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ABSTRACT  

In this thesis the theory and application of electromagnetic 

guns 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 injected near the electrodes. 

Two different types of gun are considered: the conical (with 

electrodes) and the coaxial. Theoretical models for each gun are 

considered and compared with elperiment. It is found that in the 

case 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 replaced by a pinched 

plasma column. 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 nlearlv defined Shock structure was formed 

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

workers this feature was only found at low flow speeds €2cm/)1s.) 

and high ambient Las pressures (> 1 mm. 	+ijarlortAA- 

A quantitative description of precursor waves in terms 

of constant volume ionisation fronts is given. It is shown 

that under the experimental conditions the front will be 

diffuse and that recombination mr:,y be neglected. 



- 3 — 
CHAPTER 1.  

INTRODUCTION  

1. Electromagnetic Shock Tubes.  

Since 1952 when the first observations of plasma production 

were made (Resler et al 1952) shock tubes have provided a useful 

source of fast moving laboratory olasma. The hot gas produced in 

these devices has the great advantage of being comparatively stable 

and dense (101 7/cc) but suffers from being fairly cold. (10 — 20,000°K 

is about the maximum temperature obtained). 

The earliest shock tubes wore simple pressure driven devices 

consisting of a high pressure region of cold gas separated by a 

diaphragm from the low pressure gas. When the diaphragm was broken, 

the high pressure gas expanded intoalompressure region building up a 

zone of shock heated gas in front of it. It is apparent that a limiting 

factor in this process is the expansion of the high pressure 

drivingEas, which is limited by the sound speed in this gas. In 

order to make this latter quantity as high as possible the gas 

should have a low molecular weight and be hot. 

These criteria have been met in a variety of ways. 

Obviously the most suitable driving gas is dissociated hydrogen, 

which may be obtained in the heating process. The gas may be heated 

by a variety of techniques: 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 introduoed the back—strap driven T—tube — the 

first electromagnetically driven shock tube. In this case a discharge 

between two electrodes provides the driving pressure by the Lorentz 

force of the current with its own magnetic field. In theory this 

should be capable of exerting pressures considerably in excess 

of those obtained by conventional means 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 speeds in 

excess of M100 can be theoretically expected. Viith these speeds 

temperatures of the order of 100,000°K 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 Kolb (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. li(a)) was 

allowed to expand down 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 jAB 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 conditions:and the plasma is of 

small dimensions. Despite these objections the plasma produced by 

these devices has found wide use as a spectroscopic source. 

In 1958 Josephson introduced the conical gun (fig. li(b)) 

which was-capable of producing a very fast moving plasma of dimensions 

suitable for carrying out aerodynamic research. In its olectrodeless 
is 

form the gun wee also capable of great gas purity, but still sufferS', 

from the disadvantages of irreproducibility and lack of a well 

defined shock wave. 

The coaxial device introduced by Dattner (1959) (fig li(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 electrodes and is forced by the magnetic pressure in the 

region behind the front down 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 

annular shock tube ) of Patrick (1959) (fig. li(d)). In this device 
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the discharge takes place between cylindrical 	nX 

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 section 

and the shock wave correspondingly plane. This type of gun has been 
tr.  

much used to investigate the various formsof magnertydrodynamic 

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—guns in which the electrodes are 

simply two parallel plates with the discharge running between them 

(fig. li(e)). Although this device has been thoroughly discussed 

theoretically (Chapter 3 section 1) it is limited practically by the 

size of electrode required to give field uniformity (Chapter 3 

section5a)) and the difficulty of maintaining a uniform 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 electrode 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 considered 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 disnhArge is to heat the gas instead of 

accelerating it. This is shown in fig li(f). The discharge takes 

place simultaneously between the pairs of electrodes thus heating the 

gas, which then expands in a similar manner 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 ElectromaFnetic 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 temperature had been obtained Masa, Berg 

and (llemi(1960)) they had been explained by considering the effects 

of 111V. radiation from the discharge on the ambient gas in the tube. 

However, Clonkoeau (1963) using a T tube with different gas in the 
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driver section from that in the expansion part ahow.(4 that imam-

most conditions driver and. driven 6ao mixed and that any attempt 

to predict values of the plasma stata-from the Rankine Hugoniot 

relations would load to serious error. 

Cloupeau'S work has since been confirmed by several other 

workers in differing types of driver. These observations are 

discussed in Chapter 7 section 1. 

A series of observations on the form of the plasma blob in 

the device used in the current series of experiment revealed similar 

discrepancies which are discussed in Chapter 7. 

4. Precursor Phenomena  

As already mentioned in section 3 the as ahead of the major 

front may already be disturbed by the discharge and/or shock wave. 

These effects have always been ascribed either to radiation or 

electron diffusion from the shock front. The precursor signals in 

electromagnetic devices generally occur almost simultaneously with 

the driving discharge. As a result 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 

unfortunately there 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 electromagnetieshock tubes" it bAnsum apparent that a detailed 

study of one device was necessary before it could be used 

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

use a conical eun, but the fundamental weakness of the device 

precluded its use, and the modified coaxial gun was devised. The 

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

these guns. 
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CHAPTER 2 

APPARATUS 

In this chapter we shall review and discuss tho various 

experimental techniques used in this work and describe the 

construction of suitable apparatus. 

1) "Shock"Tubes  

Various designs of electromagnetic shock tube have been 

tried (Chapter 1) with different degrees of success. For maximum 

efficiency some simple rules may be elucidated. 

1) The inductance of the device should be much greater than that 

of the external circuit  oonoiotatt with t 

L;s 
AO.  the current rise time should be of the same order as the plasma 

blob formation time in the gun. 

10 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/unit area of 

expansion tube to cut down attenuation. 

Vie shall see to what extent these criteria were obeyed in the 

course of the construction of the guns. 
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The guns were designed to operate in the pressure range 

100p. to 5mm Hg, thus elimdnatirg any difficulties with gas 

breakdown. As the purpose of the experiments was simply to 

investigate modes of operation of the guns it was decided that 

highgls purity was not required and a back pressure of 10p, 

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 outlet 

at the other a certain amount of flushing of the impurities must 

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 Wand 	For 

convenience of operation the driving section and expansion tube 

were made easily separable. The glass expansion tube being sealed 

in anaihol" or "Perspex" collar which was then screwed into the 

ring electrode. 

The driver consisted of a 15 cm. long conical pyrex tube 

of half angle 109. 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 made as short as possible (Chapter 5 p.I40 



F‘a  2 i 

•13• 

CONICAL GUN 

Not to scale - approximately full size 



- 14 - 

The button electrode was nickel brazed on to a coppar rod. 

The inner strip lead from the condenser bank was soldered on to 

the copper rod, which was thus the H.T. electrode. The gas inlet 

supply was via a hole drilled in the rod- The electrodes were 

sealed to the cone with "AralditeV 

The earth strip lead was brought outside the copper rod and 

soldered 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 sheets of 1 thou. Melinex in the gap. 

Care had to be taken to see that the Melinex 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 eventually 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 

rather dirty and consequently was not considered suitable for 

detailed invos6igation into the form of the plasma blob produced. 

The inductance of the gun determined its physical size. From 

appendix A we see that the inductance of a conical device is given by : 

L 	2 	 , 	log (PIA. ) + iloge(R02) 
I/tane e I 

-xI ( 
(2.1) 
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In fact we have : 

R2  

1'1 

,1 

= 	3.8 

= 	1.0 

= xl 	= 

am. 

am. 

1 = 15 cm. 

11012  '110 	Lext 	nh. 

L 	50 nh. 

i.e. the gun is matiehed to the bank inductance. The measured value 

of the inductance was in fact 701a. the error probably being duo 

to difficulties in estimating the radius of the pinched column R2. 

(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'iii)andfiv;would operate in a manner 

similar to a coaxial gun. The copper cylinder formed the outer 

electrode along which the discharge was supposed to move. The 

inner electrode - a nickel button - was supposed to support a 

column 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 cleaner 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. 

However this gun was a great improvement on the conical 

gun. It was reproducible shot-to-shot to better than 10% in plasma 

properties 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 consequently 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.  
tie. 

In order to investigate the operation ofgun just described a 

third gun was constructed. This was made as flexible as possible 

and was designed to take any coaxial electrode configuration 

required. The muzzle is shown in fig. 2v. The central rod 

electrode could be screwed into the pin emerging through the back 

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

As the gun was required 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 

electrode made ofgauze. 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 parts at 

different radial positions in which magnetic probes could be 

mounted to permit observations to bo made on the current 

distribution in the discharge. Using probes mounted in quartz or 

pyrex tubes supported in the mount and a further wooden block it 

was possible to position the probe to about 2 mm. even near the 

"back plate" of the electrodes. This system is shown in fig. Zvi 

2) Condenser Bank.  

The condenser bank used comprised 20 x 1 i.40KV BICC 

condensers. Each condenser had its own spark gap triggered via 

*a 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 ("Molinex") 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 Laster gap at the 

initially open circuit of the gun. It was in fact found that this 

pulse did came a breakdown in the gun and presumably pro—ionised 

the major discharge. 

Unfortunately the charging system on the bank made it 
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impossible to reverse the polarity of the bank without a major 

reconstruction of the system. 

3) Production of Magnetic Fields. 

Several experiments required the use of magnetic fields of the 

order of kilogausg. A simple method of producing such fields is 

by the pulsed field without using a condenser bank discharging 

through a coil system. Typical coils made out of copper strip 

insulated with polythene and set in "Araldito " are shown in fig. 2vii. 

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 1341f depending on the magnetic field 

required. The system used a spark gap switch to discharge the bank 

and proved very satisfactory. 

4) Magnetic Probes.  

Two types of maL7notic probes were used : 

(a) Blowett coil device. 

This was a flux averaging device to measure Be 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-ill. 

The coil consisted of 450 turns of 3 thou copper wire 



wound on the plastic insulator of a piece of inoalntr3 airs 
core 

1 mm. in diameter. The wire coil 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 olcctosv_tically screened with 

"Silver Dee and mounted in a glass tube in the expansion tube. 

It has been shown (Cooper (1963)) that the time response of a 

Blewett coil depends on the load. The optimum load 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 output 

matched into a twin—cc:vocable. 

(b) Point Magnetic Probes. 

To investigate the field distribution in the discharge small 

maLnetic probes wore constructed. The design criteria have been 

discussed by Frayne (1963) and we will simply indicate the 

relevant points. 

(i) Resonant frequency due to its own self—inductance. The 

coil and feeder line will have a high signal attenuation for 

frequencies near the resonant frequency of the system. For 

frequencies much below the resonant frequencies of the Coil the 

response of the system is linear. 

(ii) Dimensions of the coil. It can be shown that the optimum 

ratio of the length L to the outer diameter D of a.coil has the 

value L/D = 0.72. In this case the coil, in an inhomogeneous 
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Fig. 2 vii Field coils 

Fig. 2 viii Point magnetic probe 
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magnetic field, measures the flux at the contra ci 41,,, coil 

(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 	s 	1.5 mm. 

The coil was mounted in the end of a 60 cm. quartz 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 car e cable without additional screening did not suffer 

from severe pick—up and consequently it was not necessary to use 

two core 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 50wimpedance and fed into a passive 

integration circuit of 20 ils  time constant (and impedance much 

greater than 50(0 ). The integrated signal was fed into the 

oscilloscope. 

The inductance and capacity of the feeder line—coil system 

was measured using a conventional Q—meter and gave the following 
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values : 

Inductance 	3.3. g 

Capacity 	100 pf. 

Resonant frequency 8 Mc/s. 

This gives a rise time for the probe of less than 1/101.ts 

which was more than adequate for the experiments discussed here. 

The probes were calibrated against a standard 35 turns amt  
coil in a uniform field between a pair of pulsed Helmholtz coils. 

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

found to be small and negligible. 

5) Cameras.  

One of the most convenient methods of investigating the 

discharge and formation of the plasma blob in the system is by 

photography. Two systems were used : 

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 

20pb3and a total exposure time at maximum speed of 30is was found 

to be ideal for observing the motion of the plasma blob along the 

axis of the discharge and expansion tubes. 

To  obtain a qualitative picture of the discharge in two dimensions a 
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Barr and Stroud C.P.6. rotating mirror framing camera (similar 

to the S.4 of Skinner (1962)) was used. This gives 60 frames 

at 	Illsiintervals i.e. a total exposure time of 7.511s and is 

consequently very convenient for studying the discharge. 

This concludes the description of the major units of 

apparatus used. Other systems were considered — spectroscopic 

determination of temperature and number density, Laserandlor 

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. 



- 28 - 

CHAPTER 3.  

The Theory of Electromagnetic Guns. 

1. Introduction.  

Electromagnetic shock tubes may take several forma in whicil 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 geometry of the system. The simplest arrangement to consider 

between which is is the rail—gun which consists of two parallel plates 

a discharge driven down the channel by its own 

ltai 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 

uniform. When this condition is no longer obeyed the force 

3{ 

varies 

over the cross section and will cause deformation of the current sheet. 

Thus we see that even 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. 
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Tho form of the analysis of the processes involved can be 

resolved into two distinct types s 

1) Electromagnetic drive, In this a blob of plasma is accelerated 

by the jpk B forces on it due to the n (magnetic field) created 

by its own return conductor. The dynamic motion of the gas may be 

considered by a shock or snowplough model. 

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

expands as in a conventional shock tylle due to its high pressure. 

The first series of processes has been considered in great 

detail by several authors 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. Electromagnetically Driven Shock Waves. 

Consider a parallel plate rail—gun 

system as shown in Fig. 3ii. 

Region (1) is undisturbed gas into which a 

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 the stroL6 shock wave has an arbitrary 

but constant ratio of specific heats. 

(c) The 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 further 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 the current in the system was a constant, 

thereby eliminating the difficulties due to the density gradients 

in the shock resulting from acceleration. 

Subsequent studies of the various geomotrisoplanar (Wright 

and Black 1959, Morse 1962) coaxial (Patrick, 1959, Kemp and 

Petschek 1959, Marshall 1959, Pugh 1962) and cylindrical (amen 

and Mcllroy 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 tha analysis of Morse in whiLA. exact 

solutions are obtained for the limiting cases of small and large 

time. The fluid—mechanical description of the plasma is 

formulated in terms of the Lagrargian co—ordinate system thereby 

avoiding the necessity of two—point boundary 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. 

is 
(b) The current sheet accelerated rapidly into undisturbed 

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

This current in this system is given by : 

vot = (Lg + L)i 
Where Vo  and Lo  are the constant voltage and current of the source 

and L is the inductance of the driving system and is given by : 

L 
	

(2.2.) 

cwr.r-4,,,t Sit,-tgx 

The magnetic field between the plates is given by : 

B = 4:iti/tioc 	 (2.3.) 

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

on the shock heated side and the magnetic pressure on the other - 

= 	B2
/8// 
	

Po 
	 (2.9 	) 
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p is the undisturbed gas pressure. 
0 

, 2 2 27V t  
P - P 

	

	. p 	'0 	 2 2L  2 / (I+LeJvii )
2 	(2.5) 

b t o 	v 0 
Wawill now specify the boundary conditions to the 

problem 3 

The Lagrangian co-ordinate of the piston i5 specified as 

	

a . o 	 (.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 front. 

p p 	t<< I  ) 

	

Y+1 
)
/( y-1) 

	(.2.7) 

st"bsc.,+t 

The boundary conditions at the shock are assumed to 

be given by the strong shock relations. 

	

U' behind shock 
	

211', (Y1-1 ) shock 

(2.8 ) 

	

behind shock 
	

/(Y-1) shock 

Ps 	
213 o  ut 2/e+i

)  
 p 

btAbsc.rtbt trn cit c.c.Zres 
	 sock   Travtt 

(a) 
The Lagrangian co-ordinate4in front of the shock is equal 

to the laboratory Cartesian co -ordinate(r ). 

At the shock front 

a = xs 
	 (2.3.) 
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After passing through the shock front the motion of the 

particle is isentropic and may be expressed by an entrop..y 

equation specifying adiabatic motion 

f/at (pp—') = 0 
	

or 	1p-Y = f(a) 
	(2.10 

Continuit3 and momentum are expressz3d ly 

p (ax/aa) 	= 	Po  

a 2  xiat2 	= 3 U`/at 
ivo ap /aa 

These may be expressed in non-dimensional form using 

the following parameters. 

Lo/Lt = x0 	 X
/A 
 = )9 aix 	= a , p/p . - D Y 	 o 	 0 	0 

U I 	= 	 W Y U*t ik = '5 	 - AT* 	V y VI AT*  = 	 ' 
/ 0 	P/e0U* 	

P 
- 

2 U*4 
	= 
	

c
2 v" 

o  /8421)11 	
( 2.13) 0   

d separation of plates: 
thus: 

PD
-Y 	

f, (a,) 

D as 
	1 	 (2.15 ) 

a
2 - 

— 
	3 V = 	a P 

.5t2 	/ 	3 a 
( 2.16 ) 



With boundary conditions: 

CC = s  

_ = 
-es - 

D 
= (Y+1)/(Y-1) 

 

(2.17) 

(2.18, 

(2.19) 

(2.20) 

(2.21) 

 

(y+1 ) 2 = P + 	v 	Po 
+ 2  

O 2 	0 (r(Y+1  )‘
A
dt
ns  2 

These equations with the additional assumptions of a linear 

pressure distribution in the Lcgrangian variable have been 

solved by Wright & Black (1959) and Morse (1962). 

The latter Lives for small times 

t « 1 n « 1 

= 	
(Y+1)/2(Y+5) 	

2 	(2.22!) 

whence 

w = dns 
at 

• 2 (y+1)/2(y+5) 	t (2.23 ) 

and 

n 	n'  s • 	s 	
(Y+1)/2(Y4-5) 1 1 	n' P 	P 

1 
= ( L12  

‘ 2 / 

1(1+5) 
1 	( 	2 4 ) 
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The long time solution is a 

v 	= 
P 

co 	= 

p 

s 

1/A  

14 2/(Y+1) 

(Y+1) 	3/4  

21/ 	1/4  
/(y+1) 

(y+1)12  np  

1 

(2.25) 

(2,26) 

(2.27) 

(2.28) 

Equations (2.22.) — (2.24) are valid •G < 0.5 and .(2.25.) — (2.28) 

/ > 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 

(snowploueh model 1 with consequent mathematical simplification, 

3. Snowplough Model of the Electromagnetic Gun.  

The snowplough model of the electromagnetic gun is simply a 

simplified 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 

compressed 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, Kash 1960, Hart 

1962, Cormack 1963, Bakken 1964). 

In addition to the above assumptions we shall also make the 

following ones 

(d) The current is supplied by a constant voltaEel  constant 

inductance source. 

V . d (L L,x)i 
a 

(3.1) 

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

momentum loss to the walls. Ei.osion 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 : 

(1-P(
m,) 	• 	iL1i2 
	

( 3.2) 
2, 

	

(It is easily shown that 11, i2and , 
	

are equivalent). 
1 	8n 

• M
o mlx 

where m  is the initial mast of gas due to breakdown 
0 

remnants etc. 

