS' The interaction describedpis only observed at blob
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velocities less than 2 cm/us and pressures greater than

(fvq Tiic) /
1 mn. Hg.,.At faster speeds and lower pressures although
there may be a preceding nohn—-luminous wave which originated
in the luminous front the latter does not produce any
noticeable interaction with the reflected wave of the former.
We must therefore conclude that despite the luminosity

discontinuity there is no discontinuity of flow velocity

or density(f63‘7db).

The case at low speed and high pressure is more

interesting - particularly that shown in Fig. T7ii ¢ taken at 5 mm. . °

Hg. and 1.2 cm4us. ot reflection. Here the first front is
followed by a second which is initially retarded and then
accelerates to catch up to the primary wave — behaviour
similar to that of a classical contact surface (Glass et al
1955). The third front originated at the driver during the
second half cycle of the discharge and should be disregarded.
In these cases a definite interaction between the reflected
wave and the second front can be seen indicating that across
this front is a velocity discontinuity. The form of

discontinuity will be discussed in section T.

These photographs do not however ygild any information
about the actual structure of the plasma blob. A serioes of
time resolved pictures was taken with the framing camera to
investigate this. Unfortunately it was not possibdble to

photograph the reflected shock interaction with this system. The
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photographs show the plasma blob 56 cm. from the driver.

. A typical series of photographs is shown in fig. 7iii.
The most noticeable feature of the plasma blob is the definite
gtructure associated with it. Structures such as these are
typical of the luminous fronts observed at low pressures

Hg.

( €1 mm,) and high speeds. Filaments of hot gas extend beyond

*
~

the luminous front and the general form of the front is not

plane.

H;
The series of framing photographs at 1 mm., 2nd 10 KV,

shows a somevhat different pattern., Three different fronts can
be seen. The first front, which is almost non-luminous, lacked
the structure othe Hllowing ones and is almost plane. It

was tentatively described as 2 shock front.

H
At 5 mm.i%ressure no photographs could be obtained at

10 KV bank voltage. At 15 KV. the plasma was oxtremely diffuse
and filamentary and was not at all clearly defined. There was

no evidence for a preceding shock wave.

3. Pressure Measurements in the Plasma Blob.

Pressure measurements wero made 56 cm. from the driving
section of the gun at bank voltages 10 and 15 KV and pressures ,1 -
5 mm.q;The pressure probe used was supplied by A.W.R.B. Foulness

and was type MQ20 (A.W.R.E, 1963). This is a quartz piezo-gjgctric
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trahsducer., The crystal is mounted behind a thin metal
diaphragm and there is no acoustical delay, thus the pressure
pulse and the output signal from the probe are synchronous.
The signal from the prdio is fed via sub-minature cable to
an emplifier. As the probe gives about 0.5 PPC/b.s.i.
with a cable length of about 6 ft, we got a signal of about 2.5mV/b.s.i.
As the expected pressurc is about 3 - 10 p.s.i. we need a
gain of about 100 before the signal is fed into the 'scope.
The signal was fed into a 175zxgain amplifier, rise time ~
1 ns, input impedance ~ 1Mi>. The system thus had a rise
time ~ 1 Ps. (probe response time ~1 Ps) and a fall time ~
200)us. Capacity calibration was achieved by feeding a signal
from the scope calibrator into the system via a 220 p2. capacity.
Static calibration of the probe was done at Foulness in a
standard prossure vessel, It was assumed that the static
performance of the probe was the same as the dynamic, even

over tho short times used.

As the probe was mounted 56 cm. from the discharge it
was hoped that pick-~up would be eliminated as by the time the
plasma arrived the discharge would have coased. Unfortunatoly
the initial pick~up was so scvere that paralysis of the
amplifier occurred and no signal could be obtained. However
this was traced to pick up from the Marx generator on to the
carth of the system and was climinzted satisfactorily by

winding the cable on a small ferrite toroid. Aftor this was



- 171 -

done the probe worked perfectly at nearly all voltages.

Typical probe signals arc shown in fige. 7 ive. The
upper trace is the signal from the pressure proble and the
lower a photomultiplier locking at the same point. The
traces are an ovorlap of three and indicate reasonable
reproducibility. The slow positive signal from the probe,as
distinct from the fast negative pressure pulse, was thought
to be a result of heating of the crystal by the plasma. There

is alsc a certain amount of ringing by the probe.

TABLE TA
Pressure Front Pressura Delay Calculated
Speed Pulse pressure-—luminous pressure
cm/ps. Atm. front. pulse.
10% 103 I 20%
5 mm.Hg. 1.2 .16 +3 o713
5 o7 .23 O to first + 8 to major .24
1 2.9 050 =1 ‘75
1. 1.7 27 <0.5 to first + 5.0 to «29
e major
.5 2.0 .33 - 0.5
o1 42 11 - 0.75 «15

Table TA lists the rosults from the pressure probe. The
calculatod pressure pulse is estimated from the Rankine-
Hugoniot equations for strong shocks. Under the conditions it

can be shown 3
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¥ = pressure ratio across shock front

M = Mach no. of shock

Yy = ratio of spocific heats of the gas.

Estimation of v is troublesome. If the hydrogen is not
dissociated by the shock ( M % 5) y = 'OS = 1.4.
During dissociation additional dsgrees of freedom are
introduced and y beccmes smaller, However if the shock

completely dissociates but does not ionise y = %/3 = 1.67

(M < 20). Values of Y for ionising shocks may be obtained

from Niblett (1961) and Turner (1959).

The delays between the pressure and luminous fronts
indicate the conditions under which a shock wave may
precede the driver plasma. In the casces where there is a
small negative dolay,i.e. the luminous front precedes the
pressure front the delay is sufficiently small to be due to
the rise time of the prescure sonsing system (1 PS)' Under
these ccnditions the luminous front shows no fine detail.
However at 1 umSipressuro,front spead 1.7 cmAPs. and 5 mm.Hg.
pressure, front speed 1,2 cm‘Ps. the luminous structure
consists of a small front pulse coincident with the pressure

pulse, followed by the major signal sometime later. At 5 mm.lﬁ prssue

.7 cm/?s. speed the initial 1ight pulse cannot bs observoed.

The magnitude of the pressure pulse is also given in
Table TA. It is to be ncted that under the conditions in which

shock waves have already been tentatively observed the
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pressure jump 18 within the limite of error the same as
that given by the Rankine-Hugoniot equations for hydrodynamic
shock waves. In the other cases the pressure in the plasma

blob is slightly less than that prediciet.

The duration of the pressure pulse is unfortunately
not measurable due to the superposed positive signel
from the probe which was ascribed to heating of the crystal.
This second signal was a considerable nuisance and could not
be eliminated, as in addition to preventing the observation of
the time decay of the pressure pulse it made quantitative
measurcment of the reflected p.ussure rise. impossible., It is
however apparent that instcad of rising rapidly to a constant

ot the awder the

value and then remaining uniform for a time & Tall time of the
circuit’the pulse only lasts for a time ~~2 Ps. before
falling to a much smaller valus, This somewhat surprising
result is very importani .a wiGerstanding the me-lanism by

which the blob forms and will be discussed in soction 7.

4. Dotermination of the Conductivity of the Plasma Blob,

The conductivity of the plasma was measured by the closed
current loop method of Lin, Reslor & Kantrowitz (1955). In
this the distortion of a static mzgnetic field produced by
currents flowing in the moving plasma is measured. The actual
configuration used was due to Pain and Smy (1960)
where the search coil is placed at 2 null point in the magnetic

field.
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Theory.
Consider a plasma blob entering a magnetic field
along the z - axis- The field is assumed to be axially
symmetric abous the z — axis, so that dus to *he motion in

the z - direction an azimuthal c.m.f. will be set up.

= 4.1
Eb = szr o ( )
Br - radial field
VZ - plasma velocity
b = Oov.DB (4.2)
9 Z I'/c

As the system is axially symmetric we may visualise
these currents as flowing in rings round ine axig of radius

r.
oe Current/unit axial length of plasma.

- 21 = Jigr  (43)

= 0O / J' -B_1 dr
Z L

the plasma is assumed to be uniform across a cross section

- an assumption of doubtful validity in practics.

As the field is axially symmetric and on the axis

Br = 0
We have by considering the flux through a cylinder of radius r

centred about the axis :

B, = drye (4.4)



since dvB _ o0 (4.5)
if
328 B
7 << P
dzor r oz
_a_j-__ = -“ZV‘ 1. oB ¢
= i da (46)
If as befare
23 __ B
3zdTr /ro oz
A - 1oV 2 3B (4.7)
LY - < Z/c: To 22

Tp radius of tube.

The experimental arrangement is such that a search
coil mounted round the ftube at z = o measures the change of
flux through the coil due to the currents flowing in the

plasma.

If we consider an oslehent of the plasma thickness 6z
at the point z, the current in the element 063 will

produce a contribution to the flux proportional to & i

8 = k'(z) 8i (4.8)
and RN AT (4.9)
$ - xz)ov, 5% 8s (4.10)

The flux through the coil :

= J‘z k(z) ov g” dz (4.11)
(z-1) z Oz
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Where z and (z - 1) specify the limits of the plasma

at times +

The voltage ficr tho search coil V& e glvel Uy
0 4.12)
(9]
Vs = Tt
We may illustrate the signal expected by considering two

sigple cases @

1) Uniform conductivity in the slug,

29 > 33 |
VS =z 3t = -3-.5. {Z—l)k(Z)GVZ SEZ dz (4'13)

B, is assumed independent of t, i.e. the plasma does not
perturb the field.

