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ABSTRACT

The Kunkel-Gross-Chapman-~Jouguet hypothesis for
the propagation of normal iomnizing shock waves, was

adapted for the description of the iransverse ionizing

shock waves in the planar electromagnetic shock tube.
This was made possible by the adoption of an ohmic
diésipdtion model for the expansion wave, resulting in
the choice of the isentropic sound speed as the small
disturbaﬁce speed. The wvalidity of this choice was
established by bow shock measurements. Transverse
ionizing shock equilibrium solutions were obtained,
based on this C-J model; with extension to tﬁe
hydromagnetic and the gasdynamic regimes.

A new method of Mach Zehnder interferometzy,
using multi-channel spectra, was used to obtain more
‘ éccurate measurements, of the electron density and the
density ratio, than could be attained by conventional
M-Z methods. An approximate probe theory was
developed to account for the influence of the bow
shock on the measurement of the transverse magnetic
field and the total pressure. The pre-shock electric

field was also measured.
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The experiments showed that, in the C-J ionizing
regime, the C-J solutions were in fair to good agreement
with the measured helium shock properties; and that,
when the inclined shoeck effect was taken into account,
similar agreement was observed for the argon shock. In
the limit of zero bias field, however, gasdynamic
behaviour was not observed. This was attributed to the
failure of the shock front tb geparate from the
expansion drive current.

A distinction was made between an incomplete
separation of the shock fromnt from the expansion current,
and a complete separation. Incomplete separation was
observed for helium, generally; whilst complete
separation was observed for both helium and argon in
the C-J ionizing regime; but not in the gasdynamic
limit.

I+t was postulated that the presence of an expansion
current makes a complete gasdynamic separation impossibles
and further, that, at sufficiently high velocities an
expansion current may not be required, in which case a
complete gasdynamic separation may become possible.

In addition, the coupling and decoupling of the

back emf's, asscciated with the motions of the shock



v

front and expansion current, were examined in some
detail. A qualitative theory was also proposed to
explain the differences between the observed tilts of

the helium and argon current sheets.



CONTENTS

.Acknowledgement
Abstract
Introduction
Chapter 1
Electromagnetic Shock Tubes
1.1 General development
1.2 Shock tube geometries
1.3 Bias fields
1.4 Shock wave studies
Chapter =2
Theory of the Transverse Tonizing Shock Wave
2.1 Classification
2.2 Equilibrium shock jump equations
2.3 Structural limits to soclutions

2.4 Closure of the system of shock Jjump
equations

2.4.1 Structural methods
2.4.2 Chapman Jouguet model

2.4,2.1 Justification of the C-J
: model

2.5 Small disturbance speeds

Ao RN R | e W B v

11
11
13

20

22
22

26

=
31



2.5.1 Derivation of small disturbance
speeds-digsipationless
approximation

2.5.2 Small disturbance speed in a
dissipative plasma

2.5.2.1 Magnetogasdynamic
equations

2.5.2.2 O0Order of magnitude

comparison for choice of
dissipation coefficients

2.5.2.3 Gas characterisgsed by
- X:\):O,\)m%o

2.5.3 Summary

2.6 Analvsis of the transverse C-J model
2.7 Current required to drive shock
2.8 Numerical solutions of the transverse
donizing C-J shock
2.8.1 Computation procedure
2.8.,2 Discussion of numerical results
Chapter 3

The Experimental Arrangement

3.1

3.2

The shock tube  and vacuum system
3.1.1 Description

3.1.2 Vacuum performance

3.1.3 FElectrode maintenance

The condenser banks and control
electronics

3.2.1 The main condenser hank

33

36

36

37

42
Iy
L5
49

52
56
58

6L
66
66
69
70

70
70



3.

3

3.2.2 The bias field bank

3.2.3 Switching units

Diagnostics

3.3.1 Electrical measurements

3.3.1.1  Voltage measurements

3.3.1.2 Current measurements

3.53.2 Magnetic probes

3.3.3 The pressure probe

3.3.3.1

3.3.3.2

3.-3.3.3
3.3.3.4
3.3.3.5
3.3.3.6
3.3.3.7
3.3.3.8

The detection of mass and
mass flow

The bow shoeck and the
stagnation region

3.3.3.2.1 The bow shock

3.3.3.

2.2 The stagnation
regi

3.3.3.2.3 Tield and flow

distributions

Design considerations

Probe

Probe

Probe

Probe

Probe

construction
maintenance
sensitivity
calibration-1

calibration-IT

3.3.4 Mach Zehnder Interferometry and
high speed photographyv

88

92
92

97

100
108
109
110
111
115

11k

116



Chapter 4

Page

3.3.4.1 Refractivity of the plasma
species

3.3.4.2 Pringe shift estimates

3.3.4.3 Single wavelength
interferometry

3.3.4.4 Channelled spectra
interferometry

3.3.4.4.1 The PAA path
difference

3.3.4.4.2 The MP path
difference

3.3.4.4.3 Analysis of the
interferograms

Experimental Results

4.1 Velocity measurements

L.z

L,i.1
h.1i.2

L.1.3

Streak photographs
The wvelocity-time relationship

Velocity measurements and momentum
balance

Pressure and magnetic field distributions

h,2.1

h,2.2

1‘1‘02.3

Distributions for 0.1 torr Ar,
5 KV, Bl = 0

Distributions for 0.1 torr Ar,
5 KV, Bl = 2.5 XG

Distributions in helium, 5 XV,
0.25 torr

4.3 Magnetic field measurements

117

119

120

121

iz24

125

128

133

133

134

135

137
139

1h2

ihy

146

147



4.4

k.5

.6

L.z

L,3.1 Measurement technique
L.3,2 Results of B2 measurements
Electric field measurements