(3.3) 

ml is the mass collected/Unit length 	= Po  A 

The current is Liven by : 

Vt/(Lo Liz) 

Thus 12.2) becomes 

dx 	iLIV 2  t 2/, 
dt (mo + mlx)ET o + L1x)2 

This equation without the initial mass term m0  but 

allowing for the capacity has been solved by Bakken (19649) 

for small times. 

(3.4 ) 

(3.5) 

Transforming (3.5:) to dimensionless variables : 

x
/x29 	X1  . Lo/I6. 	X 

	

.I. 	I 	2 	mo/mi( 3.6)  

a = 	Xi/x2  '54 = Vo
2t4

/21,1m1X24 

d 
d 	+ Y  d. 

2 
/(cc + 3)2 

0.7 ) 
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The boundary conditions are s 

y = 0, 	= 0 , at 
	

C = 0 
	

( 3.0 

Note: (3.7) has the particular solution (a+ )=1 which does not 

satisfy (3.8). 

We shall now derive a solution to f,3.7) valid for small times 
« 1 

Let 	z = 

12(1+y) 	+ 16z— ((li-y)-d-7-] = dz 	dz 	dz 	+y (3.8) 

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

a solution valid for small time provided > 1. 

1 	1 EL.  1 	2 
Y = 120(z 12x14cF 24 ;' z  

1 	1 1 3 
-12x12x14a6[ 24 —aJz 

Thus for small time : 

	

2 
/ mot  L 2 	t4 1V/ o 2 	o 12 ml  L1  

Obviously this solution breaks down for the case previously 

(3.10) 

(3.11) 

considered in which 0<-...000  as all the coefficients tend to zero. 

In this case we may simply obtain the first term 

Let 4 	V 2t4  / II 	0 /2L11111X14  
and Y= (3.12) 



= 
• 

_ 

-12 

2 
/(1 

1 04 
1 2 

1 	ti 
,2 

1. y2)  

const. 

(.3.13) 

(3.14) 

(3.15) 

(3.16) 

.172 

d_ 
( 

If y « 1 
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Equation (.3.5) reducea to : 

c.f. (2.22) 

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

obtained by the substitution 

Y = 	ti = 1/v  

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

performed. 

The asymptotic solution is easily obtained: 
If y » a» 1 

Equation (3.7) becomes: 

d. 	) 
	 ti 

2 /Y
2 
	

(3.171 

.The solution to this is 

Y 	= 	t 	 (3.18) 

2 V 
x 	. 	o /i21J1m,  t 	

(3.19) 
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A further analytic solution to the snowplough equation will 

now be obtained for subsequent use 
If Lo =>.=-L1x 

	

i 	sinwt (3.20) 
0 

where i
o 
= VOL/c) 	and 

7  = 1/01,c) 	
(3.21) 

 

With these current equations (3.2) becomes : 

It(mv) = 1Llio2sin2mt 	(3.22) 

2/ 

	

my 	= 1/4L i
u  
_ kt — 2vlsin2wt) 	(3.231) 

Now 	 x. 	(3.24) 

1 	2 	2 2 	2 mox + 	1/8Llio  t + L1
.
o cos2wt/16w2 	(3.25) 

+ canst. 
At t=0 x=0 

. 	/ mox + imix
2 = 1//8  Lio

2 t2  ILA o
2a —cos2wt)/16 w2 

 (3.26) 

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). 

(a)Linear 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 involves the flow of gas parallel to the current 

sheet. Consider an inclined current sheet 	GOO +hay Cw wte. 
tVrev-ctvJe 

moving down the tube (fig. 3 iii). The gas 

particles will presumably be accelerated normal 

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 violatirig the primary assumption of shock theory. This 

problem will be further considered in Chapter 6. 

Let us now consider the possible causes; 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 tensor form with components parallel and 

perpendicular (Hall currents) to the electric field (Bostick 1963). 

In the plasma we have 

parallel to the elctric 
field. 	14.1) 

* Current sheet instability is considered in Section 7. 

. a( E via 
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where (4.2) a ao/( 1 + w 
2
%  2)  

= 
e e 

= electron cyclotron frequency . .4B/m c  e  

.t e. electron collision frequency, 

and perpendicular to the electric field 

Cr 41 	// o e 	k1+6) % ) 
e e 

(4.3) 

/ • 	= 	1 / 
pil 	 tan 6  / 	e e 

Where 9 is the angle the current sheet makes with the 

wall. 

As w % may well be greater than 1 we see that this effect 
e e 

may be significant and it will be considered in greater detail 

related to a specific case in Chapter 6. 

(b) Infinite Conductivity.  

This assumption is required to prevent the current 

diffusihg into the plasma created by the shock. The rate of 

diffusion of magnetic field into the plasma is given by 

Lit 	1 Alva, /
0 

	 (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 vclocity 

of the slug 

4TcoL2v 
	 (4.6 ) 

lc 

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 Lg Kin (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 : 

D = Ex 4.(1—k)lw  

neglecting the initial mass mo  

The mass collected 

m = [x (1—k)w]m]. 	(40-) 

and. 

(4.8) 
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Eliminating w 

m = DAD-1+k) mix 
	(4.10) 

and 	= (D-1)/
(D

_ific) 
	(4.11) 

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 the 

difficulty involved is considerable and has not been attempted. 

Provided the maximum current density still occurs near the rear 

of the slug the situation 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. 

(c) Non—Uniformity of the Magnetic Field betwee-the  
Current Sheet.  

The uniformity of the magnetic field behind the current 

sheet is determined solely by the geometry of the discharge 

con 	ation. 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. 

(d) Ratio of Specific Heats is Constant.  

Althoughy 2 the ratio of the specific heats of the gas c,kc„,,, 	065 

TiVAG.5 is accelerated — from 1.67 after dissociation at v-v5.105  cm/s. 

to nearly 1 during ionisation at v..2.106=sin 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 y (Greiginger and Cole 1961) Morse 1962). Thus the error 

introduced by this assumption should be small and agreement 

between shock and snowplough models good. 

(e) Interation Effects with the Walls.  

The plasma interaction 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 bountherylayers 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 represents a serious problem and is presumably 

related tothat discussed in (a) where a mass transfer 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 (3.31) for ml should be modified 

to take this loss into account. 

The currents involved in tho discharge in, accelerators of 

this form are typically ,•+ 105 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 take place in 

a spot — a localised source of current — on the cathode, thereby 

deforming the current sheet. A 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 they 

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 anode i.e. in the same 
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direction as the Hall current ,phenomenc14.1 t hy, 44) 

Erosion of wall material will occur due to the discharge. 

Only material which is eroded into the current sheet 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 Oorwadk (1963) has modified 

(3.3 ) to include this : 

m 	= 	Ino 	 t + KS oi2  (t) dt 
	

04.12) 

However it is questionable whether such a procedure is any 

better than simply modifying ml i.e. a constant quantity 

of material is removed from each part of the electrode. The 

term may however be important at low pressure and should be 

included in some form. 

(f) Joule Heating.  

Due to the large currents flowing in the plasma significant 

Joule heating will occur. The snowplough equations (3.2) - 

(3.[) will not however be affected by this as they simply 

represent a momentum balance across the plasma. The shock 

equations (2.10) - (2.12.) may needladjustment to take into account 

the variation in y . Also if the current flow takes place in the 

bulk of the 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 ofY 

throughout the shocked gas. However in view of the slow variation 
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of the flow velocity with y tha effect will not be of much 
importance in calculating the speed of the current sheet. 

If, however, the shock relations are 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. 

5. Application to various Driver Geometries.  

In this section we will discuss the application of the 

snowplough and shock calculations to various driver geometries — 

rail—guns, coaxial and T—tubes. Although in principle each 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.  

The rail—Lun consists of a pair of 

parallel plates, width b separated by a 

distance d. Current passes between 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 the magnetic field is given by : 

(5.1) 4ni A / D 0 
c. = 	c.A.eGj  

provided b >> x 

d>> x 

Li  = 4ni/bc.dx/icx = 41d, 2 bc 

(5.2) 

(5.3:) 
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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 
X --err 

limiting case bk,<d;.xx. 

F1  3vi 

We may take the plates As represented by wires of thickness 

b separation d. 

The magnetic field at the current sheet 

is then given by: 

B_ ix 	1 1 	1  

	

c Lyur,-+x-y2 	(d-y)Et4.(d_y)211.-/ (5.4) 
where y is the distance from one of the electrodes (fig. 3vi). 

This function however is only a slowly varying function of y 

in the region d/4y<4d/5However if the driver has this form care 

must be taken in using (5.0 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 

emission (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 

the drive will extend far down the T—arm due to 

the effects of self—crowbarring*(section 6). 

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.(12S 	2D 	2 	_a_ 2d/ B 	
c 	fi-(D/2) ] -1-  iwtx

2 
 4.(d/2)2] 

2D/  
f 

icli(x+a) + kD/2) 

The first bort:tie due to the current loop in the side arm. 

The second Norte represent the stabilising effect of the linear 

current. 

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

Equation (5.5)illustrateet 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 breakdown behind 

the current sheet.* (Section6). 

* This effect is well illustrated in streak photographs in 
Kolb (1957). 

(5.5) 
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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 be due simply 

to the Hall effect (pages;). 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 Bostick (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 likely to be extremely complicated. 

(c) Coaxial Gun.  

The coaxial gun is transpose of 

the rail—gun from a linear geometry to a 

2.4 
	A 

k 3vt tt  

cylindrical one. It will be seen that in addition to the 

practical advantages of this arrangement the ratio of
Liimi can 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 s 

B= 	2i 
cr 

(5.6.) 

Pm  
2/ B2,

/8n 	
i /
?o

2
r
2 

(5.7) 
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Thus the magnetic pressure on the sheet varies across a radius 

as 1/r2. Near 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 a 

decrease in Liand a loss in the overall acceleration 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 electrodes reasonable agreement 

may be obtained with experiment 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. 

F 	iLli2 

Li 	= 210g(ro yr  ) ic2 
t  (5.8) 

Experimental studies (Keck 1962) of the current sheet have, 

indicated that it is deformed by the difference of pressure across 

it. In general it becomes convex downstream. However there is also 

a polarity dependence, the curvature being increased with the 

central electrode positive; presumably a result of either 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 estimating the mass of gas swept up by the 

front. A steady state calculation based on the shock model has 

boon performed by Fishman and Petschek (1962), but the problem has 

not been solved during the acceleration phase. 

6. Current Crowbarring in an Electromagnetic Shock Tube.  
It is frequently observed in devices of this type that during 

the motion of the first plasma slug down the electrodes a second 

breakdown may take place in the gas left behind (Chapter 6). 

The voltage across the input terminals of the discharge : 

6.1) 

may exceed 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 discharge occurs 

(Hager man and Oshor 1963). 

The first blob is now decoupled from the discharge circuit 

and the current in the loop formed through the secondary blob 

will decay duo to the motion and to resistive effects. 

Consider the situation shown in Fig.3ix. 

The primary sheet is denoted by the sub-script 

1 and the secondary by 2. 



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 : 

dt1—  (m..dt 8) B1.A 1 2  "111  

The motion of the second sheet by : 

2 
d f  

	

Wm2dt ) 	it -A 

- 	1T (i2  2  _ 4 2\ t / 

The current it  will be determined by 

Liii(  xi -x2 ) 	= 	Li i 0 xi 0 

and. 
	1 	iloxloi(li-x2) 

	

1 	
mo mix 

( 6 . 2 . ) 

( 6.3 ) 

) 

(6.5) 

(6.6 

(6.7) 

These equations with various simplifications have been solvel 

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

A simple solution may be obtained if the following 

further assumptions are made : 

i2« 
	 ( 6 . 8) 

mo« mix 
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(6.2) becomes 

A2 2N  
m / ) = ldt 	

L1i1 

and (.6.6) 

ii 	iloxo/X 1 

Writing (6.4.) and (6.10) innon-dimensional form : 
2 /2 L1i1R t2 

mx 1 o 

d2V)  

(Y11 )
2 

dt 
where y. an dla are specified at the secondary 

2 

12  

1°g(Y/Y ) +[ Yoldo]2 

0 

breakdown - yo 	1 

	

(37..(1,,:lc 	+ logy 
	(6.13) 

d2..) [ 1 + log yudy.)2° 

	

d/ 	= 	‘d/ 
 
lo 	i`dzio /y 

If ClIff"4-Z d/ 

(m 	will increase to reach a maximum 

value at log y .0 1  - 2(E:V2  (6.14) 

of 
‘ctr, )max (2e)-4exP()2  d/ o 

(6.15) 

If  (2)2  > j the sheet speed will decrease. 
o 

monotonically. 

Writing 

z 
	

(111I)20  + log y 
	( 6.161) 
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and 	
a = 

We have : 	dz e-2(z-a) 
d t 

2a 	2z -A- 

	

= 	4ae fa 
e z dz t 

(6.17, 

(6.18) 

This integral may be evaluated as a recurrent series which 

converges for all z 
(3n+1)11(.3P +17,-e-2aEz-ie2z-f(-011 2 

o "'" o 	T2n477- I 	3  a 
1 

to  4.#5[  y2z2f(_1)n2(3n+1)11.1 ri]z  
2n+1.)! z  

(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. 

7. 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 qualitative manner as a mathematical description can be 

found elsewhere in the standard references. 

(a) Rayleigh-Taylor Instability.  

The Rayleigh-Taylor instability is the 

magnetohydrodynamic analogue of the classical 

iner'tical instability resulting froth a heavy 

fluid floating on top of a lac ht due in a 

• Ft)  3K. 

MIASMA 

kvb 	CriveT I e, 
Flap 



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 by,Itka; 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 

.f(ka) 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) Tearing Mode.  

The teaming 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 b.. The a — 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 aridge of better conducting material. It can be 

shown the motor effect 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) Experimental Observations of Current Sheet Instability.  

The only reported observations of current sheet instability 

is by Gooding et al (1963) in a coaxial device with gas injection. 

They report that under certain conditions the sheet breaks up into 

a single spoke discharge between the electrodes. It was found that 

a rough criterion for stability against "Spoking" was that the flaw 

of neutral gas into the sheet should not decrease in time at a 

faster rate than the driving pressure B
2
/18R . 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 "spoking". However in general form the production of a single 

filament of current from the sheet more resembles the teasing 

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 break—up of the 

system via the teaging 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 based 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 amount of energy W is deposited instantaneously in a 
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narrows slab of fluid in a tube of constant unit cross section. 

The fluid will then expand down the tube proceeded by a shock 

wave. 

If the internal energy of the fluid E may be represented 

by 

E
= 	1/(Y-1  )13/P 

	 (8.1) 

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 

Momentum 

Energy 

— at 	ax 

E21.0 	f 2  + p) = 7  ax( pu t at 

(1 2 	ti 2 5tkm-pu + pE) = - Txvou + puE +pu) 

(8.2) 

'With the Rankine -Hugonixt relations across the shock front. 

In addition it is assumed that the total energy of the 

syctem 

W 
	

S°0°  dx (2pu2  pE) 
	

(8.3) 

is a constant throughout the motion. 

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 

( ui2 Ei) e 	 (8.4) 

(8.5) 

Where xl, is the position of the shock front down the tube 
LA.1  

and,112 and El are the flow velocity and internal energies at the 

front, determined by the strong shock relations, 

(8.6) 

E1 	f2/( ro  )211,2  

Where v is the velocity of the shock front 

N.12  - El  = {2A01)  t 

W =f2/(Y4-1)2iv2f'°x  

Integrating we get: 

x 	(i)2/3 (5)2/3  
(11 )

1/,  
" t2/3  

, 

Po 
as the solution. 

V 

This latter calculation illustrates well the physical 

picture of the process involved, It is that shook 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 obtained 

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 V is stored as wagnetic 

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 ohmio  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 

v 3.106  cm./s. at x--15 cm. 
p 	1 mm. Hg. 	i"k-105  amps. 	' 2 Ps. 

W 	3.2111 	v2p
o
xA 
	

100 joules 

but 4(1/8)  10-2w This requires 	11.',, 10-2w 

and the discharge "swings" i.e. the actual resistance W..,41/ 
/10 /C <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 during 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 mass 

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 down 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 eipress the 

dynamics of electromagnetic 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 expandingeas will occur as the upper 

electronic level is populated rather than as the radiation escapes. 
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detailed account the reader is referred to the above 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: 

an 	 .+ --111 = a.v 
e  n e(N-ne) - ane

2  DeV2ne at  
neglecting any electromagnetic drive effects. 

(9.1) 

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 

term De57ttdominates 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: 

Dee E n 
2 

i 	E 
z/A kT

e 5  

Ehergy coneervation 

iEz 	• (eV. + 3//2  kT e 	e 	m ) o.v nN + m2 	v e
3Nn i  

Kirchoffts 2nd law: 
di + Ri + 2,  EEz  • 0 dt 	C  

Mass conservation 

dn 	• (oiveN - X2D)n dt 

jo(Xr)  

((9;fl 

0.3; 

(9.4) 

(9.5) 

(9.6) 
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Where 

• current 	n = no. density 

212  = electric field 	. cross section 

De  = diffusion coefficient 	v = velocity 

• temperature 	m . mass of electrons 

inductance of external 	M = mass of ions 
circuit 

• capacity of external 	1 = luagth of discharge 
circuit 	 chamber 

R 	• 	resistance of external 	A . area of discharge 
circuit 	 chamber 

J
o • Bossel function of degree 0. VI = ionisation potential. 

These equations are however not complete. Even 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 energy 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 3Te/3.b  
ot, 

is small 'A. somewhat surprising conclusion in view of the following 

comments. Kirchoff'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 the 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 41140104  asps or greater at pressures olir 1 mm. Hg. The 

neglect of this term is surprising in view of the fact that the 

discharge in Fowler's apparatus is observed to pinch. 

We now move on to the theory of the production of electron 

driven shocks. If we consider as before a discharge in which 

'the sole heating pzocess is ohmic, the energy transfer is 

initially to the electrons alone as they are the principal current 

carriers 

dT 	2e2D _2  2m2N • T e = 	e- 	(1- 	) E 	3 ao v 3] 
dt 	3k2Te 	311k 	Te 	

o e 	+ 5 

ohmic 	 Transfer tc heavy 
heating 	particles Neutrals and 

ions 

-(eVi  3/2kTe)aive  N 

Ionisation energy loss. 

'9.7) 

The temperature of the ions and neutrals will be determined by 

ion-electron and ion-neutral collisions. 

dT 	 2 

dt 	= 3Mk (1-T/T  )E (1 -a)(5 	ve3] / e  
0-) 

if it is assumed that ions and neutrals equilibrate rapidly 

amongst themselves. 

The time to reach equilibrium under these conditions is 
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given by : 

for electrons 

9 . 9 : e 	
k2Te

2
/e2D E2 

e 

.0.10 ) 31 
 el, 2, n 

CM IA 1--a )a  v 3  +aa v 3  -1 
fgrethe missive particles 

Using the analysis outlined earlier cf 	0.riving section 

Fowler shows (1963 p. 73). 