2,38 2 (3B
v, = k(z)ov, (S—Z-z)Z - K(z-1) v, a(szz)(z-l)(4-14)

If the field extends over a distance d and

d<< 1

the signal will be composed of two distinct parts, one
positive and the other negative from each end of the plasma,
each the transformer of. k(z) aBz/az

Thus if the plasma front is given by z (t)

v(t) = k(zk v,? €22) (4.15)

Z
and measurements of Vg will onable the conductivity at the

Z

front to be measured.

2) Ifd>>1 , i.e. the blob is small.



z
3 , 3B (4.16)
v, = =i o ic(z) v, $7% dz
(z-1)
3} 33 (4.17)
= Vé EE[K(Z)GVZ 3;2 l] )
2 .18
= ov,"1 Sx(z) -§-§z] (4

i.e. the signal in this case is the differential of that

i i.a. the trar
in case 1) s 1.0, the transform cf a/éz[k(z)aBz/az]

In practice; howsver, the assumpticn of wniform
conductivity thrcughout the plasma is unlikely to be valid
and a nuuerical calculaticn of tho signal must bs nade

assubing scne functicnal fupm cf the conductivity profile.

Ccnsider a ccnductivity profile
= ! < gl
o 00(1 + z/l) 0< z'<1

=0 for all cther z! (4.19)

Whore z' is a co-ordinate system measured in ths frame of

reference of the plasma and z' = o specifics tho front.

:n Z" = 2 "'V-t (4420)
and g = ¢(z - vt)
3 @ 3B

v, = ) k(z) o(z-vt) v, 532 4z (4.21)

-0

2B do

R OF 2 (4.22)

-3

+[ oVégk(Z) %?z]
“ Z'=O
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the second texw. is due to the discrntinuity of o at

Zl = 0
B z
v, o= [cv k(z) -f v, k(z) —fdz(4.24)
az z‘—O z-1 2
- 2, 2B Vot
Vs(t) =[Govz k(=) 37 - v, k(z) ﬂﬁaz
z:vit vzt-l

(4.25)

the first term is simply the transform ofk{z)aBz/az
Z

and the second § k(z)aB dz to time cc~ordinates.
7l z/az

{
Typical prcfiéz for Vs(t) for varicus lengths of plasma

under the experimental conditions are shown in fig. Tv.

If the plasma is much longer than the characteristic
length of the magnetic field, the vcltage signal may be
divided into two parts (fig. T vi).

The first part is due tc the front and is ¢

v (t) =fo, Vzek(z) 2B, 4 ) (4.26)

z=v_t
z

the second is a linear portion whose value is given

by
Ty 2 (4.27)
vs(tl) = -LZZ x(z) aBz/aZUq/l dz
£y >> afV
1 z Y5 fig 7 v
where d is the dimension cf the field /r\\

Thus if we can measure the second
signal we can estimetc the length of the conducting slug

assuming the linear fall—off of ccnductivity.

R
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Culculuted signals : Conductivity measurement
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Calibration Theory.

The experiment has howover not determined the
conductivity absclutely as the function k(z) is not determined.

In theory k'(z) may be calculat2d as follows (Driver 1964).

The flux through the pick-up loop due to currents
flowing in a thin shim of conductor at the point z is given

by ¢
bp = fB.ds = f(wA)ds = $A.dl (4.28)
8 s 1

8 being the surface contained by the loop and
1 its periphery.
A is the vector potential due to the current distribution
in the conducsor.
The azimuthal component of A4 a’ the pick-up coil due to

unit loop current at (»,z) is @

-Af) = f] i.g‘]; (4“39)

,Op
2
Vhere p is the distance from (r,z) to the point on the pick-

up loop considered.

2 2 20898 (4.30)
A =§ c,\/[22+a2+r —2arcos g, ] Preke- Z:Q o Covauctor
Whers o - ‘ 6
1
and a is the radius of the pick-up loop. ~
N r '
o k(z)= J ,° 5 2na & (s,0) ar (4.31)
T .
o 2n
_ 2 cos}
- Ioar dr £ L/o\/[22-+a2+r2-2arcosaL],d“’l,

(4.32)
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In practice it would be far too laborious to calculate
this function for each point z along the axis. It is therefore
easier to carry out a subsidiary calibration experiment using

shims of conducting material ( Smy 1960).

Consider a thin shim of metal conductivity o thickness
&z 7pPlaced at the point z on the axis of the system. If a
pulsed coil system is used so that the flux through the
shim is changed azimuthal currents will be set up in the

disc.

In this case

(4.33)

|
Qs
[
3

|

o
(%
<t

curl B

and 3 oE (4.34)

It

If as before axial symmetry is &ssumed the current will flow

= B

in azimthal l.ops rourd ihe Ainn.

% Current/unit axial length of disc

2 . gjgar (4.35)
r
(o]
= J J‘ E dr (4036)
0 3

From symmetry E8 is independent of g

1. . ds (4.37)

§Eed1 1B, =

J cur
S
1 1. : l_B
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3 i tant radius.
If aBz/hr << Bz/& i.e. By is constant over the radi

1 3B
Ee = Lad é—c' r ;b‘z (4039)
Lok} 1 5p 2B .40
e = - 15T, 3¢ (4.40)
Whence as before
5 = X(z)o 2 &s (4.41)
Where §,is now the thickness of the shim.
The search coil voltage
v = - _a_SP_
S 3t
52B
= k(z)o__"z oz (4.42)
at?

provided the ghim is sufficiently thin ihat the field does not
change appreciably - over itg thickuese * ..
i.e.
9B << B
z/3z z/ &z
The function k(z) can now be measured directly using
thin shims of conductor of the same diameter as the plasma

placed at various distances in the pulsed field.

There are however limitations on the conductivity of the

shim.
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1) The skin depth of the shim must be much greater than

its thickness.

i.0. 6z <« & (4.43)

2
Where 5 = 4 /f c] gkin depth (4.44 )

f = frequency of applied field.

If this criterion is not satisfied the currents

in the disc will not be uniform.

2) There is however a more stringent condition. In the
analysis we have assumed the fields across the disc to be
uniform. However currents flowing in the disc itself
will give rise to magnsetic fields, which must be less than
the applicd fislds. These secondary fields will be
strongest at the centre of the disc where their megnitude

will be given by :

T
o
2n 1 3B
B' = j‘o 55T ﬁzo'dr &z (4.45)
Bl _ lzxbz (4.46)
= ——— .
BZ 2 62

2
Where & = A(C /fc)as bafore.

Thus the condition

5 > (3, 8z) (4.47)
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must be obeyed if the field is not to be appreciably distorted.
In practi it to D ib h
practice it proved to be possible to have S5~ Jﬁroa %/2]
but not much greater or the signal from the pick-up

coil became too small.

Experimental Arrangement.

The magnetic field was provided by two circular coils

—_— MAGNETIC
) Fuux LINES
mounted round the shock tube. The coils Steorin LK' ]
cok, M
were connected in series so that their "‘fx-~‘ >
s\\k‘- ~ sl ”
associated magnetic fields opposed one _.1: 1 i ’\
- S/ ~
. -”!g. \l T ~
another and produced a null point at the k
i Fh37vn|

centre of the system. This system is desirable as it limits
k(Z)BBZ/éZtO a small region, which determines the resolution
of the experiment. The energy for the coils was stored in
a 1.5 pf. condenser at 2kV. which was triggered an appropriate

time before the "shock" arrival.

In order to facilitate balancing the system the search
coii was placed at the null-point of the magnetic field *,
The coil consisted of a2 single loop of copper wire connected
to a Belling~Lee socket and placed round the tube. To
eliminate pick-up on to ﬁhe coil from the main discharge circuit

a second coil was mounted in the system well away from the

* In fact a complete null-point was not found due to perturbing

effects such as cross connections and nearby pieces of iron.
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applied field coils. The outputs from the two coils were

taken to the inputs of a type G differential amplifier and
balanced. Using this system the pick-up level was reduced to

manageable dimensions.

The maximum value of the magnetic field is limited by
the requirement that no interaction shall occur between the

magnetic field and the plasma. The condition for this is @

-%Pvz >> 32/811 (4.48)
P = plasma density V= plasma speed.
i.e. the kinetic energy deasity bs much greater than the

megnetic energy density.

-6
If p ~10 gm./cc. (~1 mm. Hg. ambient pressure,

8x compression ratio)

v o~ 100 cm. /sec.
B2 << Am X ?06
B <<  3KG. (4.49)

In fact B,,y Wwas about 500 G. so the condition was well

satisfied.

The velocity of the luminous front through the system was
measured using two photomultipliers 50.5 and 64.8 cm. from
the driving electrode. These signals were displayed together

on the same oscilloscope beam using two differential inputs of
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a type G pre-amplifier.

Calibration Experiment.

The calibration of the field coils was performed using
an 80 turn search coil with 2.5 ms. integrator to measure
2
B, and 1 }13. differentiating net to measure 9 Bz/a %Q,ong the

axis of the coil system.

The factor k(z) was measured using the method detailed

earlier. The criterion

8 > %A(r, 82) (4.47)

proved very troublesome to saliciy. Let us estimate the
conductivity required of the shim to satisfy the criterion.