L.4,1 Electric field results

Electron density and heavy particle
density measurements

4.5.1 The channelled spectra
measurements

4L.5.1.1 Comparison of N, r,p
and B profiles

4.5.1.2 Summary of results and
comparison with theory

4.5.2 Single wavelength Mach Zehnder
interferometry

4.5.2.1 Argon interferograms
4.5.2.2 Helium interferograms

L.5.2.3 Summary and discussion
of interferograms

The inclinéd pressure front and the
shock solutions

Obéervation of the bow shock
4,7.1 Significance of the bow shock
Shock and non-shock effects

L.8.1 Observation of a pure gas
separation

L.8.2 Reverse current loops and the
back emf

158

158

162

165

172
175
177

182

189
196
197
198

199

202



Chapter 5
Conclusions 2009

5.1 Experimental verification of the C-J

model 209

5.2 The identification of a shocked 'gas
sample! 216
References 223
Nomenclature 229
List of Tables 236

List of Figures 237



INTRODUCTION

This thesis describes an experimental study of
shock wave-current sheet propagation in a planar
electromagnetic shock tube, with the application of a
steady uniform magnetic field transverse to the
direction of propagation, as well as to the direction
of current flow in the propagating current sheet. The
main purpose of this study is twofold.

In the gas jonizing regime of electromagnetic
shock wave propagation, fairly comprehensive experimental
studies of normal ionizing shock waves have been

13293’4

reported and a Kunkel-Gross-Chapman-Jouguet model

has been found to provide fair agreement with

experimental observations. The subject has been

5

reviewed by Gross”. Tor the transverse ionizing shock,

little work along these lines have been reported,
mainly because no suitable small disturbance speed

6
appears to be applicable when a dissipationless model

is used for the flow following the shock wave. The



first objective of this thesis is to propose, that,

for the operation of the transverse shock tube in the
ionizing shock regime, an ohmic dissipation model is
more suitable than a dissipationless model for the
expansion wave. Using this model, a suitable small
disturbance speed is available for the application of
the Chapman-Jouguet condition. The experiment is
planned so that the experimental results can be compared
with solutions based on this model.

The second objective of this study is to
investigate the distribution of mass flow in the shock
tube during the various phases of shock wave
propagation; and to examine experimentally the concept
of the separation of the shock front and the drive
current. Reliable information of mass distribution
and shock-current séparation is necessary in any
attempt to produce a 'known gas sample'.

MKS units are used throughcout except where

otherwise gspecified.



CHAPTER 1

ELECTROMAGNETIC SHOCK TUBES

1.1 General development

Since the first observation of electrically
generated shock waves by Fowler7 in 1951, a large
variety of electrically powered shock tubes have been
constructed, extending the speed range of shock wave
studies from the 5 mm/microsecond typical of pressure
driven shock tubes*® to figures an order of magnitude
higher. A most important result of this increase in
shock speed is the increased electrical conductivity
of the post shock gas which enables the shocked gas to
interact strongly with the electric and magnetic
fields either present in the shock generating discharge
or additionally imposed.

K01b8 first demonstrated the effect of
incorporating the self magnetic field of an electrical
dischharge in the drive by arranging for the discharge
paths to generate a JXB force along the shock tube.

Patrick9 extended this concept by arranging for a

#*

A speed of 1.8 cm/microsecond has been produced in the
double diaphragm free piston shock tubeSZ.



current sheet driven by its self magnetic pressure to
propagate down a shock tube, driving a shock wave ahead
of it. His magnetic annular shock tube (MAST) geometry
is the basis of many electromagnetic shock tubes in
operation. In electromagnetic shock ftubes, energy is
coupled into the driven gas by means of electromagnetic
forces; but Joule heating cannot be ignored a priori.
However, whereas the former mechanism becomes
increagingly efficient with rising electrical
conductivity, the latter becomes increasingly
inefficient. In tubes where sufficiently high
conductivity develops, the drive is predominantly
electromagnetic and ohmic processes can approximately
be considered as negligible in the calculation of the
drive mechanism. Teh and LeelO have observed a
transition, with increasing shock speed, from Joule
heating drive to electromagnetic drive in a low velocity
electromagnetic shock tube experiment. This ftransition
point can be estimated by considering the requirement
thét the convection of the magnetic flux with the fluid
motion should exceed the diffusion»of the flux through
the fluid. This is the requirement for efficient
electromagnetic coupling. Putting the relevant terms

from the magnetohydrodynamiec equations into this



inequality results in the condition that the magnetic
Revynolds number Rm>> 1. Rm = ypud, where p is the
permeability, ¢ the electrical conductivity, u the
fluid wvelocity and d is a characteristic length usually
taken to be the characteristic dimension of the shock
tube. Clearly, the first requirement of an

electromagnetic shock tube is for this condition to be

fulfilled.