6  e 	10-9 	107  

(9.1L) Eo/.0 103 10 
tk th-e, e-yns  

rike./040Atdensitykexpressed in units of,cdensity at Imm. Hg pressure 

and 00 

Ho  isfkel °atria field in 1//cm. 

i.e. the heating time of electrons "4.'10 — 10
9  secs. 

It can be shorn that : 
4 

log'A 

v41.-1-e,,,-,z, A 	v4e.. 	6/ 	W 73 ) 
	( 9.12) 

(Spitzer 1956) 

If we assume a+ >> ab we can set an upper limit to the relaxation 

time. 

It can be shown that the relaxation time based on 49.10) and 

(,.12) is given by (Spitzer 1956). 

( 9.1 3.) 

ti 1- 	3m
8 

3/2 	T 
" 	

9.14:) 

8(27‘711-e4  log 2. 
(m— + m—°)  

+ 

1 3kETe — 
a 2m2H /773 e 
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If T / > Ti e/me /m 
ta 	

e i 5.87 T 3/2/ 
(pe  a 9.15) N lo 

.NTA /. for 

	

e //4.3 	
hydrogen 

log )1 	/0 
8 / 	e•-.,  10 x  secs. 	 (9.16).  

T 	16 	a typical value, 
Ne //c;c. 

If we assume 10% ionisation — a somewhat lot, figure we get an 

equilibrium time mr10
7
secs. 

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 -lb :opal 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 electrons. 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 

proceeded 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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,l(kTelm) 
	

( 9.17) 

Whore M is the ionc mass. 

The criterion for the fluid motion to be dominated by 

electron partial pressure is (Fopdel.' 19::'4) 

a Te > T. 
1 

In fact as shown above this relation is unlikely to be obeyed in 

a hydrogen fir-addriver so that we must conclude that concept 

cannot be applied to guns of the typo 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 Ip2e,o to investigate its 

mode of operation. The electrodeless system 'which should produce 

the cleanest plasma 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 0 — pinch system we shall not concern 

ourselves with them. 

Josephson and Hales (1961) showed that the discharge of an 

electrode conical gun pinched and that the formation of the blob 

was intimately connected with the sequential pinching motion of 

the discharge down the tube. This was in agreement with the 

theory put forward by Josephson (1958) to explain the opti—• 

mum cone angle (10°) found in a low pressure (30 — 30oloq 

dellterium 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 



— 71 — 
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 produced (Josephson 1958). 

The optimum situation will be one in whicz. :;,10 pressure pulse 

and the head of the pinched column travel together. The velocity 

of the pressure pulse is given by the sound speed: 

V 	RT/m) 2  

where 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 cannot 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 section (2) a snowplough model of the discharge is 

outlined. By making the assumption of current sheet linearity 

the problem is reduced to two components 	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 attempt to compute the dynamics 

of the collapsing current sheet in the conical pinch, using 

the snowplough model. The snowplough model first introduced by 

Rosenbluth et 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 are 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/u 	

= P/P."111 

 

0 

	

1+ 
1 ) 2  (1 -141) 

(y+1)/2  

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

ratio of specific heats y 0 1. 

If the tas is initially cold and v.nionised part of the 

energy of the shock motion must be used to ionise and dissociate 

the gas. This is equivalent to introducing further degrees of 

freedom to the gas i.e. Y is reduced. The effect of this is to 

reduce the deviation of the shock and snowplough models. In 

Quinn and Reynolds (1963) are shown graphs of the shock vs. driver 

velocities for H2 on the shock and snowplough models and it 

may be seen that in the region of study (pinch speed mw5 cm/ 11 sec) 

reasonable agreement between the two theories is found. 

In view of the difficulty of solving the current 

voltage relations for the discharge we shall solve the 

equations with the limitation that the current is dependent 

mainly on the bank inductance, i.e. 

Lo » L1 

Lo bank inductance 

Ll gun inductance 

This gives for the current, neglecting resistive effects : 

i = INAL/c) sinwt 

1/1(LC) 

It is further assumed that the collapse time T is much 

less than the quarter period of the current 

" 	24-(Lc) 
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In 'ads case : 	i = Vt/i 

V — applied voltage 

Snowplough Model.  

It will be subsequently shown (AppelciAx 

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

the current sheet can be represented by a cone 

based on the ring electrode with the pinch point 

at the apex. The pinched column forms the 

continuation of the sheet to the button electrode 

(fig. 4i). 

F73 4-j 

Amplres theorem shows that outside the current sheet 

the field : 

1.b = a/lor 
	(2.1) 

Bz small — i in amps. 

The magnetic pressure on the current sheet is 

,2 	 (2.2) 
TC Pm 	(21/10r)2/87t  

We shall consider the motion of the 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 consider first the radial motion. 

Consider an element ox of the current sheet. We shall assume 
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that the length of this element parallel to the axis, bx 

remains unchanged during the motion, i.o. avot  . Ept « 

When the element is a distance r fram the axis the mass 

of gas collected 

II (R12 	1.2)p06x  

Where R1 is the radius of the cone at the starting point of 

the element. 

17[N(R12-r2)P1] 
B2 6x cos y  • -211r n-criri ox  

.2 
▪ -1 /1001. 

We shall for simplicity consider the case where the 

bank inductance >> the gun inductance. 

di 
V = at 

- no resistive element 

-d-t-EnPo (R12-
r2)rt 

Transforming variables 

2 	1/, ti 	= 
(V  /100 IS poR3.4) /9' t 

Y r/Ri  = 

(Dt 

,2 ,2 
,( v/I.:2)4  /100r 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 
2 

a  al-y2)1Z3 = 	- dt 
This is the standard snowplough pinch equation which has boon solved 

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

10, it can be shown 

/ pinoh = 1.43 

secs. tP  = 1.43 i( v /100up. L2R 	
/4 Al 

time to pinch. 	
o ,-' 

Now Ri.x tan (p1 
The piribh point therefore moves along the axis with 

volocity 

vp 	dt = 	LIE 	== 
1
1 
43

/V2/ /100npoL
2 )
1/
4 cotyl  

.  
Let us now examine the axial movement. 

The axial magnetic force 

Pf 	5x since B2  

	

cosy 	/8% 

(2.14.)1 

(2.15 ) 
.2 tanp A -x/100r 

,-KAre. 

This is equal to thoi,ohango in axial momentum of the element 

dx ITE.npo(R12  -r2 	Ox dt (2.16) 

Making use of the assumption of the linearity of the current 

sheet 

tancp (2.17) 

.i2  (R-r) ItE7cpo(i2-r2A 
dt 	100r 

(2.18.) 

Transforming'to dirnnsionloss variables 
2 

1,7 E(1 	(Y-Y) -Y2)M = 
Y z 

(219 .) 
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where .1„1  
RAI  = Y 

We must now integrate (2.19) using the solution of 

(2.10) for y 

(2.20) 

Thus 2- 	Y 	/P 
2 
 (Y-Y) d/ [kl-y 41 1  = 	14 y  

( 221) 

Before procooding to numerical intogration of (2.19) 

itwill be convenient to derive an approximate analytic solution 

for use in the next section. 

Lot us find the polynominal 

1-y = k/n  

With the same boundary conditions as the solution (2.10) 

At y = = 	0 	22:
ti  

_ n  

y = 0 , 1Y. = 1.43, dl  - -2.0 

(2.22) 

(2.23) 

1 	_ 	 ,(2.24.) 

n 

k 

= 

= 

(1-y) d, 

2.0 x 1.43 

(1-7Z) 

- 

(1.
1 
43)-  

3 

- 1 
3 n 	= 

(2.21') becomes : 

[(1,2)-% Y  cit 1 
4 () d(;3)  

- / (Y-Y)  1  
• ro zy 3k aY 

(2.25) 

(2.20 
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If we make the assumption that z remains constant during the 

motion wo may perform the intogration. It will be seen in the 

subsequent numerical integration that the error introduced is 

small. 

dz 	1 ylog y 	1 
d/ 	 1 

- 1 E Ylog y + 1 — y 3 

(2.29) 

(2.30) 

This gives as the axial velocity 
dx 	21 R 	

1/ 
— 	[clog y + 1 y ] (V2/100 L2) 4 

	(2.31) 
dt 	

uPo 

We may alternatively integrate (2.21) numerically to obtain 

values of the velocity. This has been done at the starting point 

z = 1 and gives 

ag 3.0 	 (2.32) 

compared with 

from (2.31). 

(1E) p 
	s,  2.0 	(2.33) 

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

occurs mainly in the last eighth of the compression. 

Lot us now consider the effect of this axial motion on the 

pinched column. 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 increased the current sheet 
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will tend to overtake the pinch point and become separated 

from the pinched co7umn. The speed of the pinch point along 

the axis will thus represent a maximum axial speed for the 

particles accelerated axially by the current sheet. 

If Zp is the pinch point z co-ordinato 

dz 	1
/1.43 tanp1 --P 

If A ..e 10 
dz 

= 4 
dl 

(2.34) 

( 2.35 ) 

but at z = 1 the axial velocity d x3  so that the current sheet 
d,c 

will in fact attain this speed and overtake the pinch point. The 

particles of the shoot will become detached from the sheet and 

travel down the tube with speed that of the pinch point along the 

axis. Break-up will occur roughly at z = ire 

From the calculation in Appendix B it becomes apparent 

that the condition for linearity of the current sheet is in fact 

a limitation on the cone angle. If the cone angle is too large 

the current sheet will be concave outwards giving a greater 

acceleration near the axis than the linear case, but the speed 

of the pinch point will be 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 decreased but its speed is greater. Investigation of fig. 

4ii shows that in the 10°  case considered the current sheet is 

slightly convex and it is thought that the compromise between 

speed and mass of the plasma blob may oporate.so that this in 

fact gives the optimum operation (Josephson 1958). 

It is necessary now to point out some of the sources of 

error in this calculation. We have already considered the 

essential 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 affect the analysis. 

Observations of slower discharges have indicated that tiall hang-up" 

is essentially a function of the external conditions and is thus 

shot-to-shot reproducible. 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 the inductance. The resistance of the gun is caused by 

ionising and dissociating collisions by the electrons in the 

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

* wall hang up time measured <.1 vs. 
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the current and an ohmic resistance. Although the snowplough 

relation eqn. (2.5) is not itself modified as it expresses 

the conservation of momentum rather than energy, we must take 

into account the modification of the current duo to the resistance. 

Provided 
,4t Lic  >> R 

the current is inductance controlled and we can neglect the 

effect of resistance. If however this condition is not obeyed 

the collapse times will be inereasod.from those calculated due to the 

effective current reduction. 

3. The collapse time is of the same order as the discharge quarter 

period. The, effect of this will be to reduce the current below 

the assumed value later in the collapse. This will cause the large 

radius collapse curves to be extended and the speed of the axial 

pinch to be reduced. 

4. The length of the element bx of the current sheet parallel 

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

to the axis 11 becomes large this assumption will not be valid 

and the axial length of the sheet will be increased. This 

effectively reduces the density of the ambient gas into which the 

sheet moves and could be taken into account by adjusting the value 

of po in (2.4). Diminution of the density will cause an increase in 

the acceleration of the sheet and a consequent increase in speed 

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

over the current sheet 

Bz .41c  BO 

This can be easily seen by considering the current sheet made 

up of a series of uniformly distributed current carrying wires. 

The field is then the resultant field due to the wires. As the 

B adds over neighbouring elements and Bz  is formed by the 

difference we see that the azumithal component must be much 

greater than the axial. 

Thus the dominant driving term is the azumithal field. 

6. The gas pressure is not negligible. In (2.4) we have neglected 

the gas pressure 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.e. the current is small. 

7. 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 taken for breakdown and due to impurities emitted from the 

walls. The latter quantity is probably non—negligible in 

hydrogen and will cause significant variations in the collapse 

time. 

Although this dynamical theory does predict the formation of 

a plasma blob of the correct speed it is unlikely that the slug of 

gas can be massive enough to account for the propogption of the slug 
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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 large to account for the appearance 

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 

column. The first of these theories is contained in this section 

and represents 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 al 1948). 

In section 4 we consider the pinched gas heated 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 indebted to Mr. R.D. Medford for this suggestion. 
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Josephson (Section 1) except 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 see if it can be extended to include the acceleration 

mechanism of a conical gun. 

Consider the system shown in diagram 

(fig. 4iv). The detonation wave travels 

through the shaped block of explosive collapsing 

the metal liner. The wave produces pressures 

so great that the strength of the liner may be 

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

It is assumed that 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 consider initially the case of two collapsing 

planes — rather than a cone. The junction of the collapsing 
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planes moves with speed 

v1 	v cosi(e—a) sine 
	(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 

V2 = vo cos i(e—a) tane / 	vo 2  sinX.(e—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 

time as seen by a moving observer at the 

collapse point, Berrioulli's equation 	f-1 40/ 

fdpk(p) 	const. 	
(3.3) 

is applicable. 

If the liner is nearly incompressible 

i•e• = 	n 	= const. p

o  
(3.4) 

this reduces to 

7po 
+ 2 	const. 	(3.5) 

If it is assumed that the liner moves away from the exploded gas 

so fast that the surface pressure is low and hence constant on 

all surfaces of the collapsing liner, the jet and slug will 
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appear to recede with exactly the same velocity V2 as the walls 

appear to advance. 

In the stationary system, the jet has speed forward 

V) = V). 	V2 
	 (3.6) 

and the slug — also4forward cLL,rec.x.)1-,,Qs s17-wacu 

Vs  = V1  — V2 	(3.7) 

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 ms and mj the parts going 

to the slug and the jet respectively 

and, 

m = mi 	ms 	 (3.8) 

mv
2 
cosp = m v 	

0 
m.v

2 	
(3.9) 

s 2  
where 	m.

3 	
m/2(1 - Coss) 	 (3.19) 

m/2  (1. + con) 	(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 tho 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 however 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 acceleration of the current sheet will moan that 

the angle p will vary in time. 

3. The anglep will be 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 see that in detail the dynamics of the two systems 

are much different. It may however be possible to use the 

fundamental assumption involving Bernoulli's theorem and the 

time invariance of the phenomenon as seen by the moving observer. 

If VG  is the collapse speed at an angle 0 to 

the axis and yp  the speed of the pinch point 

along the axis we have (from 3.6) and (3.7) 

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

VsVp  — V2  

Vj Vp  v2  

(3.12) 

where 
2 

V
2 

V 2  + Vc
2  — 9V V cos 

p c 
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If we identify the blob with the slug the conditions for 

a slug to form is 

vp  > V2 	 (3.14) 

i.e. 	2V cos e > V 	 (3.15) 
c 

But from (2.14) 

Vp 	Vc/2.86 tan p1 
expression which is found to be approximately correct 

(Chapter 5). 

cosO > 2.86 tanyo  > .25 

which is possible physically. However the maximum slug 

velocity 

Vsmax = 	 v2min. 

(3.16.) 

(3.17) 

and 
V2min. 

= V — V 
P c 

(3.18.) 

Vsmax = v
C 
	

(.310) 

but V p 

	

1.11. 	 (3.20) V 

	

	•-•,, OF 
smax. 

which too slow to account for the measured speeds Vs 	\,0P 

In any case the IIIP:WilMUM slug velocity is obtained when 0 = 0 

i.e. the collapsing current sheet and the pinch point move 

parallel to one another. In this case the mass of the slug 

is givon by (3.11) 

Ms eft/ -42-n m. 

However two points must be remembered : 

(a) At 0=0 the 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 lid 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 jet might not be 

compressed and farm the blob. Compression of the jet will 

occur if : 

Vi = Vp  

However the minimum speed of the jet is given by 

Vj  min = V + V2 min. 	 (3.21) 

From (3.18) 

V3  • min -tr. 21T 	Vc 	V 
	 (3.22) 

which is too fast to permit such an identification. It should 

be noted that 3.22) is based on e = 0 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 

section the same model will be considered from the microscopic 

point of view as opposed to the microscopic fluid mechanical one 

presented here. 
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4. apansion of the Pinched Column of Gas.  
In this section we will attempt to account for the formation 

of the blob by an expansion of the pinched column of gas. In 

effect we might consider this process as the formation of a 

blast wave (Chapter 3 section 8) in the column of gas (e.g. 

section 1). However, the theory proposed does not analyse the 

flow in those terms. The column 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 column . It is assumed that 

the conductivity of the outside of the column is sufficiently 

high that the magnetic field does not penetrate into the ionised 

gas i.e. the gas is collision dominated. We then have the 

situation diagramyd in fig. 4 vii. The 

high temperature ionised gas is contained 

within an open—ended enclosure by the magnetic 

fields. Due to its high thormal velocities 

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 wo then have to consider only ono 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 made to allow for the electrons and ions. 

If the diameter of the "hole" in the container is much 

greater than the mean free path we neglect 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 

perpendicular to the axis of the system the particles mast have 

their velocities vectors lying within the solid angle defined by 

the current shoot «tan angle& to the axis. 

In this case the rate at which particles leave the system 

is given by (Appendix C) 

(4.1) — N = 4n sin .g 2  v A 

Where n is the particle density; 	the mean speed and A the 

area of the hole. 

Which if 6  = 900  reduces to the familiar effusion equation 

n1 	
1 

The mean velocity of the particles leaving 

\- ) (l - cos30)/ 	2 v
1 	2m 	/ sin g& 

rckT

T Kinetic temperature. 

(4.2) 

(4.3) 

After leaving the system the particles will enter a region 

of lower gas pressure. Expansion of the slug due to the velocity 

spectrum within it will however be reduced by collisions 

amongst the slug particles and with gmbient gas molecules. As 

the momentum of the system will be given bymNvitStwe may identify 

VI 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 electron and ionic 

kinetic temperatures will be approximately equal ( 0-folding 
-8 

time x!10 s.). As the collision time amongst the heavy 
-8 

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

equilibrium amohgst their kinetic states also. 

Te 	
T
i 	

Ta 	
(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 electrons and accelerate the 

ions. The solution of this problem is however extremely difficult 
co...pm,re 

and is not presented here. (G-7-14 Fowler 1961 and 1964). 

Despite this it is possible to place limits to the 

velocities by assumirg allthe electron energy effectively 

transferred to the ions or none transferred: 

Wherell..is the speed corresponding to the ions alcn03. 

In the former case the number of ions leaving the system is 

unaltered and in the second it is increased by a factor 4-2 

4-21/<17. 4 V. 
1 	1 

(4.5) 

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 applicable: 	 (4.6) 

2  
- /2000k 
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I= current in amps. 

N1  =line density of column. 

The speed would be given by (4.3): 
1 

v 	
20 

= 	(12
A )

2 	(4.7) 
u-Ek 

This I'p  VS:V is in fact found by Fowler (1961 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 (1  Rs.)for equilibrium with the magnetic field to be 

established. A kinetic temperature must therefore be sought 

from the pinch dyftamics. 

The most reliable 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 adcount 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 term in the snowplough relation : 

From (2.4) it can be shown s 

tt(mv) = -11.2  grad L 	(4.8) 

Where L is 	the inductance of the system 

V the velocity of the current sheet and ifyvits mass. 