In M.XK.S, units
= .50
J J[2/p00w’] m. (4.50)
® = angular frequency of current

= 27t/1:
In the system used = = 80 Ps. - period of field

T -6 (4.51)
6 = % X 10 ] .
4nc X 10~(g .

romz cm,

gz ~~2,5 thou = 6,3 x 10“3 cme

: 8
o < 2/6.3 x 10" mho/m,
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Restitivitys P > 3x10° & em. (4.52)

After considerable difficulty a non-magmetic stainless steel

was found with resistivity 28 Fﬂ%ea. which was used to make

the shims.

The resistivity of the sheet was measured by passing
a known current through a small strip of the sample. The
voltage across the ends of the strip was measured., To
eliminate ond effects the strip was soldered to a copper

tag at each end.

Two shims of radius 2.5 cm. woere constructed and
fitted into a glass tube of similar internal dimensions as
the expansion ftube. By sliding the tube in the coils the
shim could be placed at any point on the axis. The search
coil was placed at the centre and balanced without the shim in
place. The signal from the coil was taken with one and two
shims in position. As expected the signal with two shims was
twice that with one indicating that the self-fiold dus to
currents in the conductor was negligible compared with those

due to the applied fiold.

K(0) had to be measured individually as the field at the
centre of coil system was too small and too rapidly varying

to allow an accurate measurcment to be mande., A balanced coil
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system was therefore set up with one search coil on each side
of the field. The shim was mounted in the plane of one of the
pick-up coils. A short reflection will convince one thatldo)

determined in this manner is the same as that used in the

experimant.

Since 2
rO vz
k(z) = $——"k'(z) (4.53)

and provided the current distribution in the shim is the
same X (z) is dependent only on the relative positions of

the pick-up loop and conductor.
Graphs of X(z) and ls'.(z)oﬁz/a ,are shown in fig.7ix.

Resul ts.

A typical voltage trace is showm in fig. Tx..
Unfortunately the detailed structure, due presumzbly to the
plasma structure,is too complicated to enable the later
parts of the blob to be studied in detail, However, ws may

note the following points @

1) The signel is initially negative before the plasma
arrival due to the negative value of k(z)aB z/aozutside the

coil system.

2) The large positive pulse coincident with the interpolation

of the luminous pulse from the photomultiplier.
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3) The concluding negative signal with much detailed struoturs,

including a succeeding postive pulse due presumably to a

second plasma blob,

This basic structure is typical of a plasma slug whose
conductivity falls from the front and whose length is
considerably greater than the resolving length of the coils

(in this case about 5 cm.) fig. T xi.

A very interesting trace is that obtained with 10 kV.
on the bank at an ambient pressure of 1 mm. Hg. In this case
there are two large signais from the ssarch coil (negative in
this case as the field was roversed). This is a result
of a conductivity profile in which a '
second conductivity front occurs after

the first as shown. As the second pulse

is almost equal to the first we may conclude -
that the conductivity behind the second front Fig 7x 2/
is almost twice that behind the first. Comparison with

the streak camera photographs show that the second blob is

that formed by the second half cycle discharge in the driver.

The signal from the pick-up coil under conditions of
faster flow approximates to that givén by a plasma of length
much greater than the dimensions of the field. As the height
of the first peak under these conditions is almost independent

of tho length of the plasma the conductivity ai the front
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is given by 1

- (4.54)
o = Vsmax/ vzzk(O) (aBz/az)z=o
TAELE 7B
Pressure Velocity Conductivity Length
mm, Hg. cm/ps mho /cm from .
5; 20 Conductivity photomultiplier
cm.
ol 4.1 66 17 20
ol 567 64 23 24
o5 244 17 - 23 24
o5 4.1 55 18 20
1 3.2 4 20 24

The table TB shows the conductivity of the plasma
measured by this rmpthod and also thoe length of the plasma
slug measured from the conductivity traces, This length should
be compared with that measured from the luminosity trace of
the photomultiplier. Both these lengths are somewhat
subjective as measurement from the traces is difficult but
it is interesting to note the agreement between them which
geems to indicate a finite extent tc the blob determined by the
dynamics of the system as opposed to the shock tube analogy
in which the expanding gas is subject to the rarefaction fan

from the driver.

We may also measure the flow velocity of the gas and the

time of arrival of the blob from the conductivity traces.
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Botk of thsse wero within the limits of evror in agreecment
with measurements made from ihc photomultipliers. The errors
unfortunately precluded zny coaclusions about the possible
difference ii fiow veloeity and luminous front spoed to be

expocted if a shock wave procecdel down the tube.

Wie may "1se the coniuctivii to calculate the electron
temperature of the piasma. If itec gas is completely ionised

the resistivity is given by (Spitzer 1956).

o= 6.53x 100 IEL yem, (4.55)
1 /2
Where log A ~10
2/3 o
m = [ 6.53 x 10% o7 K (4.56)
TABLE T7C
Prassure Velocity Electron Shock
mm. Hg. cmcps. 'Pemperature Temperature
% (50%) 4 X 4
01 4-1 o6 X 10 1.3 x 10
.1 547 2.5 x 104 1.5 x 104
.5 2.4 2.8 x 104 ~b 2 100
.5 4.1 2.2 x 104 1.4 x 10*
1 1.8 ""104* 3x 103

* Spitzer-Harm formula not valid as temperature is too low

for complete ionisation.

The calculated valuos of the temperature are taken

from Niblett (1961).
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It is irmediately appzrent that in common with previous
work tus temperatune ostimatoed Wy chis procedure is groeater

than that calcvlated frow the shock relations. This will be

discussaed ir 6:wz2il in a subsaquent secvion,

In *tne thecretical analys.: of this experimen’ it is
assumed thuzi she currents flow.yg in the plasma do not
greatly perturb the ericmmally :pplied magnetic field. The
condition for this is that the magnetic penetration depth is
mich greater than the length of the plasma slug
i.c. 5 w1 (4.57)

(or alternatively tho megneti. Reynolrs number << 1)

In fact it turns out that under the experimental

conditions
o) ~s 1

and thus some modification should be made to the theory.
However this merely changes the effective length of the slug
rather than decreasing the size of the peak voltage signal
as the latter signal comes basically from the highly
conducting front of the plasma where the field is little

changed.

The voltage signal at the pick-up loop will however be
increased if the field at the front is increased due to the

currents flowing in the plasma (c.f. calibration experiment pl8d.



The condiwnica Tow this is ¢

5 > ig= i) (dadT)

As szl anc 6~ 1

this condition is vueyed.

Thaus the field is 1Tittle modified by ths presence of
currents in the pilain. end the preceding aanalysiz is walid.
However -the fact that Ry -~ 1 should be noted as it leads to

the suitability of the system for interaction experiments.

Strictly tho condictivaty .ceasured is that perpendicular

to the magnetic field

6 = ©
o/ 2 2
Now (1+w9 e )
B m o,
wc“e ~ me nee
1f no 107 Jee.
W,7. »~ 10"2

Thus the measured conductivity is that calculated from

the Spitzer-Harm formule (4.55) used earlier.

5e Measurement of the Gas Flow Velocity.

When an ionised gas flows through a transverse magnetic field B

gn induced cleciric field u'B/c is established in the plane
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psependicuiar to the field and the Airection of motion. By
direct measvrcmsnt of thig olectwyiz iield the gas flow volocity

u can ve obtained.

xporimentally this may be easily Joie by measuring tha

voltage beitwesir btwu electrodes mouanted in the plasma.

Tho gas flow velocity may be corparad with standard

shock theory. For strong shocks it can be shown ¢

W= 2,04y V (5.1)

Where V is the shock speead

y the ratio of specific heats.

The shock velocity, if a shock exists, will be the same as the
volocity of luminous front whercas the gas flow speed will be

3/4 to 1 times the former value.

Experimental Arrangement.

Two electrodes % cm. diameter were mounted in the expansion
tube 56 cm. from the driver -as—deseribed—in—GChepter—2-pi—,.
The outputs from the clectrodes were taken to 10 x
attenuating White cathode followers. The signeals were then
taken to a type G differential amplifier and the whole system from

the cathode follower balanced.

The magnetic field was provided by a pair of coils

mounted one each side of the tube and powered by a 4 qu. bank.
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Tae ceoils ware connoeciad il sSerles end with +the samc polacity
8o that =z val{Torm field was estakiicte? ir the neighbourhood
of the elactrodos. The magnitvde of the magretic field is
limited by the coaditinn bthat no interaction betwsen the field
and *he placas shull occur. ASRy ~ 1 (p19§
if

32/8 o~ L 9"2
there will be an interacti on in which the gas flow will be
retarded., As before (p.186) this requires B < 3KG, In fact

B ~~1KG which was sufficiently less than the critical value

for the effects to be snalil.

An interesting side effect resulting from this
arrangement was the breakdown of the gas in the tube. It was
observed that there were signals of about 50v. to earth on the
electrodes when the magnetic field bank was fired. The
gignals were only found if the tube was evacuated below m 10
mn. Hge in air and hydrogen and if the electrode was in direct
contact with the gas inside the tube. The signal appeared
at the time of maximum %_;_ and was of short duration. It was
caugsed by a breakdown in the gas caused by the electric fields
set up by the coils. Due to the series connection of the
coils there is a potential difference of about 1 KV. between
them. As a field of about 100 V/em. is all that is required
for breakdown under these conditions the gas in the tube

mist breakdovn and a signal will appear on the electrodes,
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However, as no current can pass through the glass the charge
flow to the electrode is limited and the signal must be of

short duration.