1.2 Shock tube geometries

The early work of Kolbll has shown that one of the

first experimental requirements for the production of a
really strong shock wave is a fast rate of rise of
current. This requirement is particularly sitringent

for devices with short JXB interaction lengths. However,
even for devices with constant drive over the whole
length of shock propagation, the largest possible

current is required to drive the fastest possible shock
wave. The resultant requirement of the lowest possible
inductance appears to have dominated the design of
electromagnetic shock tubes resulting in the almost

2,kh,6,

exclusive use of the c¢ylindrical coaxial geometry

9’12—15. From the electrical engineering point of wview,

such a geometry has also the advantage of fringe free



fields and internally closed field lines. Because of
the cylindrical geometry, however, analysis of flow is
considerably more complicated than in a one

14,16-18
are done

dimensional case. Most calculations
on the basis of a one dimensional flow and then applied
to the cylindrical geometry either with some
modifications to account for the cylindrical geometryl

2,3,6,9,1&_ Fishman and Petschekl9

or directly have
considered the Jjustification of applying one-dimensional
calculations to cylindrical geometries.

In shock tubes where the primary aim is not the
production of the strongest shocks, the problem of
inductance minimization can be relaxed. In fact, for
some purposes, a relatively large inductance can be used
advantageously. For example, Hoffmanzo has shown
theoretically and experimentally that the formation of
a pressure pulse with the pressure front at the very
front of the current sheet is facilitated by a slow
initial current sheet speed corresponding to a small
force field Mach number (1ess than 2 cm/microsecond in
0.5 torr of hydrogen). From the point of view of probe
and optical accessibility, uniformity of drive field

as well as the direct applicability of one dimensional

calculations, a 'one-~dimensionalised' MAST geometry is



of advantage. A parallel plate shock tube, consisting
of two wide plates with a constant spacing between them
and with a large width to spacing ratio, represents
such a geometry. The flow in such a shock ftube has
. . 21-24
been investigated by a number of groups . More
81
recently Sorrell =, using a parallel plate geometry,

has obtained shock-current separation in 0.hk6 torr

hyvdrogen at speeds between 8.0 and 11.6 cm/microsecond.

1.3 Bias fields

Externally imposed steady magnetic fields (as
opposed to the self magnetic field of the driver
current sheet) of various orientations to the direction
of propagation have been applied to shock tubes.
Besides the use of bias fields for purely technical
purposes (for example for insulating the plasma from the
shock tube wallsZ%, bias fields are also used in
investigations of shock wave regimes which from
theoretical consideration appear to be particularly
interesting. Shock waves with a magnetic field normal
to the plane of the shock have been extensively studied

1‘4’9912, particularly in the regime where switch on

2,3 3

shocks and separated gas shocks are expected.
Transverse magnetic fields have also been used.

Vla56526’27 has studied the propagation of a cylindrical



expanding shock wave in the inverse pinch with a
magnetic field transverse to the direction of
propagation but parallel to the direction of current
filow in the propagating current front. The situation
where a magnetic field is perpendicular to both the
direction of propagation and the propagating current
path has been investigated by Patrick9, Patrick and
Pugh6 and Yasuhara (who.uses an unsteady bias fieldlq).
‘" The term 'transverse shock' will from this point on be
reserved for the shock propagating in a magnetic Tield
that is perpendicular to both the direction of
propagation and the direction of current flow in the
propagating front.

Oblique shocks (shocks propagating into a magnetic
field having both transverse and normal components)

' and Kantrowitz

have been investigated by Patrick
' 13 .17 . .

et al. Taussig ', in a theoretical comparison of
oblique, normal and transverse shocks, found that, for
a given total drive current (and a given bias field),
the transverse shock has a higher shock speed and
develops the highest downstream temperature of all
three cases. This is not surprising as the transverse

field interacts directly with the drive current

producing a further component to the driving force.



1.4 Shock wave studies

As will be discussed in the next chapter, the
electrical conductivity ahead of the propagating shock
wave is of importance in determining the type and
properties of the shock wave. In some experiments,
pre~ionization of the gas ahead of the shock is arranged
in order to study the behaviour of shocks moving into a
conducting gas. Vlases27 has conducted such experiments
in his inverse pinch. Messerle28 has used an RF
discharge to preheat a column of gas into which two
opposing shock waves are propagated. In most other
experiments reported, the gas ahead of the shock is not
pre-ionized (except by precursors which in most cases
produce only low levels of conductivity). The main

Tfeatures of this class of gas dionizing shock waves are

that the gas ahead, being non-conducting, can support
an electric field; and that energy has to be expended
by the shock wave in ionizing the gas through which it
passes and which it sweeps up. Experimentally, fthese
features were first recognized by Vlase526 and Brennan,
Lehane, Millar and Watson~Munr012’29-

At high velcecities, however, even when the gas is
not pre-ionized, hydromagnetic compression of the shock

9,13

Jjump magnetic fields is observed y indicating a =zero
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electric field ahead of the shock. Some theoretical

aspects of the gas ionizing and hydromagnetic regimes

with particular reference to the transverse shock will

be discussed in the next chapter.
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CHAPTER 2

THEORY OF THE TRANSVERSE TONIZING SHOCK WAVE

2.1 Classification

In the theory of magnetohydrodynamic (MHD) shock
30

waves (for example, Marshall” , Xemp and Petscheklg)
the conduectivities on both sides of the shock wave are
taken as infinite. This allows the infinite
conductivity equation E=-uXB (E=electric field,
B=magnetic induction) to be applied to both sides of

the shock wave. This model will be referred to as the

hydromagnetic shock wave. A consequence of the infinite

conductivities is that B is 'fromen' toc the fluid
particles during shock compression resulting in The
Chydromagnetic condition of T =8, wherel and B are the
density and magnetic induction ratios respectively across
the shock.