The work done by th.3 system in unit time : 

W 2-i2  grad L . v 	1.2 dL 
Tt* (4.9) 

d 
dz V. 	( Inv ) —  

iliv2) 
1- 	

v2 dm 
dt`  (4.10) 

t""4 2 dm Thus there is an extra turn -12-v 	which does not represent 
dt 

kinetic energy but must be energy transfer to the sheet. Energy 

transferred to the sheet is used to dissociate and ionise the 

collected gas and also to heat it — the transfer being via the 

current carriers i.e. the electrons. 

(b) 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 

2  M. Vc
2 NAP.  3/2  k(T1 	T e ) 

	
(4.11) 

Ali =mass of ions. 

As the velocity near the pinch is nearly constant fig. 4 ii 
-te rIM 

the turn in (a) will be nearly equal 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 eV.and the dissociation 

energy 4.0 eg.Thus each atom requires about 15cato ionise and 
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dissociate it. The velocity corresponding to this : 

vd 	
m2B. / e 	5 x 106  cm/s (4.12) 

This is approximately equal to the collapse velocity. We 

/1 	dm 
may therefore.reLard the second tout,in (4.10) k--ff y

2 
 

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) 

1 
7t 	2 

( /6) v
C  

V 

1 
2 

(x/12) Vo  (4.13) 

i.e. 	 /32 )k v 
	 (4.14) 

aihere 	> k > 1 

pf the loss cone 6 is large. 

But if we use the snowplough relation to find Vc  (Section 2) 

from (2.23) 

	

V
c 
	2.0 E v2/100 N p L2  3 

	(4.15) 

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

given by 

vp  

v 
P 

v 

= 

= 

2 
1 	. 43 tan 1  nr /100 Ap

o 
1,2  

v / 
c/2.86 tanyi  

(1—cost 0) (4.17) (71/12)72k 

.1. 
4 

(2.14) 

(4.16) 

sin 20 

x 2.86 tanTi vp 



- 98 - 
The plasma blob will be best2Vmed if the pinch speed and 

the escape velocity are the same - in this case the blob will be 

a compact well formed structure (compare section 1). 

The condition for this is : 

cotyl 	2.86 k (1-cos30) (
12'  
)2 	(4.18) 

sin N 

1.5 k (1  - cos3e) 	
(4.19) 

 

0 	 sin20 	(4.20) 
If 0-90 	and lc,- 1 

3 °  
If 0-0°  and k^-J2 	f•-• 17° 	

(4.21) 
(P
(1)1 
i 

With these assumptions we are now in a position to explain the 

optimisation results of Josephson (1958) and Hart (1959). As 
cl.e.LAZe 1r°1.. LA-4.w 

already mentioned Josephson found in lietermining 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 cono angles the optimum configuration was given by an angle 

of 20° at pressures > 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 undetermined 

numerical factor k. to a reasonable degree of accuracy. 

* This term will tend to decrease the optimum 

cone angle as it effectively increases Ve. 
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We have also predicted s 

VI, 	V 

as is obtained experimentally (Chapter 5). 

The mass the slug is given by t 

M 	mNot 	 (4.22) 

If the effusion is assumed to take place during the time 

the pinched column forms 

M 
	 (4.23) 

Where 1 is the length of the column 

from (4.1) 

M 4mn sin
2  8 A 1 y 

Vl 

v 	4  •  2elt. .1L,A  

V, 	-Ti CI- cv. 56 
1 

mi  sin4 /y, 1. _ cos)I  

Where M1 is the mass of g
7 

in the column. 

(4.24) 

(4.25) 

Thus we see that if e  is large (....,900) 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 the 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 column this assumption will be justifiable as tho 

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 5.  

'The Operation of the Conical Gun. 

1. Introduction.  

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, 1959: Guhart and Morita, 1965). Although the 

reason for this is not completely understood it is thought to 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 cathode. It is 

suggested that the system might be improved by the use of a small 

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. Ho 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 wound azimuthally 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 measurements 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 

photographing the discharge with a framing camera. A typical 

series is shown in Fig. 5i. The development of the column can be 

seen as follows : 

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_ .5 cm. from the ring electrode). In some 

cases a small blob may be observed 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 
C IXVIlt 

ejected until 30 us after the dischargeichen a slow moving slug, 

probably the result of thermal expansion of 	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.'-- 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 quantii:tive 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 make 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 not 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 photograg.Ls the "pinch point" 

and plasma blob velocities could be measured. 

Fig. 5iii shows a plot of Vp(= "pinch point" velocity)against 

(V2 
 
1p) , V = bank voltage, p = ambient gas density on a log — 

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

V 	cc 	( v2  )2,  
/p 

(2.1) 

is seen to be obeyed. The best fit to a is 1/5 but it can be 

seen that a  . 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. 
« Lo 
	 (2.2) 

and. 	 Lc )» 
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where Li is the gun inductance 

L 0 	bank 

C 	" 	capacitance 

ti 	it Collapse time 

Despite of these failures we may conclud,,,  that the agreement 

between the theory of section 2 chapter 4 and .:110 experimental 

observations on the gun is satisfactory. 

A further point may be made in connection with the Monroe 

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 be 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 

coefficient it is quite possible that a jet of fast ions could be 

produced and remain undetected by the methods used. 

An essential 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 	(2.3) 



- cs  

• 

S 117 

Plot of v5
ft against .vet 

Conical gun 

o 
O 

• 

x 
to 

• • 

- 	Swift,. Hs, IO kv. 
• MA wr. r1.3 	15 kV. 
9 	/.war.Hz 10 kV. 

o I mini. H3  15 1w 

o -5 olnyA • Pti  lo 

o .5 	Hz  15 kV. 
• • i .•...,..H.3 	10 1/4,1  

• • I len •••t - m.5 IS kV. 

A 

S 

O 

O to 

Stab speed. "v g •  5 

trOtt444. 



— 109 — 

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 th, ambient gas 

swept up by the blob is included. 

The speed Vs 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 snowploughs: 

m o p 
(mo m1) vs (2.4) 

where mo is the mast of the blob 

and ml is the mass of collected gas. 

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

no. density : 

Loss rate 	A n v 	/unit time/unit area 	(2.5) 

Al  cross section of pinched column. 

Mass of blob 	,---• 	A p 717 ot 	 (2.6) 

gt is the formation time of the blob. 

Now from (2.4) 

111
1m  

A ,l, (2.7) 
viobis  —, 1 -I- 	A, 	1 	2 F e 

'I o 	p A v at 
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Mare e  is the ambient gas density 

A2 the area of the expansion tube p4A. 

12  a length A'the distance of measurement. 

piv  /v
s 	

1 4. 12/7 ot  (2.8) 

But 
v p V V 

Irs 

p 
	vs  + 12/ 6t 
	(2.9) 

The factor 1.3 in (2.3) is presumably due to the non—optimisation 

of the gun as described in Chapter 4 iv. 

It was hoped to gain further information FI:out tLe collapse 

of the current sheet by measuring the inductanco of the system. 

Since : 

V = at 	RI dt 
(2.10) 

assuming that .4  I) is the dominant term, measurement of dt 

S Vdt Lives  LI.  However, unfortunately, 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 /sec. Thus no satisfactory results 

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

sheet and luminosity 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 experiment. 
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3. Trailed Current Drive in the Plasma Blob. 

Several authors (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 sheet (our object to rhis is that the 

mass of the blob would be rather small). The .Jasis of this 

hypothesis has been the measurements of trapped magnetic field 

inside the plasma blob. Fig. 5iir illustrates the 

formation of those trapped current loops. 	Ct4 Fcgar-wr —7,4711S . 

ELE 	DES ---------it 

If those current loops existed in the 

author's apparatus it would be a severe 

criticism of the theory of Chaptsr 4 as the 

pinch is supposed lot to form after Z.a 

due to axial speed of the particles in the 

current sheet being greater than the speed 

of the pinch point along the axis. As a 

result the pinch breaks up before it is 

— 	 -Ow 
4.11. 

1r -1-------_____ i,--,  
-71 

formed and the current does not extend axially 

as far far as the ring electrode. 

The most satisfactory mothod of 
	Ft1 

chocking this hypothesis would have been to map the magnetic 

field in the driving section. However duo to the lack of 

reproducibility it was decided that the results obtained would 

be difficult to interpret and might lead to erroneous results, 

as duo 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 look for the formation of trapped current loopS. A small 

Blewett coil of 950 turns was wound ova. the i;01.) of a 1 mm. 

diameter plastic insulated wire. Ono end of 1' coil was 

soldered to the inside conductor of the wire to provide a 

return. Initially the coil vas insulai,cq by painting with 

Araldite. Unfortunately this proved ineffective and the coil 

had to be covered with insulating tape. 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 at a radius of 1.3 cm. The 

coil was positioned 8.5 cm. from the ring electrode. 

It proved very difficult to eliminate pick—up from the 

trigger pulse reaching the 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 Blewett coil coincident with the photomultiplior 

at the same point was observed under any conditions. As the 

coil was capable of detecting signals duo to axial currents 

of less than 1000 amps, it was considered that if trapped 

current loops existed they must be smaller than this value. This 

corresponds to a magnetic field X1000 gauss which is smaller 

than that observed by Scott and Wenzel (1959) and by Guhart 

and Morita (1965). 
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We may therefore conclude that although the results are 

somewhat inconclusive it is unlikely that in the author's gun 

current drive plays any significant role in accelerating the 

plasma. 

The lack of trapped current drive found it, this 

experiment is of considerable importance in eliminating the 

possibility of trapped current driven slio:x_ waves (Pugh 1962) 

briefly mentioned in Chapter 3, 
Cuxim-NT 

The system described by Pugh is shown 

in Fig. 5 v. In essense it is very 

similar to the operation of a gui with 

self-crowbarring (Chapter 3). 

The condition for significant current drive is easily derived 

from the snowplough system. 

If we average the magnetic field over a cross section s 

SB2/8nds 	- 1-/mv) 
dt‘ 

Whore A is cross suction of the tube. 

p the magnetic field. 

m the mass of the blob. 

v the speed " t 

(3.1) 
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Now m = mo  + fpAvdt 	 (3.2) 

fro 
/2i N2: acr 	(3.3) and 	S B/ds 	7r 1 	dr 

1 

.2 	 (3.4) 1 /100  log (ro r  ) 

Mere tho current is assumed to bo concentratt4 in a small 

filament radius r1 less than tho tube radius ro° 
.2 dm 	dv v 	m dt 	- eeo los(roir  ) 

dm 
represents the effect of mass collection on the speed dt 

of the blob. Thus if current drive is significant 

(3.5) 

.2 
	

1000.v log(
r
cyr,

) 	(3.6) 

In other words the magnetic energy density behind the front 

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

Under the typical conditions s 

po  = 1 mm. NJ  gas pressure 

V = 2 cm44s. 

ro 	2 cm. 

in hydrogen 

,A4 
amps. 

for 0 	3 /r1  
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As currents of this size would be easily detached by the system 

used we must conclude that they do not exist and that drive due 

to trapped currents in our conical gun is insignificant. 

Aa_ponical Gun with  Axial Magnetic Field,  

In an attempt to inhibit the pinching action of the gun 

and thereby prevent the formation of a plasma blob an axial 

magnetic field was applied within the dischalgu 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 

return conductor, the latter was split into 6 separate leaves of 

copper instead of the usual gauze. Viewing of the discharge was 

through the gap made by removing one leaf. Although this 

presubably distorted the discharge, no asymmetry was observed 

and its effects were assumed negligible. The field 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 region. It is suggested that 

any 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 uniformity of the axial 

field. In the author's case such a modifiXbation was deemed 
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inadvisable due to the practical difficulties in modifying the 

apparatus. The distribution of axial and radial field 

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

Let us now consider the condition far flux trapping and inhibition 

of the pinch. For the purpose of this calculation it is 

convenient to use tae simple picture of a cylindrical current 

sheet collapsing into a region in which 	exists a uniform 

magnetic field. The field at any point inside the sheet will 

be the result. of two effects : 

Flux trapping 

(a2) at flux trapping 

Flux leakage through the sheet 

_Rh 0.A...)  
r t (4.1) 

()leakage (4.2) 

If the axial field outside tho boundary is small 

2
B 
	-B/x2 
	(4.3) 

Where x is the thickness of the sheet 

and n = 
°
2 

Ana 

4 = conductivity of sheet 

	

c2 ,) 	2v B.  
at 	4nax- 	r ] 

Where V is the radial velocity. 

(4.4) 
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Thus if flux trapping is to occur 

o » 	rc2Avx2 	(4.5) 

The thickness of the sheet measured from photographs...,  .5 an. 

If 
r = 2 cm 
v = 3.10 cmis. 

a 	> 	102 mho/cm. 
	(4.6) 

This condition will be satisfied only in, Vaa later stages of 

the collapse. 

The collapse will continue until the magcatic pressures 

inside and outside the sheet balance if flux trapping is 

significant, i.e. 

IB. •••-• (Bo  

(in the case of no field the balance is with the gas kinetic 

pressure). The trapped flux inside the 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 : 

47w x2 ic 	(4.7) 

A further retardation process is associated with the formation 

of Hall currents in the current shoot which react with the 

radial field components to retard the sheet* 

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

The current j_will have a component 

in the 0 direction normal to the plane of 

the paper duo to the non—scaly conductivity 

in a magnetic field. The direction of Vt., 	jowill 

be given by E.,211 	where E is the 
P LI 2.1  

electric field. 

Duo to those currents in the Odirection Caere will be an 

axial force on the current sheet: 

—*Brio  
(4.8) 

With the configuration shown in Fig. 5 vii this can be shown to 

be in the —z direction, i.e. representing a force opposed 

to the motion of the blob. 

A field of the form shown in Pig. 5 viii 
ELEcA-Ktnt.Th 

would accelera-t© the sheet in the direction of the 

blob motion but presents practical design 

difficulties necessitating the construction 

of a split ring electrode. 

Fti 

The proposal is however open to the objection that the 

current shoot acceleration of the sheet is only largo enough 

near the axis to account for the measured plasma speeds. Thus 

if the pinch is inhibitod by the magnetic field the current sheet 

cannot be expected to bo accelerated sufficiently to account for 

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

blob is not valid. 

The effect of the axial field was investigated using the 

framing camera. As with the system witY..t t13 Ciold the 

gun was still very irreproducible, eliminating ae possibility 

of making a detailed survey of the field inside the gun which 

would be required for a complete unders,,,ading of tho processes 

taking place during tho discharge. 

Typical framing pictures with and without the field are 

shown in fig. 5ix, under the same external conditions. The 

following differences should be noted : 

a) Absence of pinched gas column with field. 

b) Delay in the arrival of plasma blob 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 agreement 

with the picture of the operation of the gun presented above. 

The delay in formation of the plasma blob with the field applied 

can be ostimated at about if's. Using (4.7) this gives a 

conductivityr.,  200 mho/cm. which is sufficient to obtain 

appreciable 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 

field the region of heated gas is large-: 	n)To diffuse. 

It is to be expected that the final plasma blob would 

be somewhat slower when the piich is krati3Oly restricted as 

gas will escape during the heating procuss - though the 

trapped field will tend, to inhibit the loss rate (Wright and 

Philips 1960, Roberts 1960). However, if tLe conductivity is 

high the plasma blob may be formed before tha trapped field has 

all diffused away. As the conductivity is ualy weakly 

dependent on the number density ono might expect this 

electrical resistivity to be loss 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.o. the conductivity of the sheet was not sufficient to cause 

field trapping. The speed of the plasma blob under these 

conditions is nearly the same as that without the field. 

It is predicted from the theory outlined in this section that 

reversal 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 improvement in the shape and structure of the plasma 

blob, but the gun still suffers from tho general lack of 

reproducibility apparently inherent in this type of device. 
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CHAPTER 6  

aperiments with Coaxial Systems.  

1. Introduction.  

In an effort to discover a more reproducible type of 

plasma source a modified coaxial gun, without the central electrode 

was constructed. This gun was reproducible 50 cm. down the 

expansion tube to 10% in all the plasma parameters measured 

(Chapter 7). However although it was suspected that Ihe 

operation of the gun was similar to that of a coaxial gun 

with tho central electrode replaced by a pinched filament of 

gas (o.f.Lovberg 1965) it was thought that the device merited 

further study. 

A gun was constructed with a perspex barrel and gauze 

electrode (Chapter 2) to permit viewing of the discharge. 

This gun had the advantage that it is-a& readily adaptable 

to take any electrode pair required, and a series of 

comparison measurements with a 30 cm. coaxial gun were made. 

As those latter observations aro mcro easily understood and 

may be directly related to the calculations of Chapter 3 they 

will bo considered first. 

It soon became apparent that the new gun did not 

work as a coaxial system and in fact parameter studios of 

both the new and the old guns of this typo gave different 

results (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 agreement with the observations is 

proposed which accounts for these differences. 

2. Luminous Front Development in the Coaxial Gun.  

A typical streak camera photograph of the coaxial 

gun with 30 cm. electrodes 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 tube between the electrodes. Behind the first front is a 

second one starting about 7 Fs. later. This is formed by a 

second breakdown across the insulator at the back of the gun. 

The condition :for this is 

dt 
,dL 	(2.1) Vb  < 11(Li) 	1— 

dt • dt 

Where Vb is the breakdown voltage across the insulator. 

But 

dl 
dt 1J-iv 

V — velocity of first blob. 

di 
Vb 	xLi-cf-T (2.2) 

Tho current through the first blob 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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In Fig. 6ii is shown a plot of the steady plasma speed 

fronithestrealciphotographsagainst'el
/ P 

 for a ranee of bank 
re 55ufC  

voltage, V 10 - 15 KV and density -A- - 5 mm. Hg. on a log-log 

plot. The graph is a straight line of gradient 1/5. However 

it can be seen that within the limits of error va(V2  / )4  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). 

, 	
t2 = 	41V o/12Limik  2  / 	/Lo/  .2  Li  ) 

2  V0 /3m1L02 t 
ddxt

- v 4["1 

Now if the dominant term in (2.2) is the first 

i.e. L  di 
Vb 	xc-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 : 

di const. 
dt 

x 	const. 
xc (saY) 	

(2.5) 

(2.6) 

(2.7) 

(2.3) 

(2.4) 
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which is in reasonable agreement 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. 

This result contrasts with the 

found by several workers (Chang 1961, 

there was no effective crowbarring. 

2 p)  1 -2.  dependence 

Dattner 1959) where 

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/us 

after the blob has travelled about 6cm. down the tube. The 

ambient gas pressure was 1 mm. Hg. and the bank volt 	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 : 

x = 6cm. 	t = 2µs. v = 5cm./µs. 

= 2log(r2/r1) = 2.8nh./cm. 

w  = 2n// = 2//10.4xl06 = 6.15 x 105  rdn/s. 

io ..8.6 x 10 amps. • 
substituting in equations (3.23) and (3.26) of Chapter 3 

we obtain : 

mo 	6m1  = 1.5 x 10 5  • 
mo + 3m1  = 7.3 x 106 (2.8) 
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whence m1 	(2.5 t 1) x 10-6  gm./cm. 

m
o 
 = 0 0.2  3 x 10 6) gm. 