The field had a distribution as shown in fig. Txii.
In the space between the electrodes the field was reasonadbly
uniform btut mnfortunately in a i-:.ance a6 ocm. in the flow
direction the field dropped to zero, This fact, due to a lack
of energy had unfortunate consequences in the experiment and
the field should have been designed to bd uniform over the

whole length of the plasma slug.

The volocity of the luminous front was measurod for
comparison by two photomultipliers one each side of the coil

system, 19 cm. apart.

RESULTS

No details of the form of the velocity profile can be
observed on a typical oscilloscope trace from system as the
fall—-off from the maximum is due to the conductivity profile
rather than that of the speed. Fig. 7 xiii shows a plot of the
peak signal against velocity which somewhat surprisingly gives
& straight line - even points corresponding to those conditions
in which a preceding shock wave was tentatively assigned lie
on the line. The luminous signal in each case used to give
the speed is the initial pip, not nocessarily the major

signal which would be expected to be the hot driver gas
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The gradient of the line of Ve against u might

teptaliv Ly br expected to be given by ¢

V., = fuBdxx 107 (5.2)
- u Baxx 107 (5.3)
In fact JBdx = 4.0 kG cm.
flll_s = 4.0 x 1070
du
The gradient of the experimenial line is 1.8 x 10 5, a

deficit well ou*tside the limits of experimental error (..., 15%).

The reason for the error lies in the fact thzat due to the non-
will
uniformity of the magnetic field currents whiek flow in the

plasma.
Fig xiv
Consider a plasma moving wita TE T .
= ¥
velocity v in the z direction through <—¥— OB

a megnetic field B in the y directicn.

Currents § will flow in the x direction given by 3

(5.4)

J o (B + Xl@/c)

If v B is uniform through the plasma these currents
will not be able to form closed loops and

j = 0
An electric field

_E_ = - 1’\_3_/6 (5‘5)
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will thereforo be set up which may be measmired as Coscribed.-

Howover if the field is not uniform in the z
direction the currents may close on themsslves shorting
out through the plasma., In this case the voltage between

the electrodes will be given by ¢
V. = Bl (5.6)

- Jidly - JyAB A (5.7)

in c.ge¢8. units,

The first term is simply the ohbmic loss due to the currents.

Theorotically it is possible to solve for Vg from

the above equations (5.5) and (5.7) and

ourlp = Amjy, + 1/0_2_% (5.8)
3B

CUI‘]E_} = "1/0 "a% (5'9)

divi = 0  divB = O (5.10)

but the problem is long and tedious.

An approximate solution may however be more simply

obtained. Consider the current loops flowing in paths

such that thc currents in tho z (@) 41 iﬁ*kr'ﬂg
direction flow near the walls (fig. Txv a).
C id th i it sh i FTS?%V
ongider now the circuit shown in YR P T
. {b)s' T47 L V4i
(fig. Txv b). RiE R s%
e TRV IR IR T

v
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It is immediately apparent that if @

Vo= JIAE/, oz (5.11)
the two configurations are similar,
If V is the voltage across the configuration (1)
V = Vl - llRl .
- V, - iR, + iR (5.12)
2 272 1 5 1
= V3 - LR+ (11 +12)R + iR
= V -iR +ER Ii;
n nm m 1l .
- V +%i IR  -4iR (5.13)
n”m non

V- iR + iim(sn -5) (5.14)
where s = IR% (5.15)

Wo may solve (5.14) by reducing the sum to an

integral. To do this we shall once aggin roturn to the

- 8¢
original model, fig, Txvi shows the —
equivalent circuit for this case,
5‘3 “wn
We apply Kirchoff's laws to the
nat shown and obtain
Y _ o .16
&V = 612(R2+6R2)/6Z Ryi8z (5.16)
Yor . - RZ/GZ 611
i, = &gz 4 %g—£(52)2 F oo
2 dz a 2
> (5.17)
and di *

3%, 2
611=Eéz"2dz2(62) T ceee
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Thus in the limit (5.16) becomes

2 .
av ddi 4R, di .18
-d—:; = R2d2’2 + dz2edz Rll (5 1 )

But V = jYAB/, dx = uBd (5.19)

Wo may also estimete the values of Ry and Ry in terms
of numerical constants whose values will be determinocd by

the geometry of the system.

B'.L = 1/61‘4,
_ 4l _ {5.20
R2"d/gr1—1/lﬁ ) )

Where A = 1/3 area of duct.

4~ = diametor of duct
1'1 = 7radius of duct
o = condvctivity of gzs.

It is obvious that the greatest current will flow
in the case of a uniform plasma of constant conductivity
filling the tube., We shall see that the peak voltage case
considered may be approximated to this if its length L >>1

the length of the coil .
As can be seen from fig. Txii the magnetic field
may bc approximeted by @

1>jz{> O B
2> 1 B

non

Bo(1 -lz)y) (5.21)

Thus the problem with uniform conductivity may be split in

two, considering only values z > 0.



& _ wddB _ ud g (5.22)

dz =~ c¢cdz cl o

2
dR, di . ud

H2 +a%2dz~Rll =1 5 z<l (5.23)

= 0 Z> 1

Solution for z > 1, uniform conductivity dRz /d )

Z

(5.24)

i = A exp«J(El/Rz)z + B exp—,\KRl/Rz)z

Now i-—>0 ag z—> o
i = B em-{"1/R)z (5.25)
and for 2z < 1

i = clR_l (1 - exp-a" 1Rl )+ Alsinh(Rl/R2)(z5-26)

i—0 as z—0

gince

The other boundary cunditions are specified by continuity

ofianddi at z=1 and
dz

-é-fR-i) exp- j(Rl/R )1

B = clRl —=0 [ cosh'\f(El/Rz)l - 1]

[

gives Al
(5.27)

The voltage measured zcross the electrodes at = = O

is given Dby

i = V- 232 5-28)
4 cml 2B /Ry) e (Ra/R)z + aRIR) (5.29)
cosh(Rl/Rg)z
At 2 = O

v, = V- AleJ(P".L/Rz)[ 2equ(R1/Rz)1 - 1] |
(5.30)

- Moo/, )
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In the practical case the slug with e rapidly rising
front arrives at the electrodes (z = o). At this instance
if the slug is infinitely long we have one hzalf of the tube
fitted with 2 uniformly conducting medium, which owing to the

symmetry of the problem is identical to that considered here.

The length of the slug Lwas shown in section 4 to be
about 20 cm. and its conductivity to vary asoo(l—z'/L) To
a first approximation therefore we may regard the theory proposod
ag valid in the experimental case and to predict the voltage

drop at the head of the plasma colum.

From .
Ny = 1= (/1) (5.31)
R, [ - ala /a0 or?

where » is the radius of the duct

VIN, ~ 1-427% (5.32)
P 1
In the practical case
I = 2.5 cl. 1 = 6 cm,
(5.33)

V1/vp ~ 4

The measured value of vl/VbA-.45 .The difference is
however unlikely to be significant due to inadequacy of the
model involving as it does a very simplified picture of the

1

1
current flow and the difficulties in estimating r~, 4 and A.
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The model also fails to take into account time dependency
due to inductive effects, and boundary layers ncar the
electrodes which may cause a region of cold gas with low
conductivity to be near the electrodes with a consequent

voltage drop across it.

Due to the inadequacy of the theory it becomes almost
impossible to make any predictions of tho flow velocity from
the measured induced voltages. However it is useful to note
the fact that the correction is independeni or the
conductivity of the gas provided lae length of the slug is
much greater than the dimension of the field. This will
permit us to make observations of vhe rela*ive flow velocity
(though not of its absolute value) proportionately from one

set of conditions to another.

From the linearity of the graph of Vg against v we may
tentatively conclude that the flow velocity under all
conditions of observation is directly proportional to the
luminous front speed. As thesc two velocities are likely to
be the same for very fast blobs at low pressure we may deduce

that there is no evidence for any form of shock phenomcna

from the flow speeds under any conditions, although the unsatisfactory

nature of this experiment must not be forgotten before any final

conclusions are drawm.
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In order to test the interaction conditions

32/8n ~ —%—pvz B .5534)

the magnetic field was increoased to 5KG. The measured
Yoltages are shown graphiczlly in fig. Txvii. The dotted line
represents the expected values deduc:i from those obtained at
1 XG. if no interaction ocourred. As can be seen the measured
values are considerably less than the expected ones. This is
presumably a result of the slowing of the plasma dlob by the
interaction of the magnotic field with the induced currents,
The photomultipliecr record is als~ nodified by the interaction,
a photomultiplicr viewing +ho plesma at the centre of the
coil showed =2 threefold increass in luminosity when the field
was applied. Thus we see the apnlicebility of the condition
(5.2€) Ffor +he interaciion of a woving plasme vith a
stationary magnetic field. provided ¥y~ 1. Tt is thought thas
the electromagnetic shock tube in this form, despite the lack
of flow uniformity, would provide a gocd tool with which to

study such thenomena.

6. Velocity Attenuation of the Luminous Front,

Consider a plasma blob moving with v—"’r
¥
velocity v in a tube of area A (fig. Txviii). Mass 3 Dev\mf)/
m X
The blob however does not act as solid 3§ €
j A

piston sweeping up and compressing all

Flg Tvith
the particles in the gas preceding it, but rather as a more
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diffuse body collecting and absorbing sorg of the particles

within itself.