In distinction, shock waves which move into
unionized, non-conducting gas, and ionize it so that
the post shock gas is conducting and interacts with the
magnetic and electric fields present are generally

referred to as dlonizing shock waves. Shock waves which



i2

do not interact with magnetic and electric fields are
termed pure gas shocks or simply gas shocks¥®.
A fundamental difference exists in the three

classes of shock waves. This relates to E the

LAB?
electric field in laboratory coordinates, ahead of the

shock. For the hydromagnetic shock EL is zero. For

AB

the ionizing shock EL is non-zero and its magnitude

AB
affects the shock solutions. For the gas shock EL is

AB
irrelevant since the fields remain unchanged on both
sides of the shock. In the 1limit of wvanishingly small
fields, ionimzing shock solutions become pure gas
solutions. From structural consideration (this will
be discussed in greater detail in a later section)
there is a magnetic Mach number (refer Section 2.6)
above which ionizing solutions become hydromagnetic.
This means that in the limit of wvanishingly small
fields, all three solutions must be identical.

Tonizing shock waves are further classified
according to the orientation of the magnetic field with

respect to the direction of propagation. The terms

normal, transverse and oblique have already been

introduced.

* Also referred to as gas=dynamic shocks.
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2.2 EBquilibrium shock jump egquations

The solution of the transverse ilonizing shock
wave problem is, in the context of our experiments, the
solution for the post shock state given the
controllable pre-shock state and the shock velocity
as a parameter. The model we assume for the plasma is
that of an infinitely conducting, dissipationless gas.
For such an MHD model, the following macroscopic

equations are applicable:

Mass %% +7* (pu) =0 , (2-1)
3y 1 1
Momentum v (v Ju + B-VP -5 JXB =0 , (2-2)
§ P
Energy <3 (pu” + pe + P} + 7 [pu(3u”™ + e + 3)
L
+ 'J (?Xil?)] = 0 ) (2-3)
8B
Induction E% = -(Y X @) , {(2-4)
Maxwell uJ = ¥ X B , (2-5)
Y.:.-B_ = O F (2"6)
MHD
approximation ~ & x B ? (2-7)
State e = e(P,p) . (2-8)
2
P, =P + B
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Eguations (2-1) to (2—3) are the conservation
equations for mass, momentum and energy including, where
relevant, electromagnetic terms. Maxwell's equations
(2—4) to (2—6) relate the electric field E, the magnetic
induction B and the current density J. E is the electric
field in coordinates fixed to the fluilid which is moving
at a velocity u relative to our fixed system of
coordinates. The equation of state (2—8) relates the
internal energy of the fluid e to its pressure P and
density £ . The displacement current term in (2—5) has
been excluded as being insignificant relative to the
other terms.

Helliwell and PackBl

have discussed the integration
of the equations (2-1) to (2~4) across the shock
transition zone from the pre-shock steady state 1 to

the post shock steady state 2, with the assumption of a
steady shock transition zone. The resultant equilibrium
jump conservation equations number four, the fourth
being the conservation of the electric field in the
shock fixed coordinates. These jump equabtions can be
most conveniently written in the one-dimensional form
which is directly applicable to our planar shock tube.

A diagram of the shock fixed coordinates to be used is

given in Figure 2.1, with a schematic of +the planar
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shock tube and an idealized representation of the shock
tube flow. The relationship between the system of
coordinates used and the orientation of the planar
shock tube is maintained throughout the subsequent
sections of this thesis.

In this system of shock fixed coordinates the

jump eguations are:

Mass szZ = plql 3 (2"9)
2 B’ 2 5, °
momentum  p,q., +:P2 + P = P4 B Pl -+ P s (2-10)
E.B E.B
2 272 2 171
energy ozqz(%q2 +h,) - EETR plql(%ql + h) - (2-11)
electric field EZ = E; R {2-12)

where h ié the enthalpy per unit mass and g the Tlow
velocity.

B, and

The orthogonality of the three vectors Eg’ 5

4, are implieit in the assumption of infinite

conductivity behind the shock, so that:

BT X B

can be written as:

E, = -q,8, : (2-13)
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32

Chu has proved from'shock structure considerations

that the angle between El and B, must be equal to 900.

1
This enables the right hand term of (2—11) to be written
as ElBl, since sinf® = 1, where® is the angle between

u

E, and B

1 1

" The assumption of a zero conductivity 0 ahead of

the shock implies that an electric field ELAB can exist

ahead of the shock. The transform equation (to laboratory
coordinates) is:

E = E (2-14)

LAB 1+t 4By,

33 32

Kulikovskii and Lyubimowv and Chu have suggested
that the electric field ahead of the shock is governed
by the electromagnétic radiation propagating ahead of
the shock and cannot be arbitrarily specified. This is

a crucial point because it means that EL is not equal-

AB
to the electric field originally imposed ahead of the
shock by external means or by circult parameters; butb
is in fact-a function of the shock structure. Gross5
has discussed the importance of this concept, and has
summariged the limits of the electric field within

which steady solutions can be found in the case of normal

ionizing shock waves.
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Practically, the existence of a non zero ELAB

means that one more unknown El (or E } has to be

LAB
included in the problem.