At an ambient pressure of 1 mm. H. 

pA 	= 2.2 x 10-6 	gm./cm. 

density, A = cross sectional area. 

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 estimate 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 more detail in the 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 magnetic 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 11;:: and Bo  
simply by rotating the unit through 90°. By reversing the probe 

(2.9) 

(2.10) 
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and comparing the signals Lhe electrostatic pick—up level 

could be estimated. If tho gun was earthed it was found that 

the lovel of pick—up — except from the trigger pulse •- was 

much loss than the signal level. The ringing frequency of 

the system was 8 Mc/s giving a probe rise time.,. 00 us. 

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

integrated with a time constant of 20 Fs. 

As it was not possible to measure azimuthal symmetry 

with the probe mounting used, the check on this assumption was 

provided by measIvoIng Br. It is easily seen that if 

Br <,c 0 
	 (3.1) 

at two azimuthal positions (unless there is a very 

exceptional current distribution) the current sheet must 

possess azimuthal symmetry. Use of this condition enables one 

to calculate the axial current i flowing through the cross 

section specified by the radial position of the probe : 

i = 5131- 
	

(3.2) 

i = axial current (amps) 

B azimuthal field (gauss) 

r = radial position of probe ( cm. ) 

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 the non—appearance 

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

A typical probe signal is shown in fig. 6iv. One beam 

shows the magnetic field signal and the other the output from 

a photomultiplier viewing the plasma at the same axial 

position via a porspox light pipe. As can bo soon from the 

trace the luminous and current fronts coincide. The 

results obtained in the previous section can therefore be 

directly applied to the current sheet. Fig.6iv also illustrOes 

the reproducibility of the device, which enabled a complete 

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

The development of the current sheet 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 downstream towards the axis. 

B  As the magnetic pressure 2/8u., 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 indicate an increase of the slope of the front with time. 
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This problem will be further ,_lunside2ed later. 

In additioa to the pres,,lico of axial current ourponents 

at the front tile failure of equation 0.2) to 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 Lovberg(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 electrons, 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 current behind the front : 

a) Electric fields due to the Vr  /NB component of the Lorentz 

force. It will be shown that if Vr  exists it is probably 

outwards, away from the axis. In this case Vr''Bo is in 

the positive z — direction, i.e. the current is again opposite 

in sign to that observed. 

Us.  b) Due to axial variations of the flow velocity 5 / there will 
'6/ 

be axial gradients of the radial electric field in the 

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

tho 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 

Hail currents in the plasma (Bostick 1963). V43 may simply 

estimate the rotation of the current vector caused by Hall 

effects. In this case it can bo shown that : 

z/j = Wetei 

where w  is the electron. cyclotron frequency 

1.8 x 107 B sec
1 

and .c ei is the electron-ion collision time 
3/2  

1.5T 1- 	sec. 
ei 	/n log &sec.  

(3.3) 

Typical values for the experiment are : 

TA-105  K 

4.5 x 10-11  sec. n4,1017 /cc. 

and B 5 x 103 gauss 

w ti 
e 

. 	4 

In view of the fact thatw e'c ei  is only known to an order of 

magnitude we may conclude that the agreement is satisfactory 

and that Hall currents may be invoked to explain the presence 

of axial currents in the reverse z direction 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 problos. At time 4 us. the sheet was normal 

to axis, however by 7 us, the front is sloped at an angle of 

about 30°  to the normal at the inner electrode, convex in the 

direction of motion. This inclination of the current sheet 



als 

is to be expected as the wa6net;(1 pressure near thu axis is 

much greater than near the outer ecige of thr, 4ischargo and 

will be consi:lered in more dritaj.J. In cmctioll 11 

The secondary breakdown can also be observed in fig. 

6v. After 5 .is. the bank current has nearly fallen to zero 

(5.2 us. half period of the discharge). However, the 

magnetic 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 maintained 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 
	otatae -tARAA-uclA 

axis in the same manner at both the front an 

back of the current loop. 	
Inlos.x.r.Q.ALCZnALL 

K*3 6 Vri i 

At times > 5 us. one may use the momentum balance equations 

to estimate a momentum transfer factor. If all the particles 

accelerated reach the speed of the sheet this factor would be 
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the marls collec.tion 

4
t(  

04 	V/ 	j34  /81T dS  d 
(34) 

Now B 
• 

After Sus. 	dv  (section 2) 

i2  log(r2/r1) 
(3.5) 

(3.6) 

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

dm 	2—__ 2, 
P vA 	v( T2 dt —   

1 2 	r / 

i 
a 	= 	TriB2  log( 2/r,)/ 	(3t7) 

.ev`(1—( -1/r2)` 

Where B2  is the field at radius r2. 

	

At r2 = 1.5 cm. we 	-4,1x,v.6"4-4.N.0-6,111  

	

B2max  = 4.2 kg. 	at 5 .is. 

2.7 kg. 	at 6 }is. 

	

as r1 	.6 am. 
0.3e. 8-ex 

	

a 	.5 	; «c t = 5 1AB • 
nowt ck. 

	

a 	= 	.2 	; at t = 6 ps. 
(3.8) 

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 DC be the mass collection rate. 
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fm  
.Q. 	rock, 
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ao pc, 	m,i-a..=eld DItir t1V-' 	13ali 0.17 the Faun 

we may assume the t t1 2-1-cnt acec 	ab an imperm,  

pistor_ 	ary attqmt to appl;; 	-3noxpLough rel,Ijcvto 

to this situai;i.J4 xi.i.1 :_eacl to erroneous .9,v -albs 

failure of the momentum balance condition 

is probably due to glas flow along the surface 

front (c.f.IIshman and Petschek 1963) as shown 

in fig. 6ix. This situation will be 

considered in more detail in the following 
fev-rnt, 

section. 

E.1  

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 current continues to flow, although 

this region is not as luminous as the front, presumably because 

of its lower density and temperature. 

At times t 4:5 us. calculation of .0( in the inner 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 magnetic 

pressure 32/81% is smaller 
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or the front is anstabla w;LI1 the innelv TAxt Travelln.g 

faster than the outer. 

In fact burn. lease phenomena p2.tAall7 oonur and 9. sable 

steady state front 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 VoAume 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 theitont the relation 

(3.2) is obeyed — providing a check on the radial positions of 

the probe at this cross section. It should also be noted that 

the field is reasonably constent 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 

consider 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 s000nd plasma 

blob. In this case we have the followiSng circuit equation : 

dt 
	\ + Ri . 0 
	 (3.9) 

but 

L = L1(x0v2t) = L1v2(-c--0) 
	

(3.10) 

Liv2(t-t1 at + (R-L,v2)i = 0 	 (3.11) 

-(1-Rh v  ) 	• 
io[l - t'i ] 	/41. 2 	(3.12) 

// 

Where t1  is the time after the second blob leaves the insulator. 

V2 is the speed of the second blob - assumed constant. 
VA. (A.A-e. V- 

I 	is theAt at which the second blob reaches the end. of the 

electrodes 

ib = i (ti = o) 

V2 = 3.67 cm/us. 

10.5 ps. 

Li = 2.8 nh/cm. 

A log - log plot of B agdnst (t-ti ).s shown in fig. 6x. 

As can be seen a reasonable straight line can be fitted. to the 

points giving 
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If the conductivity of the plasma is c the plasma 

resistance 

R
P 	

log(r2/r
1
)
/  /nal 

Where lis the thickness of the current sheet. 

( .16) 

If R,R p 	
na 1 	2 x 102 
	(3.17) 

N 10 mho/cm. 
	(3.18) 

The resistance of the gauze electrode was .3mico 

i.e. much loss 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 Sheet.  

In the calculations of the motion of the plasma blob 

in a coaxial system it has always been assumed that the driving 

piston is plane, so that there is no gas flow normal to the 

B2/ 
piston. However in this system the magnetic pressure /8/F 

varies considerably across 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 curved 

front. 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 

own 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 behind the sheet. 

We shall consider a steady state solution. 

The situation is shown in fig. 6xi. 

In the rest frame of the driving 

piston gas flows into a surface layer 

with speed u parallel to the axis, 

at a densityp' . Inside the layer 	
F, 6ici 

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

densityp 

Consider a small section of the layer. In this section 

we must satisfy the equations of continuity and momentum 

conservation. The surface of the layer are specified by their 

distance from the axis r and m4-&r 

We shall assume that the system has cylindrical symmetry 

and that the gas is inviscid 

The equation of continuity gives s 

-1I7(pvAr) 	p'u 	(4.1) 

Momentum conservation transverse to the sheets 

1  (4.2) 2.
dr
—/nv2Ar) 	plu2sin e  

r ' 
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Momentum conservation normal to the sheet 

Please 
do . 	Wu2cos0 — pV2 	(4.3) p-E. 

(4.1) may be integrated to give : 

Pvtir 
2 

= 	-1o' u(— — ro.) (4.4) 

Where& = 0 at r = ro  

Substituting (4.4) in (4.2) : 

i 51_1  ( 2 	2)) 
2r dr`v̀ r —ro 1' = u sin 0 (4.5) 

From (4.2) and (4.3) we have : 

1 	d / 	N 0.5. 2 	dA 
P/ /0°80 "in°  = 

cos—O --- r 	dr Pi AT)  — pv psin  

	

= ?I.:  d_c_ir(:. pv26r coso) 	(4.6) 

No 	 2 	(4.7) w 	
P = Pr  o o /r2  

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

d , p o  r o
2tail) = r--kpv2  A r cosa) dr 

Transforming to new variables: 

t 
s = f sir* dt 2  t = r2  

to to 	
/ o2 

(4.5) becomes : 

(4.8) 

ItE v( t-a )j . 	u sin 0 	(4.9) 

v(t-1) = US 	 (4.10) 



Now 
ds 
dt 
d2s 
4t2  (4.14/ becomes: 

a/t  

sine 
(4.15) 

de 
d.1; - cos& 

El -(R)23 - sd
2s 

dt2 (4.16) 
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and. (4.8) 
di,N Pott  tang = 2 dt—[--2  p ink t-1 /v cos e] (4.11) 

f • p /u2 d  —t1/4  cos g) d (4.12) 

Writing a . po  / 2  
/ 

(4.13) 

a tt 	 ds 	d Fe t- cosq —dt - sine 	.s (4.14) 

c17(t sl_st) 	(4.17) 

At t = 1 s=o 

sd 
ds = 	( t - 1) - a logt 	(4.18) 

2 

	

and. 	• ,1z-( t-1 )2.  - at logt + a( t-1 ) 	(4.19) 

Lt s2  = Lt [At2 - 2a(1+At)(6t 16t2+...) + 2a6t](4.20) 

	

t 	A 

Lt 	At2( 1-a ) 	0 	 (4.21) 
A t -.-0 

Lt At - a(tt -1-6t2  + 	) 
Lt dsFt. = At  

Lt 	-• 6 ti(1-a) 
At 0 
±J(1 -a) 
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c. CL 

i.e. if ds > o, s > 0 as. ds <o 
at 	dt 

ds expected since s 	
1  -

s.-t- dt 

s C 0 w 

provided a 1 

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

In this case : 

Lt s2 = Lt 1
/3

ate.t3 	(4.24) 
t--1 

and we see that only values of t > 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 bb ds/dt > o. 

As: S > o and : 

V = US 
/(t-1) (4.25) 

flow is away from the central electrode and we may specify t 1 

(ti= 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. 

ds 
The other possible solution dt  < o involves 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 corPave 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 ds L. o_* in the 
dt 

region between the electrodes or the solution will break down as 

shown above. As this does not represent a physically possible 

gas flow we shall not discuss it further. 

It is evident that both s and dsidt are continuous 4eP 

for t > 1 provided as/dt > o at t = 1. 

This condition requires 

a...c 1 
	

(4.26) 

i.e. 	Pt u2 
	

(4.27) 

Condition (4.26) implies that the magnetic pressure at the 

central electrode is less than the gas kinetic pressure and 

the excess momentum is carried away by the gas flow along the 

sheet. 

The sheet in this case meets the electrode at an angle 

given by : 

sine = dt = 	
- Po, 

P
„ i2 ]  dt  (4.28) 

The results of Hart (1965) 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 inner 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 	u > 4-(1)041) 

* It is easi]y shown that this 	(4.29) 
is equivalent to a = 1 at this point. 



rzybi, (3. 6 ) 

a 	.9 	at 511 s. 

a = 	aEr2/ri)2  —11 	r . (4.32) /2log(-2/r1) 
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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 : 

u = 4.(1)0/pf) 	(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 a of 

section 3 is related to a. 

1 	 / 
a 	--B 1og.(r  2/

1  ) 
	I. 470

2 	
ip,u2r2ir )2_17 

1  (4.31) 

2 a Bo /8 up ki2 

a 	= 	•4 	at 611 s. 	(4.33) 

Thus we see that as the driving pressure on the front falls 

due to the decrease in the magnetic field the blob rather than 

slow down becomes more elongated allowing greater gas flow 

along its surface. Application of the results of the analysis 

of the crowbarred system (Chapter 3 section 6) to the practical 
case could -therefore lead to erroneous results, particularly during 
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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 may be expected between theory and experiment near 

o the axis, care must be used for large values of r/r  as flow 

through the sheet near the outer electrode must be expected 

to distort the profile. 

Atr r
o 
= 3 the theory predicts that the sheet should be 

inclined at an angle of 60°  to -ale axis. In fac'6 experiment 

gave a value of about 30°. 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 checked, and in fact 

the results of Burkhardt and Lovber3 (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 inductance/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 expansion tube. A 

v 2/ , 
log—log plot of the blob speed v against /p (fig. 6 xiii) 

gave a straight line with : 

04  (V /  ) 
P 

in excellent agreement with the predictions of the snowplough 

model. 

However duo to the construction this gun was not suitable 

for a detailed study of the formation of the plasma blob. A 

second gun using a gauze outer electrode and perspex barrel 

(Chapter 2) was constructed. The gun was designed to allow 

photographic and magnetic prob.() measurements to be made of the 

discharge. 

A typical framing camera photograph of the discharge is 

shown in fig.6.xiv. 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 near the axis. After moving about 

7 cm. the discharge becomes unstable and the head of the 
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pinched column breaks away 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. 

Magnetic 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 down the tube. 

However at 6 cm. the current trace becomes irreproducible 

and Br  components appear. It is therefore 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 fiold is 

in the correct direction but rises earlier than at 1.5 cm. 

The field at this position is fairly reproducible (5%) 

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

direction at the three field measuring points. 

The qualitative picture of the current distribution is 

shown in fig.6xv. 
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It must be emphasised that this picture is purely qualliluive. 

Due to the instability it is impossible to make any quantitative 

measurements without a complete map of the field distribution 

inside the gun. It is interesting to note that the spoke 

apparently formed at the same azimuthal position each time, though 

no irregularity was apparent on the electrode. 

We can now see the essential features of the operating 

mode of this gun. In the early stages while there is a stable 

discharge gas is collected and accelerated by the current shoot. 

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 a shape similar to that shown in fig. 

The gas flow is as shown in the diagram and it 

is immediately apparent that the front will 

have good Ras collecting properties near 

the axis. Flat fronts similar to those 	Fig 6i(v1 

are found in the early framing photographs (fig. 6xiv). 

However as the front becomes steeper the gas flow into 

the pinch will become less and the column may become unstable. 

Before this occurs the discharge "spokes" and the current 

becomes concentrated in a narrow filament. Tho bulk of the 

front now has no drive and bocomes separated from the discharge 

to form the plasma blob. The pinched column also becomes 

unstable duo to the lack of gas flow into it and a diffuse 
f0 r het-a-ct, 

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

axis as shown 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 near 

the wall, whereas the blob is from the much faster flowing 

region near the centre. 

In view of the nature of the acceleration mechanism 

outlined above it is to be expected that the snowplough 

relations may be obeyed. Reasonable agreement (fig. Gxiii) 

was found using the earlier gun. With the modified gun, the 

plasma blob speed was measured from streak photographs 

just after the break-up of the discharge. A plot of 42/P 

against plasma front speed is shown in fig. 6xiii. Although 

a straight line log-log plot can be obtained agreement is not 

good and the gradient gives a power index of about 1/6 

instead 	It is thought that The lack of agreement between 

the expected value and that found experimentally in this gun 

is due to the presence of a 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 

questions than it answers. It must betoncluded that further 

work is needed before complete understanding of the 

operAtion of this gun is obtained. 
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aRAPTER 7  

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 a]. 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 

electron densities than those calculated. 

Stimulated by this work Cloupeau (1963) carried out a 

series of experiments designed 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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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 : 

(a) The shock front and the contact 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 where the shock wave is detached from the driver 

gas the light from the shock heated plasma sometimes remains 

negligible compared with that from the discharge heated gas. 

(c) In every case part of the driven gas passes behind the 

front of the discharge plasma : it then becomes luminous in 

contact with this plasma, even if the shock wave has not 

notably excited and ionised it. 

Cloupeaufs work was further extended by Jeanmaire 

(1963) 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-tubos 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 
ectc matt, vie. 

of conditions 0.15 - 2.5 mm. Hg. anddl 8 - 32 in 

hydrogen. 

Cormack and Barnard (1963) as a result of Kerr cell 

photography and a time 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 nature 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 typos of driver configurations. Chang 

(1961) detected shock waves in a coaxial system under certain 

conditions. 

Nakagawa and Earnshaw (1963) on the basis of a 
tressvao, 

spectroscopic study conclude that at 50 u hand 

- 100 inHethe plasma is comprised of ions 

and electrons from the discharge. Koopman (1964) in a similar 

device found the plasma to be non-reproducible and turbulent 

and 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. 

However 

time resolved 
itoc* Mack No. 

vrPeede--*/1 40 
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In a conical gun nachs of al (1962) measured electron 

temperatures behind the luminous front in helium at 1 mm. 

pressure. Thornton and CaMbel (1964) measured both electron 

temperatures and densities at front speeds 0.25 to 1 cm/Js. 

at pressures50 )1. — 1 mm. Hg. in argon. Both found that 

electron temperatures were greater and number densities less 

than those calculated. 

From these observations we may draw some general 

conclusions : 

1) In general the plasma produced in the expansion section of 

an electromagnetic "shock tube" is not shock heated and any 

attempt to describe it by the Rankine —Hugoniot equations will 

lead to serious error. 

2) Under some conditions of pressure and front speed a stable 

situation may result in which a shock front may precede the 

driving gas. It appears (Ahlstrom et al 1964) that provided 

the plasma is allowed to travel a sufficient distance the 

contact surface may become stable. The distance required before 

this occurs increases as the pressure 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 there are 

exceptions to this rule. 

5) The plasma front is in general 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 conditions 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 a pressure probe and photomultiplier. 

The electron temperature of the plasma 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 preceded the contact 

surface the interaction with a plane wall should take the form 
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diagramed in fig. 7i. 

Disti:LA"‘e, 

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 there would 

be a luminosity discontinuity neak the end. 