If we assume that the collected particles are accelerated To
the speed of the blob and that the others suffer no acceleration

the conservation of momentum tells us that in time dts
(6.1)

(m+ dm)(v+ dv) = F dt
Where m is the mass of the blob and F is the total force
on the blob due to viscare forcaes from the walls and the
pressure difference between the back andl froas surfaces.
We shall assume F is snall, a fact borne out by the

experimental evidence.

m Q—. + V = = O (6'2)

If a fraction g of the particles are collected and

ebsorbed into the blob.

dm
T = ap v (6.3)
where s is theo ambient gas density and A the cross

sectional area of the tube,

From (6.2)
mw = mv (6.4)

Where mg and w are the values at t+ = o

and from (6.3)

m = mo + apo Az (6.5)
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(mo + poaAz)%% = mv, (6.6)
%poaAZZ - mo(vot - 3z) (6.7)

Thus a plot of t/z against z should give a straight line

from whos ¢ gradient 2mo/ ap A  is obtained.

By measuring the time at which the blob orossed the
10 cm. markors on the streak photographs (Fig. Tii) the plots
(Fig. Txix) were obtained. As can be seen with few exceptions
the points all lie on straight lines in agreement with the

theory proposed.

" One intercsting result of this theory is tnat it provides
an cxplanation of the variiLion i ithe powee 8 in attenvaiion

lar gropssae By sevoees  aabhocs (geoe Cormack 1963)

2 o P (6.8)
From (6.7)
If m, >> apoAz

z o 3
and if m << apoAz N

2

z o€ %

Where m ~ aPoAz wo shall got intermediate powers mfp

provided the plot is carried out over a sufficiently small

increment. In the Author's oxperiment P~ 0.8

Wo can also uso (6.7) to calculate & - the collection

factor — if we can estimatc the mass of the plasma blob.
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Tho dimensions of the driver are 3
Diameter 3".

Longth 20 cm.

and of the expansion tube
Diameter 2",

If complete accqleration of the driver gas occurred

m . = [

ofo i T pTW = B (59)
Unfortunately as shown by the succeeding blobs genorated

by the later half cycles of the discharge probably only about

a quarter of the gas is collected (Burkhardt & Lovborg 1962).

By » ~s 10 cm. (6.92)

The measurcd values of mO/GPOA are between SO and 60 cm.
indicating that about 25% iny of the gas is collected, The
actual collection rate - though reasonsbly constant for each
blob (as shown by the linearity of the graphs Fig. Txix) -

does not obey any rigid rules based on the operating conditions.

Je Analysis of the Structure of the Plasma Blob,

Provious workers using celoectromagnetic guns have
assumed that a shock wave will in general be established
in front of the blob. However, in view of the nature of the
driving process it is unlikely that such a situation will
arisc owing to the instability of the contact surfacc between
driven and driving gases. To seo how this occurs we must

consider the formation of the conbtact surface in a conventional
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gshock tube.

In a conventional pressure driven shock tube 2 high
pressure gas is separated from a low pressure region by a
thin diaphragm. The shock is formed by bursting the diaphragm
and allowing the high pressure gas to expand into the low
pressure section. The high pressure gas will collect uv gas
in the expansion tube and compress it like a fast moving
piston, The speed of the shock front preceding the expanding
gas is given by simple Lydrodynami. wela*ioas L-sween the
initial conditioas in tuno system. 1In other words the expansion
occurs such that a comparatively stable contact surface is

get un¥.

Rowewsr. 1 the zlecrmomagneiic gun the process of groduction
of a moving stream is somewhat different (Chaptecs 3 - 6). The
driver instead of producing a mass of heated high pressure
gas instead creates a fast moving plasma blob., The pressure,
density and temperature of this blob will be determined by the
discharge conditions rather than by the need to satisfy the
requirements of the shock relations i.e. the condition of
pressure balance across the contact surface need not be
satisfied *%¥, In this case there will be mixing between the

driving and driven gas and both the "shock" and "3ontact"

¥Near the diaphragm the contact surface is badly formed due to
imperfections associated with bursting (Glass et al 1953).

*¥During acceleration the balance is satisfied by thS magnetic
field pressure .
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interfaces will be turbulent and broken. As the plasma travels
down the expansion tube it will be compressed and tend to
stabilise so that if the travel time is sufficiently long a

true shock wave may be established.

In addition to this fundamental instability a contact
surface, if it were established, would alsoc be subject to the
form of instability described by Hall (1955). Across the
contact surface are discontinuities of temperature and density,
although the pressurs and flow veloecity a~e zontinuous. As
a result of the temperaiure discontinuity heat flow through
the surface will occur cauvsing density changes, as the pressure
cannot change, wi+h consequsnt mess flow. .3 a result of thig
even with the conveational shocz tune the ragion is turlulent

ana a large zons of mi~ing osoues,

A second possible instability of the contact surface
is the Rayleigh-Taylor instability ( Taylor 1950).
This is the kinetic instability already referred to (p.36)
caused as a result of a heavy fluid resting on a less dense
one in a gravitational field. In the e.m., plasma gun the
"contact" surface if it existed would be slowed down by the
collection of gas. As the instability occurs if the
acceleration is in the direction of increasing density, the
driver gas must be denser than the shocked gas. In fact we find

in general that the driver is hotter and at a lower number
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density than predicted by the shock relations. Thus the
contact surface would be stable to Rayleigh-Taylor type
instabilities. However as no shock wave prececds the plasma
blob the front should suffer from inertial instabilities, but
should be stabilised by the collection of gas particles in the
same way as a true shock front. These same arguments apply
to the inertial instability discussed by Cormack (1963) in
which inhomogeneous regions of plasma pass through the

front due to their deceleration.

The results obtained in the present studies indicate
that at low densities and high speeds the plasma formed in
an electromagnetic gun of %ne tyws dsseribed is a single
structure of a turbulent nature. Alihough reproducible in
gross properties — velocity, conductivity, pressure etc., its
detailed structure, luminosity etc., is not repeated
during each operation. The plasma blob is thus presumably
the decaying ralic of the heated driver gas. In view of the
comments made above this is not unexpected due to the lack of
formation of a contact surface and the turbulent nature

of the plasma dlob,

At somewhat slower speeds and higher pressures however
the structure becomes more interesting and detailed (fig. Txx ).

The pressure jump occurs across a primary non-luminous front
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and lasts roughly until the arrival of

iAuvuvwosdy

the second front, which is accompanied by a "/ﬂﬁ\\\_\\-
rise in temperature and conductivity. The

Prexsure
flow speed is probably constant across the
front, but as discussed in section 5, the Cond wetiyity
measurements are of doubtful value. ”’/”\\\
) ‘ Flow S ed
Interactions with the reflected shock __.—-—"‘1
indicate that there may be a very small Tembrrotiun
velocity discontinuity across this second

Tt

interface.

R 9 T xx

Tho plasma configuration causing this presumabl occurs
as follows ¢
Across the first front the gas is accelecated and compressed.
In order to conserve momentum acvoss this front the gas
pressure bohind it must be given by

2
P = pv

which is roughly the Rankine-Hugoni & equation for

pressure across the shock front. This high pressure region
will expand with the blob itself acrcss the second front and
cause the blob to slow down i.e. the thermedynamic pressure

will be balanced by a gas kinetic pressure.

The discontinuity of temperature across the second
interface presumably indicates that only incomplete mixing takes

place across it., This is not very significient as the
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thickness of the region is only;;f2 ~ 3 cm. compared with

about 7 - 8 cm. if it were a true shock structure. It is
also important to note that the thickness of this region

does not increase significantly in time.

A further important feature is the fact that tho mass
of the blob increases at a rate only 25% of that expected
if complete collection of the gas in the expansion tube
occurred. This may be due to one of two factorsj or more

probably to a combination of them ¢

1, Gas at the rear end of the blob is showed up by the
pressure gradients in the blob ana is 1¢t tehind i.e. the
blob gains momentum frow its own oxXponsion.

2. Gas in the expansio. tube ts swept up, compressed and
then flows into the boundary layer and ezpands into the
region behind the plasma blob (Duff 1959, Roshko 1961).
This would also occur by the diffusion of "pockets" of gas

through the plasma due to its turbulent motion,

Against the first suggestion is the fact that the streak
photographs do not indicate eny expansion of the blob on the
scale required to account for the particle loss. However, no
evidence for the existence of boundary layers of the size
required by the second hypothesis could be found on the framing
camera photographs, possibly due to the use of a perspex
expansion tube in which the luminosity is increased by the

interaction of plasma with the walls.
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One may conclude that this is intermediate state in
which a contact surface across which only partial mixing

occurs is set up.

From the work of Ahlstrom and his associates (1963)
it appears that if the blob is allowed to travel a sufficient
distance the fronts will stabilise and a region of shock
hoated gas precede. the driver plasma. However from this
work we find that the distance required for this to occur may
be considerable (up to 6 m .) mo that by this time the shock

has been conaiderably attenuated.

Thus we find in commcin with moat other workers that
the electromagnetic plasms (i doee nek nmroduce a shock
heated plasma (except at a considocable distance from the
electrodes) and that any attempt to interpret its operation
in these terms will lead to erroneous results. The failure to
produce shock waves is attributed to the inability of the
apparatus to produce a system with a stable contact surface
ug;;;%-to the fundementally turbulant nature of the gas
accelerated by electromagnetic forces rather than
hydrcdynamic ones, The plasma observed in the expansion tube
is the decaying driver plasma mizing with gas collected during
the motion away from the driver, and its properties must be

individually determined under all conditions and not inferred

from the shock relations.
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CHAPTER 8

Precursor Ionisation.