Te complete the set of equations describing the
shock jump, we have the equation of state, the enthalpy

equation and as many Saha equations as the number of

degrees of ionization being considered.

State P, = pyRT, (L + rgn ra ) (2-15)
r=1

T2 is the post shock temperature, n is the number
of degrees of ionization being considered and o, is the
rth ionization fraction. R is the gas constant k/MW,
where k is the Boltzmann constant and MW the molecular
weight of the gas. This relation expresses the fact
that the total kinetic pressure in the gas is the sum
of the partial pressures developed by the heavy
particles (ions and neutrals) and the electrons.

The enthalpy, h, being the sum of the random

thermal energy and the inbternal energies (ionization

and excitation) is given by:
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Ir=n r=n

Enthalpy h, = %(1+ I o) RTz*”i}E oo, 1
r=]1 W r=1
Tr=n
-F% f o E .
wr=o * T (2-16)

Here I; is the total energy required to raise one
ion from its unionized state to its rth ionized state
and Ei is the average excitation energy per rth ionized
ion, The ionization potentials are known quantities
whilst the excitation energies are temperature dependent
and can be computed from the tabulated wvalues of atomic
and donic energy levels and the statistical weights of
these levelssq, once a suitably converging summation
scheme is adopted35.

Corresponding to each of the jionigation fractions

6 .
0., 2 Saha relation3 exists connecting o, with o

r-1
namely,
o s=n 2 Z.. [1.-81
2 -
Saha -&-n—%" I s00 =2M l-zrm} = 2 exXp| ~ 17 .
& g=1 rgépz 2

. ot o - [ s
Lum el Beggq dte el

ki § 3 ,g

Here m is the electronic mass, 6r’ the reduction

of iondization potential due to the coulomb interaction
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of an ion with its neighbours within its Debye
neighbourhood; and the Zr's are the partition functions.
Equation (2-17) represents a set of n equations, with
r=1...r=n. The first equation, with r=1, has the

fraction of neutrals &0 given by:

8=1
a, = (l-sil as) .

The set of equatioms (2-9) to (2-13) and (2-15) to
(2w17) are therefore available to solve for the n+8

- unknowns of the shock Jjump problem, namely, P P

23 q2! 2:‘
- 1
h2, T2, E2, BZ"El and the n « s Pl, hl,le, Bl and
q, are specified pre-shock gquantities. Since there

are only n+7 equations for the n+8 unknowns, the
system of eguations is not closed.

One method of producing solutions is to treat one
of the unknowns, for example, El, as a parameter and to

study the solutions with the wvariation of El' Taussig1 ?

17 has made a comprehensive study of such parametric
solutions for the case of the normal lonizing shock
waves. The main problem with this method is that a

choice has to be made, from the family of solutions, of

the one that is most likely to he physically observable.
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A simpler method is to choose a suitable closing

equation. This will be discussed in a later section.

2.3 Structural limits to solutions

Before proceeding to the closure of the system of
shock jump equations, it is pertinent to discuss the
limits within which we can expecf the values of El to
lie. Unlike gas shocks (Wifhout energy release oOr
abgorption within the shock) for which every solution
satigfving the criferion of entropy increase can be
proved to be physically observable, not all ionizing
shock solutions (obtained, for example, by the
parametric variation of Ei) are physically observable.
In general, solutions are said to be physically
observable if they ére stable with respect to small
disturbanﬁes and if they possess a finite structure.
This latter means that if we include a dissipation
parameter in the shock equations, a continuocus solution
can be found linking the two states of the gas, and
further, that this continuous solution tends to the
jump solution in the limit when the dissipation

32 has examined the shock

parameter tends to zero. Chu
jump eqguations (With dissipation terms) and obtained

limits (necessary, but not sufficient) within which
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solutions have a finite structure. These lLimits for
the electric field are:

-1
.. . < A intl B
structural Iimits qlBl El < (Y*l) qlBl s (2-18)

where ¥ dis the ratio of specific heats. We definey

in relation to the enthalpy (see Section 2.8.2 for

justification):
275, " o, (-1 ’
By
definition of vy Y = oremser
- By=Py /0y
(2-19)
where h2 Pz, and p2 are already independently defined.
3
We express the structural limits of (2-18) in
B.
terms of 8 = == and E . We first note from (2-9)
Bl LAB

that:
I'=py/ey =44/q, ,

Then in combination with (2-14), equation (2-18)

gives:

0 <E (2-20)

2
s < G 4B
Also, equation (2-18) with (2-9) and (2-12) to (2-14),

gives:

wps (Yod -
>8> G T . (2-21)
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The LHS of (2-18), (2-20) and (2-21) are
equivalent inequalities as are the RHS. The LHS
inequality shows that for ilonizing shocks ELAB cannot
go negative and that the magnetic field compression
ratio cammot exceed the density compression ratio. The
LHS 1imit I = B8, corresponds to the hydromagnetic
golution.