As thisephenomena 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. Iii a. As can be seen the major luminous front can be 

traced up to the reflection and no evidence for any interaction 

between the contact surface and a reflected shock can be found. 

StAyttly 

However ayligher pressures and lower speeds a somewhat 

different picture is found. A streak photograph taken under these 

conditions is shown in Fig. Iii b. The major front is now 

proceded by a primary wave of much lower luminosity by about 
above, 

1-2 us. The interaction describedAis only observed at blob 
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Fig. 7 ii Streak photograph of luminous front 

2cm/.is writing speed 
(a) 15 kv. 0.1 mm Hg Hydrogen 
(b) 15 kv. 1.0 mm Hg Hydrogen 
Markers at 10 cm. intervals 
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Fig. 7 ii(c) Streak photograph of luminous front 
cm/is writing speed 

15 kv. 5.0 mm Hg hydrogen 

• a 4 a4 4 1114441SW 
Fig. 7. iii 

	
Framing -ohtograph of luminous front 
15 k.v. 1.0 mm Hg. hydrogen 
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Fig. 7. iii 	Framing phtograph of luminous front 
15 k.v. 1.0 mm Hg. hydrogen 
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velocities less than 2 cm/us and pressures greater than 

1 mm. Ag.A.At faster speeds and lower pressures although 

there may be a preceding non—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  density(f C91  1,0)) 

The case at low speed and high pressure is more 

interesting — particularly that shown in Fig. Iii c taken at 5 mm. 

Hg. and 1.2 cm/Us. at reflection. Hero 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 7. 

le 
These photographs do not however ysild any information 

about the actual structure of the plasma blob. A series of 

time resolved pictures was taken with the framing camera to 

investigate this. Unfortunately it was not possible 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 

structure associated with it. Structures such as these are 

typical of the luminous fronts observed at low pressures 
H9. 

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

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

plane. 

firs 
The series of framing photographs at 1 mm Sand 10 KV. 

shows a somewhat different pattern. Three different fronts can 

bo seen. The first front, Which is almost non—luminous, lacked 

the structure o2ikefb1lowing ones and is almost plane. It 

was tentatively described as a shock front. 

111.3 
At 5 mm.Apressure no photographs could be obtained at 

10 KV bank voltage. At 15 KV. the plasma was extremely 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.Hj.The pressure probe used was supplied by A.W.R.E. Foulness 

and was type MQ20 (A.W.R.E. 1963). This is a quartz piezo— electric 
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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 pronto is fed via sub —minature cable to 

an amplifier. As the probe gives about 0.5 uuC/p.s.i. 

with a cable length of about 6 ft, we got a signal of about 2.5mV/p.s.i. 

As the expected pressure 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 175xgain amplifier, rise time 

1 ys, input impedance•—•1Mii5. The system thus had a rise 

times-w 1 us. (probe response time 	?Ls) and a fall time 

200)1s. Capacity calibration was achieved by feeding a signal 

from the scope calibrator into the system via a 220 p;;:',. capacity. 

Static calibration of the probe was done at Foulness in a 

standard pressure vessel. It was assumed that the static 

performance of the probe was the same as the dynamic, even 

over the 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 ceased. Unfortunately 

the initial pick—up was so severe 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 

earth of the system and was eliminated satisfactorily by 

winding the cable on a small ferrite toroid. After this was 
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done the probe worked perfectly at nearly all voltages. 

Typical probe signals are shown in fig. 7 iv. The 

upper trace is the signal from the pressure probe and the 

lower a photomultiplier looking at the same point. The 

traces are an overlap of three and indicate reasonable 

reproducibility. The slow positive signal from the probeyas 

distinct from the fast negative pressure pulse, was thought 

to be a result of heating of the crystal by the plasma. There 

is also a certain amount of ringing by the probe. 

TABLE 7A 

Pressure Front 
Speed 
cm/ps. 

10% 

Pressure 	Delay 
Pulse 	pressure—luminous 
Atm. 	front. 

10% 	/115. 

Calculated 
pressure 
pulse. 

20% 

5 mmHg. 1.2 .76 +3 .73 

5 .7 .23 0 to first + 8 to major .24 

1 2.9 .50 -1 .75 

1 . 1-7 .27 -0.5 to first + 5.0 to 
major 

.29 

.5 2.0 .33 - 0.5 

.1 4.2 .11 — 0.75 .15 

Table 7A lists the results from the pressure probe. The 

calculated pressure pulse is estimated from the Rankine — 

Hugoniot equations for strong shocks. Under the conditions it 

can be shown : 

y = M. 2y/(y+1) 
	(3.1) 



Ire 

Fig. 7 iv Oscilloscope record: 
Upper beam: pressure probe 
Lower beam: photomultipier 
15 kv. 5mm Hg 
10 1.1s/cm 

Fig. 7 x Oscilloscope trace conductivity experiment 
Upper beam: photomultipliers 
Lower beam: pick-up from coil 
10 kv .5 Hg 
5 
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y = pressure ratio across shock front 

M . Mach no. of shock 

y = ratio of specific heats of the gas. 

Estimation of 'y is troublesome. If the hydrogen is not 

dissociated by the shock ( M 5) y = 7 = 1.4. 

During dissociation additional degrees of freedom are 

introduced and y becomes smaller. However if the shock 

completely dissociates but does not ionise y = 54(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 cases where there is a 

small negative delay,i.e. the luminous front precedes the 

pressure front the delay is sufficiently small to be duo to 

the rise time of the pressure sensing system (1 pz). Under 

these conditions the luminous front shows no fine detail. 
t.  

However at 1 mm.Apressuro,front speed 1.7 cm/es. and 5 mm.H3, 

pressure,front speed 1.2 cm/)Zs. the luminous structure 

consists of a small front pulse coincident with the pressure 

pulse, followed by the major signal sometime later. At 5 mm. H to.ssa.rt 

.7 cm/us. speed the initial light pulse cannot be observed. 

The magnitude of the pressure pulse is also given in 

Table 7A. It is to be noted that under the conditions in which 

shock waves have already been tentatively observed the 
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pressure jump is within the limits 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 predicl,ed. 

The duration of the pressure pulse is unfortunately 

not measurable due to the superposed positive signal 

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 

measurement of the reflected p.cossure rise. impossible. It is 

however apparent that instoad of rising rapidly to a constant 
Q.} tAut cttdtr 	tkg 

value and then remaining uniform for a time AL,Tall time of the 

circuit the pulse only lasts for a time..-'2 us. before 

falling to a much smaller value. This somewhat surprising 

result is ver important 	unCLerstand,_ng the mer_Lanism by 

which the blob forms and will be discussed in section 7. 

4, Determination of the Conductivity of the Plasma Blob.  

The conductivity of the plasma was measured by the closed 

current loop method of Lin, Resler & Kantrowitz (1955). In 

this the distortion of a static magnetic 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 a 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 about the z. — axis, so that duo to the motion in 

the z — direction an azimuthal (-.m.f. will be set up. 

E0 	vzBr/c 
	(4.1) 

Br — radial field 

Vz— plasma velocity 

j a 	= 	a vzBrie 
	(4.2) 

As the system is axially symmetric we may visualise 

these currents as flowing in rings round the axis of radius 

r. 

Current/unit axial length of plasma. 

3i 	Sjodr 	(4.3) 
a z 

0-7 	,r B_, dr S 
C 	J- 

the plasma is assumed to be uniform across a cross section 

— an assumption of doubtful validity in practice. 

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 : 

Br 
3B 

Paz 
(4.4) 

• 
• 
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since 	div B 	0 

if 

32B 	B
z z 

3z3r 	r Sz 

(4.5) 

(4.6) 

(4.7) 

	

3i 	TV n 	3B 

	

az 	3z • z j 	--z d'  

If as bef e 
a 	B ---z « dzar 	z/ro  Sz 

	

ai 	
= 
	i  avz/ r  2 A 

	

3z 	/c o az 

ro  radius of tube. 

The experimental arrangement is such that a search 

coil mounted round the tube at z = o measures the change of 

flux through the coil due to the currents flowing in the 

plasma. 

If we consider an ale-Lent of the plasma thickness Sz 

at the point z, the current in the element 61 will 

produce a contribution to the flux proportional to 6i 

ST = 10(z) Si (4.8) 

and 	Si 	iaro?vz 	/ Ez 	) 
/  

Sp 	= k(z) ovz 	Oz 	(4.10) 

The flux through the coil : 

S 	k(z) avz 1! dz 
(z-1) 

(4.11) 
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Where z and (z - 1) specify the limits of the plasma 

at times t 

The voltage flow tho Gean:h coil Vs  1, roa.\,e14 

(4.12) 
V 

t 

We may illustrate the signal expected by considering two 

siltple cases : 

1) Uniform conductivity in the slug, 

22' - 3 	
3B Vs = at - --of f z_i)k(z)avz Tzz dz 

Bs  is assumed independent of tl  i.e. the plasma does not 

perturb the field. 

(4.13) 

Vs = k(z)a vz2(*) - k(z-1) 
z 

v. 2(1(1%) 	 (4.14) 

z az (z-l) 
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)?3zAz 

Thus if the plasma front is given by z (t) 

V (t) = k(z):r vz 3 z 2  gz) 
	(4.15) 
z 

and measurements of Vs  will enable the conductivity at the 

front to be measured. 

2) If d >> 1 , i.e. the blob is small. 
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z 
vs = a 
	aB —7,.- i 	a k(z) v ----z dz au 	z az 

(z-1) 

= v
Z [k(z)avz  2z 1] 3z 

a ovz
2  1 --{k(z) Hz] az 

(4.16) 

(4.17) 
(4.18) 

i.e. the signal in this case is the differential cf that 

in case 1) i.e. the transform cf aiazEk(z)0
z/laz3 

In practice, however, the assumption of uniform 

conductivity thrcughcut the plasma is unlikely to be valid 

and a numerical calculation of the signal must be Dade 

assuming some functional fc 	cf the conductivity profile. 

Consider a conductivity profile : 

a =a ( 0,1 zyl) 	0< z'<1 

= 0 	for all cther z' 
	

(4.19) 

Where zt is a co—ordinate system measured in the frame of 

reference cf the plasma and zt = o specifies the front. 

zi 	z — vt 	 (4.20) 
and a = a(z vt) 

co 
V 	= 

a 
- -ES k(z) c(z—vt) vz  22-z dz 	

(4.21) 
at 

— f vz'k(z) =1212, c15  dz az' dz' 

a av:k(z)T, zj  
z' =0 

(4.22) 
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the second is a linear portion whose value is given 

Vs(t) 	Ea°  vz2k(z) a Bz/3 
(4.26) 
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the second tam is due to the discrntinuity of a at 

zt = 

V = [c
0
v z  ?k(z) apz] 	eZ V ck(Z)2 4•24) 

3z z'=0 z-1  zn  

a 
v (t) .Ect z2k(z) E 

3  
v s zt v  2ktz122zacaz  

` 'az 1 z=vt vt-1 
z 	z 

 
(4.25) 

the first term is simply the transform ofk(z)aBzhz  

z 
and the second/ k(z)3Bozdzto time cc-ordinates. 

z-1 

Typical profits for Vs(t) for various lengths of plasma 

under the experimental conditions are shown in fig. 7v. 

If the plasma is much longer than the characteristic 

length of the magnetic field, the voltage signal may be 

divided into two parts (fig. 7 vi). 

The first part is due to the front and is : 

by: 

t, >> d/Vz  

where d is the dimension of the field 

Thus if we can measure the second 

signal we can estimate the length of the conducting slug 

assuming the linear fall-off of conductivity. 

vs(t1) = 
ea 

-Svz
2  k(z) al) 

z
/)z a4/ /1 

 dz 	(4.27) 

—03 



C 

.„., 

..."Ordinate:- voltage ) arbitrary units 
Absissa:- 	time. • ) 

-18o - 

Calculated signals : Conductivity measurement 

"t' elated Probe Response for Different Plasma Lengths (t) 
. 	- 

ly 



- 181 • 

Calibration Theory.  

The experiment has however not determined the 

conductivity absolutely as the funrttion k(z) is not determined. 

In theory kt(z) may be calculatA. 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 : 
by = .03.ds = S(VAA).ds = 	 A.d1 	(4.28) 

1 

s being the surface contained by the loop and 

1 its periphery. 

A is the vector potential due to the current distribution 

in the conduetor. 

The azimuthal component of A at the pick-up coil due to 

unit loop current at 	is : 

A - 
	i.dl 	(4.29) 

,z  op 

Where p is the distance from (r9z) to the point on the pick-

up loop considered. 

27tr cos04.11 	 (4.30) A =f c
' 
Arz2.-t-a2.4- 2  yi4tte, -2arcosot] 	 o 	r 

Where 	0 IL 	Ikciz- A 
4o 

 

(4.31) 

and a is the radius of the pick-up loop. 

Now 	ro -fr k(z). S 0  	27ta AA(a10) dr 

ro 	2.7c 
cosot  S Oar dr S 

0 	
/grz2fa22-2arcosoPL  

(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 ( Sultv 1960). 

Consider a thin shim of metal conductivity a thickness 

&z placed 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 

 

curl E 

 

1  3B -- 
cat 

(4.33) 

and 

 

= E (4.34) 

If as before axial symmetry is assumed the current will flow 

in azimutha3 	roI;n9. 

.. Current/unit axial length of disc 

bi 
8 z 	= Sjodx 	(4.35) 

ro 
.aS 	E 

0 
 dr 

0 

From symmetry E is independent of 0 	

(4.36) 

/E
O  dl = at rE 0. r curl• E  . ds 	

(4.37) 
s 

— t r r  1 3B E J -----z 2mr dr 	(4.38) 
0 	

= 	
ar 	c a t 0 
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If aBziar I 	<< B z/  /r  i.e. B
z  is constant over the radius. 

1 	aB — 	r 	(4.39) 0 	2c at 

Si 	1 	2DB 

	

= —ar 	(4.40) 
Sz 	4c o at 

Whence as before 

op 	= k(z )o 	Oz 

Where 6z  is now the thickness of the shin. 

The search coil voltage 

Vs 
	— 

at 

k(z) oa~BzOz 

at2 

(4.41) 

(4.42) 

provided the shim is sufficientlZ: thin that the field does not 

change appreciably -  over its -rh I clates P 

i.e. 
aBz/az  « Bz/ oz  

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.e. 	 z << 6 
	(4.43) 

Whore 
	6 	„4-21.1f cl] 	

skin 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 magnetic fields, which must be less than 

the applied fields. These secondary fields will be 

strongest at the centre of the disc where their magnitude 

will be given by : 
r  

B' 	r an 1 	313 
cr 2c r  at ---o a- dr oz 	(4.45) 

Whore 

B' 
Bz 2 2 

6 	= 402/fa)aa before. 

(4.46) 

Thus the condition 

6 	> AJG 	oz) 	 (4.47) 
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must be obeyed if the field is not to be appreciably distorted. 

In practice it proved to be possible to have 	
a  Ai  4tro z/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 

mounted round the shock tube. The coils 

were connected in series so that their 

associated magnetic fields opposed one 

another and produced a null point at the 

centre of the system. This system is desirable as it limits 

k(z)aBzhzte a small region, which determines the resolution 

of the experiment. The energy for the coils was stored in 

a 1.5 yLf. condenser at 2kV. which was triggered an appropriate 
time before the "shock" arrival. 

In order to facilitate balancing the system the search 

coil was placed at the null—point of the magnetic field *. 

The coil consisted of a single loop of copper wire connected 

to a Belling—Lee socket and placed round the tube. To 

eliminate pick—up on to the 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. 

MAGNETIC-
Rux 1-n4ES 
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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 mayimum 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 s 

iPv2  » B2/8u 	(4.48) 

p , plasma density 	v...? plasma speed. 

i.e. the kinetic energy dalisity be much greater than the 

magnetic energy density. 

U 
4, 6 

If p r%1  I 	gins/CC. (~1 mm. Hg. ambient pressure, 

8x compression ratio) 

v 	106 cm./sec. 

B2 	<<  4it x106 

3 KG. 	(4.49) 

In factBmax  was 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 pro—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 

Bz  and 1 jis. differentiating net to measure a B  / gong the 

axis of the coil system. 

The factor k(z) was measured using the method detailed 

earlier. The criterion 

a 	> 	\r(  ro 8z) 

	
(4.47) 

proved very troublesome to satiety. Let us estimate the 

conductivity required of the shim to satisfy the criterion. 

In M.K.S. units 

6 = 412/
itioaw] m. 
	(4.50) 

0. angular frequency of current 

21, 
/1  

In the system used i. = 80 )Zs. — period of field 

= 4[80 x 106  ] cm. 
4u2 x 10—(0 

"- 2 cm. 

6 z 	2.5 thou = 6.3 x 103  cm. 

a 	< 	2/6.3  x 108 mho/M. 

(4.51) 
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Restitivity: 	p > 3 x 1o5 w cm. 	(4.52) 

After considerable difficulty a non—magnetic stainless steel 
r4le 

was found with resistivity 28 
	

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 end effects the strip was soldered to a copper 

tag at each end. 

Two whims of radius 2.5 cm. wore constructed and 

fitted into a glass tube of similar internal dimensions as 

the expansion tube. 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—field due to 

currents in the conductor was negligible compared with those 

due to the applied field. 

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 measurement to be made. A balanced coil 



— 189 — 

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 thatal,o) 

determined in this manner is the same as that used in the 

experimant. 

Since 2 r, 

C  
k(z) = 	u z k'(z) (4.53) 

4  

and provided the current distribution in the shim is the 

same 0(z) is dependent only on the relative positions of 

the pick—up loop and conductor. 

Graphs ofiC(z) and L;(z)J3z/3zare shown in fig. 11x. 

Results.  

A typical voltage trace is shown in fig.7x.. 

Unfortunately the detailed structure, due presumably to the 

plasma structure,is too complicated to enable the later 

parts of the blob to be studied in detail. However, we may 

note the following points : 

1) The signal is initially negative before the plasma 

arrival due to the negative value ofk(z)3Bziaolitside 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 structure, 

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. 7 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 signals from the search coil (negative in 

this case as the field was reversed).This is a result 

of a conductivity profile in which a 
cr 

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 

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 given 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 the length of the plasma the conductivity at the front 
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is given by : 

a 	. 	v smax/ vz2k(0) (3B-/-  N idziz.0 
TABLE 7B 

(4.54) 

Pressure 
mm. Hg. 

Velocity 
cm/5/us 

Conductivity 
mho /cm 
20% 

Length 
from 

Conductivity 	photomultiplier 
cm. 

.1 4.1 66 17 20 

.1 5.7 64 23 24 

.5 2.4 77 • 23 24 

.5 4.1 55 18 20 

1 1.8 36 & 74 ••=0 

1 3.2 94- 20 24 

The table 7B shows the conductivity of the plasma 

measured by this mthod and also the 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 

seems to indicate a finite extent to 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 ,:.;as and the 

time of arrival of the blob from the conductivity traces. 
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Both of these wero within the limits of error in agreement 

with measurements made from the photomultipliers. The errors 

unfortunately precluded ezky coaclusions about the possible 

difference iii low velocity arrl luminous front speed to be 

expected if a shock wave vreceede(1 down the tube. 