1. Introduction

Precursor ionisation preceding the shock frent is by
now a commonly reported phenomerom in both conventional
pressure driven and electromagnetic shock tubes. However
there appoars to be much confusion in the literature as to
the original of the ionisation. Some authors even reporting
results which are in apparent contradiction to those obtained
elsewhere. As a result it is probable that there are several
different phenomena occuring in all devices, any one of which

may be the dominant one.

Essentially all hypothesis for the production of
ionisation before the shock froni may be embraced within
two broad categories(which mey be further subdivided} depending
whether the ionisation is a result of the shock front or

of the driver discharge.

a) Precursor Effccts Associated with the Shock Front.

Two eoffects are recognised which may lead to formation of an
ionisod region in front of the shock; electron diffusion
across the front, and photo-ionisation by radiation produced

behind tho shock.

In a strong shock ionisation will be produced behind

the shock front, resulting in a high electron density gradient.
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Due to the smeller electron mass its diffusion coefficient
is correspondingly greater and motion of electrons across
the front will be permitted, whereas that of ions and atoms
is forbidden. The diffusion will be limited by space charge
effocts and a potential -kTe/e will be sot up in front of the
shock. Theoretical threatments of this situation have been
obtained by Pipkin (1961 and 1963) Wetzol (1962 and 1963).
Observations of this phenomena have been reported by Weymann
(1960), Gloersen (1960), Groenig (1963), Matsuzaki ghd Wada
(1964), and Matsuzek{1965) under a variety of experimental
conditions in bo%h pressure driven and electromagnetic shock

tubes,

The effects of radiation from the shocked gas on the
atoms before the front has been considered by Wetzel (1963),

Biberman and Veklenko (1960) and Lagar'kov and Yakubov (1963).

An electron front presumably resulting from
photoionisation produced by radiation from behind the shock
front has been observed by Medford et al (1962). Gloersen (1960)
also observed a precursor signal associated with the luminosity

of the shock front.

b) Precursor Effects Associated with the Driver Discharge.

Several different precursor effects have been suggested to

account for the rise of ionisation found aftor the initiation
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of the discharge in electromagnetic shock tubes.

Ionisation produced by soft x-rays from the discharge

plasma (Gerado et al (1963), Bodin and Quinn (1963)).

Icnisation produced by UV radiation near the ionisation

limit (Ahlstrom et al (1963), Whelan (1964)).

Fast ions accelcrated in the discharge (Josephson

and Hales (1960)).

Electron fluid dynamic effects (Fowler and Hood
(1962), Paxton and Fowler (1962)). The validity of this

theory has however been questioned by Nelson (1965).

Breakdown produced by the electrical field from the
discharge (FPhilips 1964). Although this theory may be
applied to precursor ioniation produced in ) —pinch
discherges (Bodin and Quinn) it does not apply to the case
of electromagnetic '"shock" tubes where the observations may be

made a considerable distance down the expansion tube.

Thus in general it appears that the precursor effect in
electromagnetic devices may be described in terms of ionisation
produced by radiation from the discharge. The radiation may
however cause either photo-ionisction of the gas or

photo-emission from the walls of the expansion tube,
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Observations in different devices (Bodin and Quinn (1963)
and Ahlstrom et al (1963)) indicate that both processes may be

significant.

The theory of radiation produced ionisation in the shock

tube will bo considered in the following section.

2+ Theory of Radiation Produced Ionisation Fronts,

The first study of a radiation produced ionisation front
was made by Kahn in 1954. Kahn's analysis was subsequently
improved and modi fied by Goldsworthy (1961) and Axford (1961).
These authors considered the ionisation precduced by the
photon flux from = star in a cloud of interstellar gas. It was
shown that under certain conditions a region of discontinuity
(similar to a detonation wave) may be set up separating ionised
from unionised gas, across the boundary are discontinuities
of pressure and hence gas flow in the ionised region occurs.

It will however be shown that in electromegnetic shock tubes

the gas flow is small and dynamical effects may be neglected.
A
Following Kahn (1954) we ccnsider plane monochromatic

radiation travelling in the x~direction and being absorbed at
the ionisation front. In this model the front separates
transparent ionised gas behind the front from opaque neutral
gas bofore it. The front travels in the z - direction

with velocity Voe The effect of recombination has been considered
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by Goldsworthy (1961) but is not relevant LABORATORY  Frame

o

to the physical case considered here. 'Phoft‘:‘cin -V
loniset | Uncowsell

In the framo of the front gas flow

Rest RAME oF Frowut
velocitics behind and before the front are

Vi and V, respectively and pressure and (‘”‘_f'_’i’.'_ ,."32\_4';}"’

density given by p; and pgoy and P4 and o

The conssrvztion cf mass, momentum and energy givet
.-
01V, = PF, (2.1)"
2 2 .
Py ¢ 2y V] = Dyt PV, (2.2).

5 s dv.? = 3 s 7 (2.3)
i, B 3 epy, t
s 30
Where 3q° is the energy/unit mass availzble after ionisation

of an atom and is defined by

4mQ = hy - Ei (2.4)

m - mass of an atom

v - photon frequency

By ~ ionisation cnergy

and tho ratio of specific hoats (assumed constant) is 5/3.

After Kahn we define

€ = p1 /po (2‘5)
Vhoence 3 0 ) »
[opgfy 4V * @ Je?- Arofy * Vo I (2.6)
o )
- 4V02 = 0

or in terms of the speecd of sound in the ambient gas

i

. 2

c = (5p ) (2.7 )
o] o/ 3p°
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' 2
(3,24 v2+ )2 - (3¢ + 5v e+ av 2 = 0 (2.8)

o}

Now if ¢ has real roots:

2 2
(v, S = e ) > 4vQ (2.9)
It is an experimental fact that Vo > 3,
L2 2
3v, - 4v,Q - e > 0 (2.10)
Thia is gatisfied if @

(2.11)

2 2.%
v, > 1/3[2Q+(4Q +9¢,7) ]

Wl

or (2.12)

r 138 23"
Vo <l 20- Uk 9e])

It is easily seen that the second of these requires

Vo € Co and is therefore not permitted.

The case of (2.11) corresponds to a supersonic front -
termed R-front - equivalent to a detonation wave in the gas.
The apparent violation of the Chapman - Jouget hypothesis
required for such fronts has been discussed by Axford (1961)

and will not be considered here.,

In practice (2.11) is easily satisfied. Typical front
speeds observed are 108 cm/sec. This requires typiczlly
radiation of wavelengths greater than about 1&. In fact
the suggoested values of the wavelength range from 100 to
1000 £ , i.e. Vo >> q and Vo >> Co. This requires

(2.13)

v
Vo ~ V1

€ ~ 1
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In the laboratory frame the flow speed of the gas is

small and may be neglected. With these assumptions the
problem is much simplified and is considered in the next

section,

3. The Constant Volume Ionisation Wave.

It is easily seen from (2.3) that for the case of
constant volume across the ionisation region no mechanical
effects occur. As a result the mnalysis of the problem is
much simplified as we now have to consider only the photon

balanco without the fluid mechanical solution of the gas flow.

The physical picture of the ionisation however requires a
certain amount of care in its use. The front is a discontinuity
on one side of which is complete ionisation and on the
other neutral gas. In the ioniged region recombination will
occur resulting in the formation of neutrals behind the front.
These will be ionised again causing a photon loss behind the
front., This recombination may be taken into account by
including a loss term in the photon balance behind the front.
However if the transit time of the front is much greater than
the rocombination time recombination may be neglected. If
not the term will be significant and may prevent the

formation of a front altogether.

The problom will be simplified by considering a gas

which is only signly ionised e.g. hydrogen. We shall also
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consider only radiation near to the ionisation edge and
neglect the effects of wall emission, though the analysis
can be modified to include these terms, as it will be shown
that ionisation of the magnitude observed can bs predicted by

this model.

Consider a uniform tube of hydrogen. Ionising radiation
propogates down the tube in the x -~ direction from a source

atxHOQ

We wish to calculate the resulting ion density as a

function cof time

If Ny-is the photon flux between frequencies. ¥—v+dv

Qs

(3.1)

I

N
z = o )Nr o+ g

(a7

Where o, is the absorbtion and scattering cross section at Vv
q, is a source function due to recombination etc.

n is the no. of atoms/unit volume.

Assuming the absorbtion scattering is predominantly by the

atoms,
Also
an ' (3.2)
ry = 1{ov Hon dv + Q

!
W@eredb ig the ionisation cross section

Q is a source function dus to recombination and diffusion.
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We shall work at low ionisations in the gee so

that
Q2 Q o O (3.3)
My - —onN (3.4)
3x A RY
dn s ! (305)
3% -IGQan dv .
2 - - 3.6
SE(IOng) = on (3.6)
2 i ‘
d . N .
Fax-(lognv) = —O3F - o’vj'%vdv (3 T)
If Ny-is a continuous function of x and t, we have @
1
3 o _ - g 3.8
S¥(1°°Nv) = chE: N, dv + ()  (3.8)
1
At x=o0 NV = NV
d 0'\', ( ')
loghi ') = =~ [— (W - N )adv
F‘E( & \J/Hv) Vo, v v (3.9)

This is the general cass to be solved.