To identify the limit represented by the RHS of

(2—18), (2—20) and (2—21) we note that for a pure gas

shock, in the strong shock limit: (Mach number about
10 or greater37)
P XL
-1 '

The RHS is therefore the pure gas limit B = 1 and the
inequality also states that for an jonizing shock
wave, the magnetic induction cannot decrease across the
shock.

In summary, we state that ionizming shock
solutions maust lie between pure gas and hydromagnetic

limits.

2.4 Closure of the system of shock jump equations

2.4,1 Structural methods

Consider an actual situation in which a transverse

shock wave is being observed in the laboratory. Suppose



23

the shock wave is reproducible with a set of
observable and reproducible post shock properties p2,
Ay s P2, h2, T2, E2 and B2 and ELAB corresponding to

each set of controlled experimental parameters pl’ Pl,

h and B, . The very existence of the reproducible

1* 9 1

shock wave must mean that another relationship must
exist conmnecting some post shock quantities or ELAB
with some pre-shock guantities. Kulikovskii and

33 32

Lyubimowv and Chu have shown that this relationship

must take the form:

By = By (p,, Pyy ays By) - (2-22)

The actual relation representing (2—22) depends
onn the relative importance of the dissipative
coefficients Vo (magnetic viscosity), v (viscosity) and
X (heat conductivity). Kulikovskii and Lyubimov33’38
have considered a model in which the shock transition
zone consists of an incomplete thermal shock followed
by a magnetogasdynamic shock. In the thermal shock the
gas is hardly ionized and hence electrically non-
conducting, so that the flow is purely gas dynamic with
V and X dominating the dissipative terms. Behind the

thermal sheock the gas is sufficiently ionized fo

interact with the electromagnetic field. An ionizing
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temperature T, is defined at which the electrical
conductivity switches over from a mero value to a non-
zero value. May and Tendy539 have given a more
definitive concept of T, by defining it as that
temperature at which the electrical resistivity begins
to become the dominant dissipative mechanism. Using a
simple kinetic model they have estimated T, as
1

kT, = 5 al, where a is essentially a constant near

unity, and I is the donization potential.

33

Kulikowvskii and Lyubimowv have obtained the

explicit form of (2—22) for the limiting cases:
A v >IN, NV PRy
corresponding to a non-conducting gas.
In this case Bl = B2
B. T, = T,
corresponding to the hydromagnetic case.
In this case El = —qlB1
C. V <<y v <y everywhere that © £ 0

corresponding to a gas ionizing shock wave.

In this case E; = —q%Bl, where ¢q, is the velocity
for which the temperature T, is reached in the
continuous motion of a non-conducting gas inside the

shock transition region.
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33

Kulikovskii and Lyubimov and Allen and Segreuo

have also discussed the role of electromagnetic

radiation ahead of the shock front. Chu32

39

Tendvs have outlined schemes for the solution of

and May and

ionizing shock waves using the T, model. The procedure
consists of estimating T, and the corresponding g, and
then using El = «q%Bl to close the system of shock

Jump equations. Perona and Axfordul have proceeded
bevond these techniques by integrating simplified shock
structure equations from just behind the thermal shock
to the back of the MHD region for a normal jionizing
shock wave in argon.

Such shock structure integration techniques are
potentially capable of providing accurate solutions,
particularly when more accurate information on rate
constants, and precursor lonization processes become
generally available for inclusion into the structure
equations and the boundary conditions. In particular,
integration technigues provide informétion on the
variation of properties through the shock transition
region. Such information is not provided by equilibrium
shock jump calculations. Moreover, it must be
remembered that equilibrium solutions cannot be expected

to be accurately applicable unless a state of local
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thermal equilibrium is observed or expected to exist
over a measurable distance behind the shock front.
However, there is experimental evidence that the

simpler shock jump calculations using a Chapman-Jouguet
hypothesis as the closing relation are in fair agreement
with observed shock tube behaviour. This will be

considered in the next section.

2.4.2 Chapman-Jouguet model

The recent experiments reported by Miller2 and

3

Levine and the earlier experiments of Brennan, Brown,
Millar, and Watson—Munrolg as analysed by Woodl have
verified the Chapman-Jouguet model suggested by Kunkel
and Gross42 for the operation of normal ionizing shock
tubes in the switch-on (trans-Alfvenic) regime.
According to this model, Joule heat energy is deposited
in the shock front as a consequence of the switched on
trangverse magnetic field (associated with which is a
shock Jjump Current). This energy is analogous to the
combustion heat energy deposited in the detonation wave
of gasdynamics. In detonation wave theory, the
application of minimum entropy requirement is necessary

to remove ambiguity In the solutions; and results in

the requirement that the fluid wvelocity relative to the
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front be equal to the local small disturbance speed.
Gr0555 has described the physical conditions under
which the C-J model might be operative in the
electromagnetic shock tube. In the first instance of
electrical breakdown across the rear of the shock tube,
a large eleétric field exists along the shock tube.
Tdeally, immediately, the drive current reaches a
constant value and the shock wave reaches a constant
velocity. During the short acceleration period, the
pre-shock electric field decreases; at the same time
the flow velocity out of the shock increases until this
flow is choked. This limiting situation is analogous
to a C-J detonation wave and the limiting velocity is

the local small disturbance speed.