We ma:f  -Ise the co71-7.uctIvit;- to calculate the electron 

temperature of the plasma. If t-ce gas is completely ionised 

the resistivity is given by (Spitzer 1956). 

11 = 6.53 x 103  -1.2aL 	emo  w (4.55) 
3//2 

Where log  A 10 
, 	2/3  

Te  [ 6.53 x 104  a] (4.56) 

Pressure 
mm. Hg. 

Velocity 
cm/ps. 

TABLE 7C 

Electron 
Temperature 

°K (5o%) 

Shock 
Temperature 
oK 

.1 4.1 2.6 x 10 
4 

1.3 x 104  

.1 5.7 2.5 x 104  1.5 x 10 

.5 2.4 2.8 x 104  ..46 x 103  

• 5 4.1 2.2 x 104  1.4 x le 

1 1.8 #"'104* 3 x 103  

1 3.2 3.3 x 10
4 1.3 x 104  

* Spitzer Harm formula not valid as temperature is too low 

for complete ionisation. 

The calculated values of the temperature are taken 

from Niblott (1961). 
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It s imiediately appa2:ent .that  in common with prz,vious 

work t.ue temperatu ostimatee lyy nis procedure is greater 

than that calculated from the shock relations. This will be 

discussed in 	in a subsequent section. 

In the theoretical analysE of this experimen it is 

assumed tliat the curt'em-:;s flow-,:16 in the plasmn do not 

greatly perturb the e-i:tornall applied magnetic field. The 

condition for this is that the magnetic penetration depth is 

much greater than the length of the plasma slug 

i.e. 	 > 	1 	 (4.57) 

(or alternatively tho me.gnetio Roynolrb number << 1) 

In fact it turns out that under the experimental 

conditions 

a 
	

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 p.184. 



rho cond17,i.:n fov: this is 

1.4047) 

As r0- 	- 1 an(:: 6, 1 

this condition 	obeyed. 

Pius the field is little mactfied by t;:1-., presence of 

currents in !he plao.11,,. and. iina preceding annlysis is iralid. 

However the fact that t2M^el should be noted as it leads to 

the suitability of the system for interaction experiments. 

Strictly the coodi:ctivIty ,aeasured q.s that perpendicular 

to the magnetic field. 

a /22) 
 

Now 
	 e e 

eB m 
to t 	e 
o e 	me nee 

If ne 1017  /cc. 

Life 	10-2  

Thus the measured conductivity is that calculated from 

the Spitzer—Harm formula (4.55) used earlier. 

5. Measurement of the Gas Flow Velocity.  

When an ionised gas flows through a transverse magnetic field B 

an induced electric field uBic  is established in the plane 



pezpendiou3e7: to the field and the 6:i roction of motion, By 

direct measurement of this elect::ic field the gas flow velocity 

u can be obtained. 

'Axperimentally this ma:i be easily 	measuring tha 

voltage- betveel! two electrodes mwtated in the plasma 

Tho gas flow velocity may be coqTared 	standard 

shock theory. For strong shocks it can be shcwn : 

u = 2/(y4.1)  v 
	(5.1) 

Where V is the shock speed 

y the ratio of specific heats. 

The shock velocity, if a shock exists, will be the same as the 

velocity of luminous front whereas the gas flow speed will be 

3/4 to 1 times the former value. 

Experimental Arrangement.  

Two electrodes 2  cm. diamater were mounted in the expansion 

tube 56 cm. from the driver as docoribod in Chapter 2 p. 

The outputs from the electrodes were taken to 10 x 

attenuating TiLite cathode followers. The signals 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 y  f. bank. 
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The cello were oonnoo:;ed in 6w'A:leo and with the some polity 

so that a uaiferm field was estal-3171.7herl it the neighbourhood 

of the elootrodes. The magnitude of -Lhe magnetic field is 

lindted bye tlyp cc,adiion that no interaction between the field 

and the placa&, shz.:11 occur, A.s Rhi  ^. 1 (pk0 

if 

B2/a 	.1P7 
 2 

there will be an intoPaotfon in which the gas flow will be 

ret4rded. As before (p.186) this requires B < 3KG. In fact 

B.G.01:KG which was sufficiently less than the critical value 

for the effects to be smaJl. 

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 

signals were only found if the tube was evacuated below x.10 

tat. Hg. 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 di and was of short duration. It was 
dt 

caused by a breakdown in the gas caused by the electrio 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/cm. is all that is required 

for breakdown under these conditions the gas in the tube 

must breakdown and a signal will appear on the electrodes. 
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However, as no current oln 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. 7xii. 

In the space between the electrodes the field was reasonably 

uniform but unfortunately in a ::',-•.-.ancoe.6 cm. 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 b6 uniform over the 

whole length of the plasma shlgo 

The velocity of the luminous front was measured for 

comparison by two photomultipliers one each side of the coil 

system, 19 am. 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 

a straight line — oven points corresponding to those conditions 

in which a preceding shock wave was tentatively assigned lie 

on the lino. The luminous signal in each case used to give 

the speed is the initial pip, not necessarily the major 

signal which would be expected to be the hot driver gas 
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The gradient of the 13.7.te of Ve against Ix might 

tentat3.v..J.y 	expected to be given by : 

V 	= 	f uB dx x 108 

• u SB dx x 10-8  

(5.2) 

(5.3) 

In fact 	B dx = 4.0 kG cm. 

dVs 	• 	4.0 x 10 5 

du 

The gradient of the experimenal line is 1.8 x 10 - 52 a 

deficit well outside the limits of experimental error (.—,15%). 

The reason for the error lies in the fact that due to the non— 
w tt 

uniformity of the magnetic field currents which flow in the 

plasma. 

Consider a plasma moving with 

t velocity v in the z direction through 

a magnetic field B in the y direction., 

Currents j' will flow in the x direction given by : 

.1 	= 	a (E YA23./e) 

	( 5. 4) 

If v A B is uniform through the plasma these currents 

will not be able to form closed loops and 

j = 0 

An electric field 

2./c 	(5.5) 



a 1 p , — 
c at 

(5.8) 

(5.9) 
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will therefore be set up which may be milAsurta acs ioouxibma- 

However if the field is not uniform in the z 

direction the currents may close on themselves shorting 

out through the plasma. In this case the voltage between 

the electrodes will be given by : 

V
s 	

11,1.d1 
	(5.6) 

	

1.. dl 	vAB/c.d1 (5.7) 

in c.g.s. units. 

The first term is simply the ohmic loss due to the currents. 

Theoretically it is possible to solve far Vs  from 

the above equations (5.5) and (5.7) and 

cur1B 	= 	4%1/0  + 

aB 
curiE 	-1/0 3t 

divE = 0 	divB . 0 
	

(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 

(1x1 
such that the currents in the z 

direction flow near the walls (fig. 7xv a). 

FIE  37‘'w  

(fig. 7xv b). 	 &I:4 I  

Consider now the circuit shown in 

E.3 
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It is immediately apparent that if : 

V = SzA2/0  dz 	(5.11) 

the two configurations are similar. 

If V is the voltage across the configuration (1) 

• V2  - i2R2  + i1R1 	(5.12) 

V
3 
- i

3
R
3 
+ (il  +i2  )R2  + i1R1  

= Vn inRn + ER
m. Ei1 • 1 

• Vn + Ei m ER
.1 - inRn m 1 

(5.13) 

= V
n - inRn + Eim(Sn Sm) 	(5.14) 

where Sn  = ER7 m 
(5.15) 

Wo may solve (5.14) by reducing the sum to an 

integral. To do this we shall once again roturn to the 

original model, fig. 7xvi shows the 

equivalent circuit for this case. 

fil 
V..c.V 

We apply Kirchoffts laws to the 
ime 

n3t shown and obtain 

6V = 6i2(R2+6R2)/oz  - Eliaz 	(5.16) 

Nov 
- R2/oz oil 

di 	2. if N2 
6i2 = d-7 6z + -17-70z) + . 

dz 

V 	V1  - ilR, 

0 0 0 

and 	di 	d2' 	2 	
(5.17) 

 a1  =  dz  oz 
dz 



— 203 -. 

Thus in the limit (5.16) becomes 

dV 	d2i dR2  di 
dz = R2dz 	

Rli 

But V = SIA13ic  dx = u7B-d/c  

(5.18) 

(5.19) 

We may also estimate the values of R1 and R2  in terms 

of numerical constants whose values will be determined by 

the geometry of the system. 

15.  = 1 , lu 

R2 = dlx 	= 1 
	

(5,20) 

Where A = 1/3 area of duct. 

dl = diameter of duct 

r1  = radius of duct 

cr 	= conductivity of gas. 

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. 7xii the magnetic field 

may be approximated by : 

1> jz1 > 0 
> 1 

B 
B = 

B 
00
(1 —1zyl) (5.21) 

Thus the problem with uniform conductivity may be split in 

two, considering only values z > e. 
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dV 	ud 
dz - c dz 

ud B cl o 
(5.22) 

p  d2i d di p 	ud 

dz2 	
p 

dz 	-1-  = cl 'o -2 
z < 1 (5,23) 

= 0 	z >1 
Solution for z > 1, uniform conductivity dR2/ , dz 0 

(5.24) 

Now 	as z--> co 
	A expN(RI/R2)z + B exp-.P11  

B exp-411/R2)z 
	(5.25) 

and for z < 1 

i udB = 	(1 - exp-Nellih2)z 	Alsinh(2.i.26) 
since 

i---0 as z--6.-0 
The other boundary conditions are specified by continuity 

of i and di at z = 1 and 
dz 

Al 	= 	---0 exp -,j(l/R
2
)1 1  udB 

clRi 
(5.27) 

B 	2132o E oosh,ei/R2)1 - 13 c1 R1  

The voltage measured across the electrodes at 7 = 0 

is given by 

V1   = V - R2  -I 
	

(5.28) 

ell di 	ago ./R2) exp-%_1/R2)z + A14112/R2) 	(5.29) Liz = 

At z = 0 

V1  . V - AlR2.1(B̀1/R2)[ 2exp4(R1/R2)1 - 1] 

udB 	udB r r R 
Cl 

- 	 ini)  

(5.30) 

gives 

oosh(21/h2)z 
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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 half of the tube 

fitted with a 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 aseo  (1 -z'A)- To 

a first approximation therefore we may regard the theory proposed 

as valid in the experimental case and to predict the voltage 

drop at the head of the plasma column. 

From 

V 1/V 	= 1 -4-(R2/R/12) 

Rol  dlAi 	-,, 2r2 
ri --   

where r is the radius of the duct 

VIA 	1 _12 r/
1 

In the practical case 

r = 2.5 cm. 	1 . 6 am. 

1/V
p  	.4 

(5.31) 

(5.32) 

(5.33) 

The measured value of V1/V 	.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 
current flow and the difficulties in estimating rl, d and A. 
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The model also fails to take into account time dependency 

due to inductive effects, and boundary layers near 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 the flow velocity from 

the measured induced voltages However it is useful to note 

the fact that the correction is independent or chic 

conductivity of the gas provided Lho length of the slug is 

much greater than the dimension of the field. This will 

permit us to make observations of he rela±ive flow velocity 

(though not of its abo)ute value) fcoportionately from one 

set of conditions to another. 

From the linearity of the graph of Vs  against v we may 

tentatively conclude that the flow velocity under all 

conditions of observation is directly proportional to the 

luminous front speed. As these 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 phenomena 

from the flow speeds under any conditions, although the unsatisfactory 

nature of this experiment must not be forgotten before any final 

conclusions are drawn. 
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In order to test the interaction conditions  

,2 	2 -2-pV 	 . 	5-.34) 

the magnetic field was increased to 5KG. The measured 

voltages are shown graphically in fig. 7xvii. The dotted line 

represents the expected values dedue:::: from those obtained at 

1 KG. if no interaction occurred. 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 blob by the 

interaction of the magnotic field with the induced currents. 

The photomultiplior record is alsr,  mo(lified 'by the interaction, 

a photomultiplir viewing tho plasma at the centre of the 

coil showed a threefold increase In luminosity when the field 

was applied. Thus wo see the RpplicOplitty of the condition 

(5..26) for -:7111E.; intea:aoaon of a -lioving plasma, -vith a 

stationary magnetic field:  proidded 	It is thought that 

the electromagnetic shock tube in this form,, despite the lack 

of flow uniformity, would provide a good tool with which to 

study such phenomena. 

6. Velocity Attenuation of the Luminous Front. 

Consider a plasma blob moving with 

velocity v in a tube of area A (fig. 7xviii). 

The blob however does not act as solid 

Mass :4(  37evsity 

piston sweeping up and compressing all 
Fi.9 	\iti\ 

the particles in the gas preceding it, but rather as a more 
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diffuse body collecting and absorbing some 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 dt: 

(m + dm)(v + dv) = F dt 
	(6.1) 

Where m is the mass of the blob and Pis the total force 

on the blob due to visoam forces from the walls and the 

pressure difference between tho back and fron6 sarfaces. 

We shall assume F is siallI  a fact bon-le out by the 

experimental evidence. 

dv 	dm m 	v O 	(6.2) 

If a fraction a of the particles are collected and 

absorbed into the blob. 

dm 
(T-E 	aPoAv  

where p
o 
is the ambient gas density and A the cross 

sectional area of the tube. 

(6.3) 

From (6.2) 

my = move  
	

(6.4) 

Where mo and Ny are the values at t = o 

and from (6.3) 

!no aP hz 
	 (6.5) 
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(mo + PoaAz)dzdt 	o = m c 	(6.6) 

WoaAz2 	mo(v t — z) 	(6.7) 

Thus a plot of t/z against z should give a straight line 

from whose gradient 2mo/aPoA is obtained. 

By measuring the time at which the blob crossed the 

10 cm. markers on the streak photographs (Fig. 7ii) the plots 

(Fig. 7xix) wore obtained. As can be seen with few exceptions 

the points all lie on straight lines in agreement with the 

theory proposed. 

One interesting result of this theory is that it provides 

an explanation 31 o varjaLion ,f L116 power a in attenuation 

la-q pi.oposc.r 1-;? sc17,orl aa%11,7:s 	Corwaol: 1963) 

	

z cc , 	 (6.8) 

From (6.7) 

If 	m
o 
» apoAz 

z oc  t 

and if 	m
o « apo 

2 
Z cc t 

Where mo 	aPoA2 	we shall got intermediate powers of t!, 

provided the plot is carried out over a sufficiently small 

increment. In the Author's experiment pA,c).8 

Wo can also use (6.7) to calculate a — the collection 

factor — if we can estimate the mass of the plasma blob. 
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The dimensions of the driver are : 

Diameter 3". 

Length 20 cm. 

and of the expansion tube 

Diameter 2". 

If complete acce1eration of the driver gas occurred 

a 
irs 	= 9/4  x 20 = 45 cm. 	(6.9) 

Unfortunately as shown by the) succeeding blobs generated 

by the later half cycles of the discharge probably only about 

a quarter of the gas is collected (Burkhardt & Lovborg 1962). 

m0/ pA 	10 cm. 	(6.9a) 
0 

 

The measured values of mo/apoA  are between 30 and 60 cm. 

indicating that about 25% only of the gas is collected. The 

actual collection rate — though reasonably constant for each 

blob (as shown by the linearity of the graphs Fig. 7xix) — 

does not obey any rigid rules based on the operating conditions. 

7. Analysis of the Structure of the Plasma Blob.  
Previous workers using electromagnetic 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 situa.tion fisrill 

arise owing to the instability of the contact surface between 

driven and driving gases. To seo how this occurs we must 

consider the formation of the contact surface in a conventional 
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shock tube. 

In a conventional pressure driven shock tube a 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 UD 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 liydrorlynom:I.: relatioos '.,-.1ween the 

initial conditions in tni .1;ystem In ()the/ words the expansion 

occurs such that a comparativelz,  stable c.onbact surface is 

,ro*, 

,owe,.-1.r, Li the elrom=-).gni_o gun the process of production 

of a moving stream is somewhat different (Chapters 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 *36. In this case there will be mixing between the 

driving and driven gas and both the "shock" and "Jontact" 

*Near the diaphragm the contact surface is badly formed due to 

imperfections associated with bursting (Glass et al 1953). 

**During aci;eleration the balance is satisfied by the 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 also be subject to the 

form of instability described by Hall (1955). Across the 

contact surface are discontinuities of temperature and density, 

although the pressure and flow veloeitu 	3ont'nuous. As 

a result of the temperatuvP discontinuity heat flow through 

the surface will occur causjng density changes, as the pressure 

cannot change -J- th consequent rues flow. s a result of his 

even with the conventional sh00% tc.i.)e the region is turLulent 

and a large zone of MJ7ing 0:14212.L.E, 

A second possible instability of the contact surface 

is the Rayleigh—Taylor instability ( Taylor 1950). 

This is the kinetic instability already referred to (p.56) 

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 proceeds the plasma 

blob the front should suffer from inertial instabilities, but 

should bo 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 ,..)f tie vp3 aAscribed is a single 

structure of a turbxlent na+ure. Although 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 relic of the heated driver gas. In view of the 

comments made above this is not unexpected duo to the lack of 

formation of a contact surface and the turbulent nature 

of the plasma blob. 

At somewhat slower speeds and higher pressures however 

the structure becomes more interesting and detailed (fig. 7xx ). 

The pressure jump occurs across a primary non-luminous front 
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and lasts roughly until the arrival of 

the second front, which is accompanied by a 

rise in temperature and conductivity. The 

flow speed is probably constant across the 

front, but as discussed in section 5, the 

measurements are of doubtful value. 

Interactions with the reflected shock 

indicate that there may be a very small 

velocity discontinuity across this second 

interface. 

The plasma configuration causing this presumabl7 occurs 

as follows : 

Across the first front the sas is accelated and compressed. 

In order to conserve momeutum aeross this front the gas 

pressure behind it must be given by : 

p = pv 2  

which is roughly the Rankine-Hugoniot equation for 

pressure across the shock front. This high pressure region 

will expand with the blob itself across the second front and 

cause the blob to slow down i.e. the thermodynamic 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 onlyftd 2 — 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 the 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 factors; 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 and is loft behind i.e. the 

blob gains momentum frog' its own cxTwnsion, 

2. Gas in the expansion tube is swept up, compressed and 

then flows into the boundary layer and expands 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 Ery 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. 



One may conclude that this isAintermediate state in 

which a contact surface across which only partial mixing 

occurs is set up. 

From the work of Ahistrom 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 

heated 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.) uo that by this time the shook 

has been considerably attenuated. 

Thus we find in cams= with most other workers that 

the electromagnetic plasmo pun does. riot produce a shock 

heated plasma (except at a conslaorable 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 
ovvc,45  
es-ins-to the fundamentally turbulent nature of the gas 

accelerated by electromagnetic forces rather than 

hydrodynamic ones. The plasma observed in the expansion tube 

is the decaying driver plasma miring 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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Precursor Ionisation.  