Let us now make some assumptions as to the nature

of the =bsorbtion dinvolved.

If the bulk of the photon loss occurs at the absorbtion

sdge and is dus to absorbtion rather than scattering*:

G = 0 v v
vVo_ B .10
o, = 9, Vo= v (3.10)
2
and a9, = 9
3 - N .11
at(logl\fv/m) = -o (8 -N)av (3.11)

*I+t 1s assumed that esach photon absorbed in this range produces one

ion.



IevVE Y, -g?(long/N\,’) = 0 (3.12)
1og(My/i) = &(x) (3.13)

At time t =0 W = N\"
glx) = o0 (3.14)

At the absorbtion edge .
3 " - § -y )(3.15)
Sl1oeCy /1 )1 = o, (1 - )

Vo V
]
Where Nvo & N%o are the total photon fluxes over the
wavelength range contained by the absorbiion edge.

The cross section is assumed constant over the edge.

Let us now drop the subscripts O

(3.15) becomes ,
21106 - w-w)  (3.16)

This equation is not soluable in general but if we specify

the form of‘NL we may obtain an approximate result.

Consider a uniform source which is switched on at time

t =0
1.8
W -0 t< 0 (3.17)
N = ¥ (const) t >0
t>0
gq;{log(N/N' Yl = —o(@-m) (3.18)
;3-2—% = -o(F - N') (3.19)
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g—.};[%+ (:lﬁ%_ﬁ)] = gl (3.20)
(3.21)

1og[N/(H,_N)] = gN't + fz(x)
At time + = O

n =np = const. (3.22)

BEquation (3.1) becomes 3

aN (2.23)
Iz = —csth |
N = N exp(—cnox) (3.24)
fz(x) = - 1og£exp(onox) - 1] (3.25)
on_x

Log[¥ /1 yy] = N'ot - logle ° -1] (3.26)

\

Let us consider the case (compare Nelson (1965))

on x > 1
[o}

o2
log[exp(onox) -1} =2 onx (3.21)

N

[}

N(Mtgt - onox) (3.28)

This represents a wave travelling with sneed Nl/ho. Behind

the wave there is complete ionisation. In this case recombination
will become important and must be taken into account.

Physically the form of this wave is a slab of radiation

travelling down the tube ionising the gas. As the gas is

ionised the absorbing centres are removed so no energy 1loss

occurs in transferring energy from the source to the front.
However as soon as recombination occurs between the source

and the front an energy loss term is introduced and must be

included in equation (3.4).
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In this case without recombination we have 3

AN (3.4)
= - "o
giving :
n - n (:H‘-I‘-‘r) 1 (3.29)

o ¥ [1-exp(~on )]
i.e. the front thickness is A = 1/ n
o)

This is the result obtained by Nelson (1965) but it is

strictly limited due to the effects of recombination.

The solution remains valid provided recombination
is small
i.e. t << x
In gas at 1000 X and 1016 electrons /cc typical values
if the gas were completely ionised -~ the recombination
time 1 ~ 10 10 sec., which is so small that the use

of this solution is severely limited.

In practical cases the gas is in fact never completely
ionised and we may use the solutions (3.26), as recombination.
will now be small.

i.e. n ~
/no 1
It is easily shown from (3.4) and (3.26) that :

, . (3.30)
0/[ ( eOII‘ t-l)e—onox + 1]

oN't -on x (3.31)
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i.e. either G N't A O << 1 (3.32)

or cnx -—+w

It is easy to see in fact that these criteria are
identical, simply representing the system before the

arrival of the ionising front.

Consider the case of small time : (o't << 1)

-on x (3-33)

n n
°/[1 + o't e °J

ji.e. n = n ~n
e [o}

ne/'nO X oN't exp(—onox) (3.34)

The electron density builds up linearly through the action

of a constant, but attenuated photon beam.

At large distances from the scurce ¢ x >> )\ = 1/011

B o= Ny o(ien x) (3.35)

e + 1]
Once again the build up of jonisasion may be represented

by waves of speed N'/ho since we have

from (3.26) o(1"' t-n_x) (3.26)

N/(N'—N) = e
but the waves do not have an origin at t+ = 0 x = O and do

not represent a front behind which complete ionisation exists.
They are simply waves of constant N (or n) similar,
if we may draw the analogy, to sound waves ai distinct from

shock waves.

Lot us now put in some figures to try to assess the



-232 -
importance and magnitudes of the various terms in the

equation (3.26).

We shall consider hydrogen under the following

conditions

Ngo s~ 1016 /cc

X 10 cm.
t 10-8860.

The cross section ¢ is given by 3

o = T.9 x 10-18 ng/ZZ cm2 (3.37)

near the absorbtion limit (Allen 1955)

Since the gas temperature is lowna~1l and garl

6 ., 8=x 10'"18 cm? (3.38)

on_ = 1/}\~ 100" cm (3.39)

The flux required can be calculated from the requirement

that /ng ~ 10 7
o't = 1074
Nt ~~ 10 photons/cm. “/sec.

The width of the absorbtion edge can be estimated

using Kramers formula (Allen 1955)
- .41
o, ~ 1.0x 10743 (3.41)

A= wavelength of radiation in B

. [e]
an O falls to 10% of its maximum value (at 1000 A )

by 500 A° giving a width of the edge~ 500 A .
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We may obtain an upper and lowar limit to the photon
flux by calculating the emission from the discharge due to
(a) black pody and (b) bremsstrahlung.

(a) Assuming black body radiation at a driver temperature

5

2
#2110 ev wo get 10~ photons /sq. cm./sec. within the

absorbtion width.

(b) From bremsstrahlung under the same conditions with a

1
driver length 10 cm. 10 9 photons/sq. cm./éec. are emitted.
In fact the actual photon flux is likely to be somewhere

between these values.

If the photon flux is as low as 1019

photon/sq. cm./sec.
the photoionisation of the ambient gas will give an electron
density of tho order of 1075u6~'10*11/cc. which is the sort
of value found by experimznt. Ve must thus conclude that

in hydrogen precursor ionisation of this type is likely to

occur,

However fronts of the type observed by Medford et al (1962)
are not likely to be the result of photoionisation as unless they

go that Q

are accompanied by a large increase in temporature)

of equation (2.3) is significant the recombination time is too
small ('l ~ 10“10 sec.) to permit the formation of such a front.
It should also be noted that the front width, which is about

equal to the radiation mean free path, is about 10 cm. and is

too large to account for the sharp discontinuity found.
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The physically observed precursor, however, appears to

be in order of magnitude agreement with the hypothesis
put forward here. This is however a lack of numerical
reosults with which to make a quantitative comparison.

Bodin and Quinn (1963) presented a similar calculation to

ours for the case ©/mo << 1 to account for their
observations with a Theta pinch and obtained reasonable
agreement between experiment and theory provided the
ionisation radiation was considered to have a wavelength
50 - 100 £>. We have consid:oced the case where the
radiation frequency is near the ionisation limit as this
appcars to be the more commonr source in electromagnetic
devices — probably due to the colder discharge. Howaver,
it must be concluded that further experimental work is
needed to obtain a quantitative understanding of this

phenonerntn
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CHAPTFR 9.,

Conclusions.
[4

In this work the design and operation of large area

electromagnetic guns has been investigated. These guns

are designed to give a large mass of gas propggating down

an expansion tube in which experiments may be carried out with
the plasma in a state of near equilibrium. The actual gas
flow produced suffars from several limitations, the importance
of which will depend on the application for which it is

required.

The turbulent nature of the gas flow is not well
understood. As it is notv thought that inertial instabilities
will cause the brezk-up of the contact surface as discussed
earlier, we must regard this turtwlence as either a result of
the build-up of a large turbulent boundary layer, or a
fundamental result of electromagnetic drive (page 213).

Probably both effects disturb the flow but it must be admitted
that a better understanding of the problem is required beforse

a solution to it can be found. If the problem is simply one of
turbulent boundary layers one might eliminate the walls
altogether and use a magnetic confirging field (Fowler and Turner
(1961)) if one simply required a uniform flow. However in

this case it appears that the front is no. longer plane.

Turbulence resulting from the discharge could presumably
be reduced by suitable driver design. It is claimed (Fowlor

1963) for thLe"segmented electric shock tube! that the discharge
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produces a hot gas confined in the driver section which tends
to expand in a uniform manner. If this is in fact the case
this device may be capable of producing non-turtulent flow of
speeds of the order of 5 cm/Ps. It must be pointed out however
that due to pinching action in the discharge tho flow will
initially be radial and the froni non-planar. This may be
overcome by allowing the front to "settle down" to a one-
dimensional flow as in a conventional shock tube (Glass et al
1953). It must also te pointed out that with most driver
designs the flow will eventually stabilise and become non-
turbulent. (Ahlstreom et al 1963). Unfortunetely by the time
the flow has settled down the velocity has atienuated to speeds

obtainable in convential shock tubes.

Closely related with the problam of turbulence is the
failure of the device to form a stable contact surface. As
a result no clean shock heated plasma precedes the blob down the
tube. This represents a sevore limitation to the uso of the
device. The conditions of the gas behind a shock wave are
gingle valued functions of the state before the shock and
its speed i.e. if the shock speed is known the plasma
temperature and number density can be calculated - a great
advantage in several plasma applications. Instead one has
a plasma blob with unknown parameters and probably large
impurity content from the driver discharge. Despite this the
T-tube device has been much used a spectoscopic source as it

is capable of temperatures and densities only otherwise obtained
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in a pinch device (which also suffers from the same

disadvantages). However it must be concluded that the
device is not suitable for the investigation of the various

modes of magnetohydrodynamic shock waves.