2.4.2.,1 Justification of the C-J model

Taussigl7 has examined ionizing shock jump
equations and has proved a shock structure restriction
which enables the definition of a unique solution for
every shock speed. He suggests that this definition can
either take the form of a phenomenclogical assumption
such as the C-J hypothesis or can be obtained by a
detailed analysis of shock structure. Taussig also

shows that the C-J solution corresponds with the largest
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preushoék electric field that is consistent with a
steady shock solution at a given shock speed. Cowley4
has investigated the stability of ionizing shock waves
to plane magneto-acoustic disturbances, on the basis of
their evolutionarity (evolutionarity83 is necessary

but not sufficient for stability). He concludes that

the following two classes of ionizing shock waves are

evolutionary:

> e -
Class T a2, aicg, (2-23)
with ELAB not restricted by structural requirements.

Here a is the sonic speed ahead of the shock and Cqn is

the slow disturbance speed behind the shock front.
Further, when ohmic dissipation dominates in the

transition (i.e. Vnﬁyv, vm>>x), this class of ionizing

shock waves has finite structure. The initial ionization

preceding the conducting region can be provided either

by a pure gas shock or by precursor action.

Class II dora, Cpobds>C o (2-24)

with EL restricted by structural requirements.

AB
Here, Cpron is the post shock fast magnetoacoustic speed.
Further, for the condition of predominant ohmic

dissipation, this class of shoclk exhibits only a pure

gas transition, with no shock jump current permissible
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throughout the whole region of shock transition.
However, with the inclusion of sufficient precursor
ionization, the shock transition can carry current.

Thus, assuming negligible precursor ionization,
ionizing shocks are evolutionary only if (2~23) applies.
Taussigl7 has referred to these shocks as weak jomnizing
shocks in the sense that a pure gas transition is
required before the ionizing (shock Jump current)
region. We mnote, however, that in the absence of
precursors (or when the precursor jonization is of low
level) a pure gas transition region, however small, is
always required to provide the initial ionization before
the conductivity can reach a sufficient level fTor
shock current flow.

Another condition on the flow velocity has been
obtainedhq by comnsidering the flow characteristics
behind the shock wave in the electromagnetic shock
tube. The model to be discussed is shown in Figure 2.2.
The ambient gas in region 1 is compressed by the shock
to region 2. There can be no mass flow in region 4
because of The boundary condition imposed by the back
wall at x=0. Therefore, in region 4 either u=0 or
P=0, In any case the density must decrease in the

transition from 2 to 4 because the flow is away from
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the back wall. The magnetic field on the other hand
must increase in this transition because the magnetic
pressure is driving the flowlg. We ftherefore require
an expansion wave for the transition from 2 to L.
Friedrichs and Kranzerh6 have shown, for isentropic
flow? that fthe expansion wave connecting regions of
uniform fléw such as 2 and 4 must be a simple wave..
Assuming a 'step function' drive current, region 3 must
be a ceﬁtred simple wave. In the diagram the separation
between the P and B Jjump represents the pure gas
transition regiomn.

‘I‘al.lssig}-[it has pointed out that in such a situation,
since +the front ' of the rarefaction wave moves with
the slow magneto-acoustic speed Cyo with respect to the
fluid, the criterion for the existence of steady shock
solution is:

92= ®s2 (2-25)

A combination of (2-23) and (2-25) results in the

C-J condition:

a4y = €, (2-26)

There is thus justification for the application of
the C-J hypothesis for ionizing shock wave in

electromagnetic shock tubes for which the model
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illustrated in Figure 2.2 is applicable. For large
ohmic dissipation and when precursor ionimation is
negligible, the ionizing shock sclution corresponding
to (2-26) is evolutionary and possesses finite structure.
The C-J condition is a necessary one under these
circumstances.

However, when sufficient precurscor ionization
exists, (2—24) also yields an evolutionmary ionizing
shock solufion. In this case the C-J condition is a

physically possible, but not necessary, one.

2.5 BSmall disfturbance speeds

In the case of a transverse ionizing shock wave,
the choice of a small disturbance speed suitable to the
problem is not at all obvious and we shall give it

49

careful consideration here. Kalikman has studied a
dissipationless flow problem with arbitrary field
(E(x,y,z)) direction. These modes of magneto-acoustic

disturbances can propagate:

L. The Alfven mode having velocity
271
c, = b= [B ]2 . (2-27)
ue

This wave propagates along the B lines.
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2. The fast and slow magnetoacoustic modes, having

velocity

2 2 2.z %
b +a%i[(b2+a2) —hazbn ]
2

L] (2_28)

|+

where the two absolute values of (2~28) correspond to
the fast and slow speed Ce and Cq with the condition

that Cp = Cg- This wave can propagate in any direction.

i 1
janz P
Here, bn mfe—— where Bn is the field component along
up

the direction of propagation. We note that the relevant
speeds for application to the C-J condition are those
in the direction of propagation of the shock wave.

For normal ionizing shocks, these speeds are
T

27z
directly applicable by putting b=bx=[2—] = bn’ since
Up

B. =8B =018_.
X Tl

In the case of the transverse ionizing shock

(B=By):
b = 0 3
B 2
up
CA=O s
CE‘::O 3
and
1
cp = (b2 + 2°)? . (2-31)
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Kantrowitz and Petschek have discussed
comprehensively the properties of these waves with the
aid of Friedrichs diagrams. They have also shown that
for the fast mode, the magnetic pressure increases when
gas density dincreases. For the slow mode the magnetic
pressure increases when the density decreases. The
fast speed Cp as given by (2—31) is therefore not
applicable for our model of Figure 2.2. We are thus
left with cszo for our rarefaction wave of region 3.