1. Introduction  

Precursor ionisation preceding the shock front is by 

now a commonly reported phenomenon in both conventional 

pressure driven and electromagnetic shock tubes. However 

there appears 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 from may be embraced within 

two broad categories(which may be further subdivided) depending 

whether the ionisation is a result of the shock front or 

of the driver discharge. 

a) Precursor Effects Associated with the Shock  

Two effects are recognised which may lead to formation of an 

ionised region in front of the shock; electron diffusion 

across the front, and photo-ionisation by radiation produced 

behind the 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 smaller 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 

effects and a potential —kTeie  will be set up in front of the 

shock. Theoretical threatments of this situation have been 

obtained by Pipkin (1961 and 1963) Wetzel (1962 and 1963). 

Observations of this phenomena have been reported by Weymann 

(1960), Gloersen (1960), Groonig (1963), Matsuzaki and. Wada 

(1964), and Matsuzak11965) under a variety of experimental 

conditions in both 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 Lagartkov 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 boon suggested to 

account for the rise of ionisation found after 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)). 

Ionisation produced by UV radiation near the ionisation 

limit (Ahlstrom et al (1963), Whelan (1964)). 

Fast ions accelerated in the discharge (Josephson 

and sales (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 (Philips 1964). Although this theory may be 

applied to precursor ioniation produced in 0-pinch 

discharges (Eodin 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-ionisation 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 be 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 modified by Goldsworthy (1961) and Axford (1961). 

These authors considered the ionisation produced by the 

photon flux from a 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 electromagnetic shock tubes 

the gas flow is small and dynamical effects may be neglected. 

Following Kahn (1954) we consider 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 before it. The front travels in the z — direction 

with velocity Vo. The effect of recombination has been considered 
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A het FK 
by Goldsworthy (1961) but is not relevant 	

LA 60KADOKs( 
 

to the physical case considered here. 	11145.6...^ 
Swora- 

I 

	

lovtisvia- 	U•mtowsell- 

In the frame of the front gas flow 
ResT 5RANHE OF Rcc.4T  

velocities behind and before the front are 

V1 and Vo  respectively and pressure and 	41)11'1   .411126.1" 

density given by pi and Po, and p1  and po. 

The conservation cf mass, momentum and energy give: 

01 vl  = Pee 	(2.1) 

PI 
2 	2 p 	p -Fpv 1 	0 	0 0 

(2.?): 

Where ict2 

5/2P1/P -I 
•E V1

2  = 
3/2  PO/ + i 

Po 4. 

is the energy/unit mass availlble 

tv 

ig2  
after ionisation 

of an atom and is defined by: 

2 
-2-mg by - E. (2.4) 

m - mass of an atom 

v - photon frequency 

Ei - ionisation energy 

and tho ratio of specific heats (assumed constant) is 5/3. 

After Kahn we define 

Pl/po 
	(2.5) 

Vhence 
Nro
2 
+

2 jc2— 5CP0/ p / + vo
2
je 5Po/P0  

4v0
2 ° 	

0 
or in terms of the speed of sound in the ambient gas 

2 
= (51)0/3p 

N 
0 

0 

(2.6) 

(2.7 ) 
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(3co 	o 	‘ 
2 4 	2 v 	+ Q2

)c2 	t,Jc 
o 
 2 + ,zv o / 2Ne 	Av o2 	= 0  (2.8) 

Now if c has real roots: 

31( 
 1
.02 	c02)1 	4vocl  (2.9) 

It is an experimental fact that Vo  > Jo  

3vF - 4v Q — 30
o
2 (2.10) 

This is satisfied if : 

vo 	1/3  [2Q + (4Q2 + 9%
2
)*] 

2  or vo 	< 	1/3 	9%2)] 

(2.11) 

(2.12) 

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 Alford (1961) 

and will not be considered here. 

In practice (2.11) is easily satisfied. Typical front 

speeds observed are 10
8 
 cm/sec. This requires typically 

radiation of wavelengths greater than about IR. In fact 

Ile suggested values of the wavelength range from 100 to 

1000 	i.e. Vo  >> Q and Vo  >> Co. This requires 

(2.13) 
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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 analysis of the problem is 

much simplified as we now have to consider only the photon 

balance 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 ionised 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 recombination time recombination may be neglected. If 

not the term will be significant am'. may prevent the 

formation of a front altogether. 

The problem 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 ionis.tion 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 be predicted by 

this model. 

Consider a uniform tube of hydrogen. Ionising radiation 

propogates down the tube in the x - direotion from a source 

at x . 0. 

We wish to calculate the resulting ion density as a 

function of time 

If Nv-is the photon flux between frequencies. 

3 
ax -a N n + v v q, (3a) 

Where av is the absorbtion and scattering cross section at 

qv  is a source function due to recombination etc. 

is the no. of atoms/unit volume. 

Assuming the absorbtion scattering is predominantly by the 

atoms. 

Also 

an 
at 	- -fa

v 
 Nndv +Q (3.2) 

WixereaV is the ionisation cross section 

is a source function due to recombination and diffusion. 



that 

qv 	Q 	0 

all N 	= 	-a 
v
nN 

ax   

an 
at = 

il7(108Nv) 

2 
5it(logNv) = 

-fa v  N vn dv 

(3.6) 

-avf  ti.xydv (3.7) 

-a
v
n 

an —a --
Vat 
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We shall work at low ionisations in the bac 80 

If NNr is a continuous function of x and t, we have : 

a ' --kloaN v  ) 	-a v a fly N
V 
 dv f(t) 	(3.8) 

at  

At x= o 	N. 	 N v- 
al 

IT(logN,J11') 	-a 	(N) dv 
v 

v ` 	v 	(3.9) "/  

This is the general case to be solved. 

Let us now make some assumptions as to the nature 

of the sbsorbtion involved. 

If the bulk of the photon loss occurs at the absorbtion 

edge and is due to absorbtion rather than soattardng*: 

a = v 
1 
 v 

a
v 	

ao 	
v = vo  

and 
	a = a 

	

37‘11)glivN = 	-crvf(Nv  - Nv ) d v 	(3.11) 

*It is assumed that each photon absorbed in this range produces one 

ion. 

(3.10) 
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If o 0 
v 	(3.12) 

log(liviNv) = g(x) 
	

(3.13) 

At time t = 0 N N v 	v 

g(x) = 0 	(3.14) 

At the absorbtion edge 

2-Clog(liv /N,  )] . -a (N - N )0.15) 
3t 	o vo 	vo vo 	o 

are the total photon fluxes over the 

wavelength range contained by the absorbtion edge. 

The cross section is assumed constant over the edge. 

Let us now drop the subscripts 0 

(3.15) becomes 

17{log(11/N1 )] 	-0(N - N') 	(3.16) 

This equation is not soluable in general but if we specify 

the form of NI  we may obtain an approximate result. 

Consider a uniform source which is switched on at time 

t = 0 

i.e. 

N4  = 0 	t < 0 	(3.17) 

= 	(const) 	t > 0 

t > 0 

	

[log(NiN')] = 	-a(N - N' ) 	(3.18) 

31T 	= 	-a(N - N') 	(3.19) 
N at 

Where NVo & 
NS 
o 



- 229 -. 

(17,1D 	a N' 
	(3.20) 

log[NArl_N)] aN't f2(m) 
(3.21) 

At time t = 0 

n no = const. 	 (3.22) 

Equation (3.1) becomes 

3N -afto x 

N 	= 	exp(-onom) 

f2(x) 	- leg[exp(anox) - 1] 

an x 

	

log[NAN,_10] = N' at - log[e 	-1] 

Let us consider the case (compare Nelson (1965)) 

anom » 

log[exp(anom) 1] =e anom 

N(N'at anox) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 

This represents a wave travelling with speed N' o. 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 loss 

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). 



n 	= 	no /[( e art ) e-anax + 1] 
no 
aN't 	-an ox 

(e 	-1)e 

If 

0 
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In this case without recombination we have : 

	

aN 
	 (3.4) 

ax 
giving : 

	

n 	= 	
(11' -N) 1  

no 	N' [1 -exp( -Gnox)](3.29) 

i.e. the front thickness is X = 1/ono 

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. 	<< ti 

In gas at 1000 01K and 1016 electrons /cc typical values 

if the gas were completely ionised - the recombination 
- 10 

	

time 	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 
o 
	1 

It is easily shown from (3.4) and (3.26) thitt 
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i.e. either 	aN't 	0 «1 

	(3.32) 

or 
	 a nox 

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 : (aN't « 1) 

 

n = n 	-an x 
c)/ El + air' t e ° 3 

(3.33) 

i.e. ne 	no - n 

 

 

neino 	aN't exp(-an0x) 
(3.34) 

The electron density builds up linearly through the action 

of a constant, but attenuated photon beam. 

At large distances from the source :x >> = 1 /an  
/ o 

n 	n 	/ 	(3.35) o/ akN't-no  
[e 	1] 

Once again the build up of ionisadon may be represented 

by waves of speed Win
o 
since we have 

from (3.26) 	a(N't-nox) 	
(3.26) 

/3/ 
/(I11 -N) = 

but the waves do not have an origin at t = 0 x = 0 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 oui distinct from 

shock waves. 

Let us now put in some figures to try to assess the 
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importance and magnitudes of the various terms in the 

equation (3.26). 

We shall consider hydrogen under the following 

conditions 

no  e.,a-o 10
16 

/cc 

x eve 10 cm. 
,A-8 

t ,d seo. 

The cross section (Tie given by : 

a 	= 7.9 x 10-18  ng/z2 cm2 	(3.37) 

near the absorbtion limit (Allen 1955) 

Since the gas temperature is low n "el and gry 1 

a 	„, 8 x 10-18 cm2 
	

(3.38) 

one = 1/x
„,,  10-1 cm  -1 
	

(3.39) 

The flux required can be calculated from the requirement 

that of% 	10 - 
4 

aN't 10 —4  

'' 1021  photons/cm.2/sec. 

The width of the absorbtion edge can be estimated 

using Kramers formula (Allen 1955) 

(3.40) 

av 	1.0 x lo 14  X 13 
	

(3.41) 

Nit:wavelength of radiation in g 

.. av falls to 10% of its maximum value (at 1000 A ) 

by 500 A°  giving a width of the edge.,500 
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We may obtain an upper and lower limit to the photon 

flux by calculating the emission from the discharge due to 

(a) black body and (b) bremsstrahlung. 

(a) Assuming black body radiation at a driver temperature 

'010 ev we get 10
25 

photons /sq. cm./sec. within the 

absorbtion width. 

(b) From bremsstrahlung under the same conditions with a 

driver length 10 cm. 10
19 

photons/sq. cm./sec. are emitted. 

In fact the actual photon flux is likely to be somewhere 

between these values. 

If the photon flux is as low as 10
19 photon/sq. cm./sec. 

the photoionisation of the ambient gas will give an electron 
—6 	+11, 

density of the order of 10 lft-c:+i 10 /cc. which is the sort 

of value found by experiment. We 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 

are accompanied by a large increase in temporature)so that Q 

of equation (2.3) is significantIthe recombination time is too 

s
ma
11
(,,,

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 

results with which to make a quantitative comparison. 

Bodin and Quinn (1963) presented a similar calculation to 

ours for the case nehlo << 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 
0 

50 - 100 A . We have considured the case where the 

radiation frequency is near the ionisation limit as this 

appears to be the more common source in electromagnetic 

devices - probably due to the colder discharge. However, 

it must be concluded that further experimental work is 

needed to obtain a quantitative understanding of this 

phenomena 
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CHAPTFR 

Conclusions.  

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 propolagating 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 not thought that inertial instabilities 

will cause the break—up of the contact surface as discussed 

earlier, we must regard this turbtlence 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 before 

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 confimming 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 (Fowler 

1963) for tLe"segmented electric shock tube" that the discharge 



— 236 — 

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—turlulent flow of 

speeds of the order of 5 cm/us. It must be pointed out however 

that due to pinching action in the discharge tho flow will 

initially be radial and the front 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 be pointed out that with most driver 

designs the flow will eventually stabilise and become non—

turbulent. (Ahlstrom et al 1963). Unfortunately by the time 

the flow has settled down the velocity has attenuated to speeds 

obtainable in convential shock tubas. 

Closely related with the problem 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 severe limitation to the use of the 

device. The conditions of the gas behind a shock wave are 

single 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 region. In this case the apparatus 

is pumped down to about 10
6 

mm. 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. Such 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 coaTial guns has received 

much study but there remain many unanswered problems, particularly 

concerning the micro—phenomena in the gun. An overall 

qualitative description of the motion of the current sheet 

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 the gross form of 

the discharge was investigated in this case, it would be 

very interesting to study the formation of the pinched column 

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 should be very similar to the 

z—pinch analogue. The model proposed for this, i.e. the 

expansion of tho pinched central column does in fact appear 

to be in good agreement with the experimental observations made 

on its operation. FUrther work is however needed to 

investigate the actual plasma 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 feature. 

The model of precursor proposed in this study is 

capable of explaining the Cbsorved facts, but in -:hn light of 

more detailed measurements we must reserve judgement 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 

obtainable by other moans. In this latter application great 

care must be taken to measure the plasma parameters, as the 

shock relations do not apply to give the stato of the gas 

behind the front. However with caution tho 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 Conical Gun.  

Rz  

Consider the system shown in Fig. Ai. 

The current is assumed to flow in a pinched column 

radius R2  length x and then in a linear cone to the ring 

electrode radius R1 (Chapter 4 section 2). 

The calculation is ;n two parisi) for the pinched plasma 

and 2) the collapsing gas. 

1) Pinched Column.  

The magnetic field at a distance r from the axis 

The flux linkage 

2i/10r 

N1  = f B.ds = ff 2iiior  dr dx 

= 	I 2i/10 logr] R2 
dx 

Where ro is tho radius of the outer conductor 

ro = x tan 0+ r1 	
(A4) 

ro 2i 65  ) Ni . 	f dra  (log ro/R2) cot 0 dro 
r1 

Now 
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• 10 tam Ero(1°gr'/R2 1)3cA6')  r1  
2) Collapsing current shell.  

1T2 	/B.ds 
1 2i  
To- N2 	I 	[logr]°  dx 

r x1 	.  ro = xtan&+ rl  
P( -,x-x1)/(1-xl)  

1 	dro r  2i 
N2 = J 10 '°gro tane xi 	1 2i log 

• x 
The total flux linkage 	1 

r.(1-xl ) dr. RI 	1 
• • 

N = N1 + N2 

• lOtane po(log ro  - 1) jR2  
r1 

r' R2 ] 
° r1 ,t( 

nIc kri(log 	ni  1)] 
R2 

cot& [R1(log R1  - 1) - rl(log r1  - 1) 

-(r' - r1) log12] - (1-x1)(log Ri  - 1) 

.1-(14) R(logR2  - 1) c 

- [rolog 
( A10. ) 

( 

Using ( A.8 ) 

N 	 (1-xl)](logR1  - 1) - 	logR2  - 10 tan- - 
.4x1-x1)  r1(logr, - 1) 

tame 
2i r 

tano 

r  log(R1/r1) xllog(R1 10 L /R2) - xi] =  
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The inductance of the system is thus : 

L = 	x 10-8 
	

A14- 

2[21/tan0 log(R1A.1) 	1og(21/112) A15. 



APPENETX B.  

Linearity of the Current Shoot in the SnowploutEh 
Model of the Conical Gun.  

With certain 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 calculate and compare 

the radial position of the sheet at z = 1 

given by the snowplough solution (Chapter 

4 (2.10)) and by the assumption of a 

linear current sheet. 

From the geometry of fig. Bi we have : 

	

(xp  x)ir  xp/a 	(B.1) 

and, 
	(X x) 

	
VR 
	(43.2) 

17R  (B.3) 

From equation (2.14) of Chapter 4. 

Where 

( B4) X" Pt 

vp 	. 1/143(  V2 	
4 

/100 	cot91 	(B.5) It LI 
PO 
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Transforming to the variablesy,z2T defined in Chapter 

4. 
Y = r/Ri  = El 	- cotwiv1.43) JR' 

(3.6)  

Remembering (pi  ,v10°  

and 	z . 1 i.e. x--Ri  

we get: 

Y= 
1  

6.6(1 - .58c) (B.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 the sheet 

51 	
m 

(MV) 	
2 	 (B.8) 

E .0 18  

Where  Ft.  
dm 	is the mass of gas collected /Unit time /Unit area 

by the sheet. 

din 
dt 
	 V 

f(r9x9t) = 0 

The velocity v is given by s 

v
2 (22b2  

`at' /(V2 

The solution to (v.9) is given by: 

• = 	mo + Ps 

IL)2 

Whore S is the length of aaarve rhich is always normal to 

the current sheet. 

i•e• 
• iv dt 



which has the following exact solution : 
1 

° (1+1 -) r h[cosh(l+)--21—)-( hh' 	x 	sinh 	- ( x- x)3 
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, 	 . 

8 . 
ft ar/3t/ 	2  i- dt (3L13) 

0 	/E(3f1/3r)2+(af/ax) 3  
An analytic solution to thi problem may be obtained 

if the additional assumption of constant speed is made. 

Equation (B.8) becomes 

(B .14) Pv2 	B2/8n 	I2/2nr2 

Following Gartenhaus and Tannenwald (1960) we make the 

transofrmation 

% 	1  - 4-(27rp)1 I(t) dt 	(3.15) 

and (B.14) becomes: 

	

r2dft)2=  0)2 4.  0)2 	(B.16) 

2% = h2/  
_ 	_ 2_ h

2h‘ 	) 	hht 	x_ 

A 

 ) 
(1-1-12 1 2)1  - 	(l+). 	(1-141'2)-°‘  

where h h(X) 	
h12 	

(B.17) 

X is an undetermined parameter 

and h is defined by the initial boundary conditions 

i.e. at t . 0 

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.17) was not evaluated and the 

methods of Chapter 4 were preferred in estimating the motion 

of the current sheet. 
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APPENDIX C  

Calculation of Rate of Loss 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 v-..v + dv 

Nv 	= nexpE-im(vx2+vi 2)/kT jdvxdvydvz/z v x 

where 	Z = SiVexP[--m l- (v 2+vi 
2
)/kT]dvxdvydvz 	(131 (0.2} 

2 and 	vj 2= 	v y +vz
2 	

component of velocity perpendicular 

to axis. 

Assuming azimuthal symmetry 

27171d-tr., = fdvydvz 	(C.3) 

Nv v 	
% = 	277n expE-imorx 2 +vI2 0kTJ1 

v
L 
dvX V dv. 

/ z (094) 

• 
No. of ions with velocity vectors in cone defined by 

leaving system /Sec. 
ea Vxt ano 

N = 2nAnS S 	exp[-im(vx
2)/ks] 

(C.5) o o 
v xv~ dv xdv Z 

= 4-36. q1)211n sin2° 	(0.6) 

The mean velocity of particles leaving is given by 

2nAn:1° rvxtan0 2 	2 	a7) 
= 	NZ J1 	

vx vi. exp[-m(v +v )/ ]dv dv 
o 6 x L ikT I X 

4-(172)(k92- (1 cos38)/ si . 2 / n 0 

27acT 3/2 
= (-77) 

• • 
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