One of the most important uses of these devices is as
injectors into a gas free reogion., In this case the apparatus
is pumped down to about 107° m. Hg. and a small puff of gas
admitted to the electrode region. The discharge is triggered
before the gas diffuses and a small blol of plasma is ejected
into the flow tube. BSuch devices have been used as rocket
engines and as plasma injectors in field containment studies.
Apart from the different gas distribution in the gun the
mode of acceleration is probably identical to that in the

devices considered here,

The mode of acceleration in coaxial guns has received
much study but there romain many unanswered problems, particularly
concerning the micro-phenomena in the gun. An overall
qualitative description of the motion of the current shect
is given in Chapter 6 with modifications for the non-
uniformity of the driving pressure but several difficulties
remain concerning the gas collection process. It must be
concluded that a more detailed study of this device is required

for a complete understanding of its operation.

The coaxial device was modified by removing the central
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electrode in the hope that a pinched column would develop

which would act as a central rod electrode. Unfortunately
this did not happen as the discharge was unstable., However
the device did produce a well formed blob which was
reproducible down the tube. Although thoe gross form of

the discharge was investigated in this case, it would be

very interesting tc study the formation of the pinchad colum
and the ejection of the gas blob, particularly to compare it

with Mather's device (Mather 1961).

The other important injection device is the electrodeless
conical gun. In this work we have not studied this apparatus,
but its mode of operation shoull be very similar to the
Z~pinch analogue. The model proposud for this, i,e. the
expansion of tho pinched central columm does in fact appear
to be in good agresment with the sxperimentel observations made
on its operation. PFurther work is however needed to
investigate the actual nlasma conditions in the central
pinch to confirm this mechanism. The observation, of improved
front linearity with an axial magnetic field as the driver

may also stimulate further work on this featurs.

The model of procursor proposed in this study is
capable of erplaining the ohaerved focts, but in ke 1light of
more detailed measurements we must reserve judgemont as to

its importance.
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The electromagnetic plasma gun is a tool of great value.

As an injection device it is capable of delivering a plasmoid
of widely varying properties and considerable speed. In its
"shock tube" form it will give plasma flows at speeds not
cbtainable by other means. In this latter application great
caro must be taken to measure the plasma parameters, as the
shock relations do not apply to give the state of the gas
behind the front. However with caution the device may

prove useful for a wide variety of applications in

aerodynamics, magnetohydrodynamics, spectroscopy and plasma

physics.
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Appendix A,

The Inductance of a Coniczl Gun.

Consider the system shown in Fig. Ai.

The current is assumed to flow in a pinched columm
radius Ro length x and then in a linear cone to the ring

electrode radius By (Chapter 4 section 2).

The calculation is in two parisl) for the pinched plasms

and 2) the collapsing gas.

1) Pinched Column.

The magnetic field at a distance r from the axis

5 = Zor (a1)
The flux linkage
- ; (42)
Nl = [B.ds = j'J'21/10 dr dx
x T, ( '
= I 2, [toed’ ax 43)
o 2
Where T, is tho radius of the outer conductor
Now r = X tan$+ r (A4)
o 1
To 21 T
M = [° 55 (log To/R,) cotear, 65)
T

1
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. r'
21 hy
Nl = .E tany [ro(log °/R2 - l)Jr({A6a)
1
2) Collapsing current shell,
N, = [Bds
Lo To
N, = | i5llogr]” ax (A7.)
xl ri
Y =x tané +
o R(xext) (18.)
T T REEY /(121
1, dr .
21 o)
N2 = f J{110 log:ro tand (49)
1.
21 §1-x12
-.J‘x 10 log ri Rl dri
The total flux linkage 1
N = N, +0N,
21 . R
= T'C-)%‘:s.—n? .:}[ro(log I‘o - l) Jr
~ 1
Ty ( AL0.)
) .
- [rolog H2] t
r
l b3
2i (1-x! R
- 70 g‘ﬁ;")fri(IOg x; - 1)]R

2
N = %— x‘ coty [Rl(log R, - 1) - rl(log r - 1) ( A11.)
~(xy = 7)) logRy] - (1-x')(1log By - 1)

(1=) ]
= R2(log32 -1) !

1
Using ( 4.8 )
N = % E%‘; - (1-x1)](logRl - 1) - x* logR, (A12.)

~(z,-x}) - r, (logr, ~ 1)
23 - T1 ey '
- 5 G log(Rl/rl) + xllog(Rl/Rz) - x1] (ar3.)
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The inductance of the system is thus ¢

L

1

Ny x 1078 Al4.

2[rl/ta.ns log(Rl/rl) + xb 1og(Rl/R2) Al5.
..x_l]nh.

]



APPENDIX B.

Linearity of the Current Sheet in the Snowplough
Model of the Conical Gun.

With certein assumptions it is possible to derive an
analytical solution to the snowplough model of the conical
gun {Chapter 4 section 2). The most important of these

assumptions is the use of a linear current sheet.

In this appendix we shall check this assumption and

indicate how the solution may be improved. ;

Let us assume the axial movement of

the pinch is small and caslculats and conmpare

the radial position of the sheet at 2z =1
given by the snowplough solution (Chapter

4 (2.10)) and by the assumption of a

linear curremt sheet. “““""X.P

A

From the geometry of fig. Bi we have

(xp - x)/r . /R (B.1)

r/R = 1 - % (8.3)
P
From equation (2.14) of Chapter 4.
Xp = X - th ( 34)
L

2
Where vP = 1/1.43(V2/100np°L2) c°t¢1 (.5)
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Transforming to the variables y,z,t defined in Chapter

4.

b4 R
Vo ey s g, 0 R (3-6)

Remembering (91 ~10°
and 2z-.1 i.e. x-le

we gets

1
v - - Er e ) (&7

This function is shown plotted in fig 4ii.

Let us now consider the general problem. The velocity
of the sheet is assumed to be normal to its surface.

Thus if v is the velocity of tho sheet

d 2 (B.8)
) = B /8=
Where g‘—i‘- is the mass of ges collected /funit time funit area
by the sheet.
f(ryx,t) = O (B.10)
The velocity v is given by s
of \2
v = (Ta%‘) /(af 2 F\2 ®.11)
2+ ()
The solution to (B+9) is given bys
m = m + Ps @.12)

Where S is the length of acurve vhich is always normal to

the current sheet.

i.e.
8 = J‘V dt
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_ 3t % dt (R13)
B = J‘O /[(af!ar)%"(af/ax)z] !
An analytic solution to this problem’may be obtained

if the additional assumption of constant speed is made.

Equation (B.8) becomes

2

2 B.
Pv- = B /81T = I2/2r:r2 (8.14)

Following Gartenhaus and Tamnenwald (1960) we make the

transofrmation 3

1 ©
V= gy 1) ab (.15)
)
and (B.14) becomess
2RL 2  QAf\2  R2f\2 (8.16)
T af') (gr) + \ax)
which has the following exact solution ¢
(1 h'z'%' 1 & h'25%
+ 1 . +
r = hlcosh —h-]?l(x-—}.) - TS sinh ThT (x—;\)]
(1+n'%)
2 1 2,:2 &
h 2 h'ht hh'!
21t o B/ 20F oz BRL T, B (x)
(1+0'%) (1+0'?) (1+h'2)2
where h = h(A) (B.17)

A is an undetermined parameter
and h is defined by the initial boundary conditions

i-e. at t = O
r = h(x)

However in view of the unsatisfactory nature of the
assumption of constant speed of the current sheet made in
this calculation equation (B.l'?) was not evaluated and the
mothods of Chapter 4 werc preferred in estimating the motion

of the current sheet.
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APPENDIX C

Calculation of Rate of Logs of Particles from
Pinched Column,

It is shown in Chapter 4 section 4 that the particles will
be in a state of kinetic equilibrium specified by a temperature

T, Let us consider one species only.

No. of particles with velocity yv--v + dv

2.2
viv = nexp[—5m( vy Y ) /kT]dvxdvydvz /Z (c¢.1)
2 .2
where Z = [ffexp[~m(v_"+v, 7) /k,l,]dvxdvydvz (8.2)
2 2 8 . .
and v,= vy +v, component of velocity perpendicular
to axis.
Asgsuming azimathal symmetry
ZnVLdVl = J‘dvydvz (003)

- 2.2
N"x‘ﬁ = Zmn exp[m(v_"+v, ) Jier] dedevL/Z

(Ce4)

L]
ee No. of ions with velocity vectors in cone defined by

loaving system /sec.
' @V tane

1 2 2
N = ZMnJ‘OJ‘O exp[~dm(v_ -H;L ()i/m] (c.5)
v_dv,

% (L—.T.)%An sin‘?e /Z
= 21t (c.6)

The mean velooity of particles leaving is given by 1
;1 = Zgén j‘m é‘: ta.ngx‘?n exp[-gm(v +V, 2) /k‘l‘]dvi dvx( e1)
] J(2)(k‘1‘) (1 - cos>8) /12, (c.8)

z - (_2..’%‘1‘..)3/2 (0+9)
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