2.5.1 Derivation of small disturbance speeds-
dissipationless approximation

To see the significance of cs:O we have to look at
the flow equation governing region 3. These are the
one-~dimensional form of equations (2~l), (2—2) and (2*4)
together with the isentropic quation of state:

P = constant x DY . (2-32)}

With (2—31) in place of the energy equation, we have:

Sp Sp du _
Mass sotug-+t o =0 , (2-33)
Su Su 248p , B EB _
momentum p—SE+ pug}?+a E-}?‘}‘IIE-}E— 0 ’ (2—3&)
. . 8B 8B )
induction g?-+113§-%B g§==0 . (2~35)

where (2—32) has been used to eliminate %% from the

momentum equation.
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Equations (2-33) to (2-35) belong to a general
class of conical problemsm5 in which all the flow
quantities depend on only one variable & = %. Conical
expansions are simple waves and in the centred simple
wave of Figure 2.2 flow properties are constant along
lines passing through the origin and can change only
across these lines. In such a wave changes in the
Tlow move with the wvelocity relative to the laboratory
coordinate or with the velocity c=&-u relative to the

fluid. Transforming to the f coordinate, equations

S“‘Q—BB) to (2-35) become (noting that g.}; - %E% ’

S .88 ):

ot t ¢

mass pu' - ep' =0 , (2-36)

momentum % B' -~cpu' + a2p' = 0 s (2—37)

induction -cB' + Bu' = 0 . (2-38)
The superscript dash refers to differentiation with

respect to £. This is a system of three homogenous

equations with the three partial derivatives B', u',

and p' as the unknowns. The condition for the existence

of a non-zero solution for the unknowns is that the
determinant of the coefficients be identically equal to

zero. This gives the equation:
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2
el czp - a2p - %r) = 0 (2-39)

and hence the two speeds of (2-30) and (2-31).
The relationship between B', u', and p!
can be obtained in ratio form by algebraic arrangement

of equations (2—36) to (2—38); resulting in:

B! _ u' - ! . -
2 2, = TeB/y) [CY:V1D) (2-40)

As expected, putting c=c. of (2-3 ) into (2-40)
produces B!' and p' of the same sign. Putting c=cs=0 into
(2-&0) gives B' and p' of opposite sign, which is what
is physically required in the rarefaction wave of

region 3.

With c=0, (2-40) gives

- ¢B =
du = 0 and BOB =4P
it
;
t z
(since p' = P! %% = BE where a = (%E) is the isentropic
a

sound speed); which with boundary conditions integrate
to:

u = 0 and = + P = constant.

The speed cS=O therefore corresponds to the snow-
plow 1limit with an infinitesmally thin current sheet

right behind the shock front, compressing all the mass
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swept up and carrying all the current in this
infinitesimally small regiomn. BSuch an infinitesimally
thin current sheet is not consistent with the assumption
of zero dissipation. Experimental observations in the
transverse shock tube show that the drive current region
is not small (this will be shown in Chapter 4), but is
in fact distributed for several centimetres behind the
shock front. The general pattern of current flow is very
similar to that observed behind normal ionizing shock
waves (for example, by Heywoodu). We therefore inquire
if a suitable (non_zero) small disturbance speed may

be found when the assumption of =zero dissipation is

removed.

2.5.2 Small disturbance speeds in a dissipative plasma

2.5.2.1 Magnetogasdynamic equations

The equations governing the flow in which

viscosity v, heat conductivity y and magnetic viscosity

= L .
Vo S o are not negligible are:
Sp du Sp _
Masgs ?t""f" 1] ‘TX"}' u ‘S;{" = 0 3 (2"1"1)
§u &P, BSEB 4 & ; Su
Momentum pr+p = +5x+ﬁ7§§“§6x( )= g, (2-42)
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oy ch eh & 45 . Su, 8 . 8T
nerey et * PUsx T st T 3 dx Vs T Tx OXGR)
3B uB vm B
TR YT O . (2-43)
ion B SB Su_ & ,v 8B _
Induction 6t+u5x+B6x_6x (m'S'f{ =0, (2 44)
State P (o, 8) = (2-45)

where S is the entropy and where the terms containing

Vg ? V and y are the dissipative terms. Assuming

changes in the rarefaction wave are gradual, for an

order of magnitude estimate we can make the approximation

that § .4 and,¢; (%E) = —L . We can then compare

a dissipative term with a non-dissipative term in the

same eguation, using estimated values of the variables

oceurring in the terms.

2.5.2.2 Order of magnitude comparison for choice of
dissipation coefficients

We compare the following terms, where the D terms
and the $ terms are the dissipative and non-dissipative
terms respectively. In the momentum equation (2—42),

we compare

b yhu
1 3 (Ax)2 ?

- |
D1D
2 Lo}

with S'I =

e

in the induction equation (2-44), we compare
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£B
(ax

D2 =v1n

. _ ., AB .
)2 , with 82 = 1u Ax H

and in the energy equation (2-43), we compare

4 u 2
D3 = -5 v I:u (23{)2 + (g%f) ] y

i

and

=% B ’
5 3}“;" el !
37 %]i[i_ﬂ

The following order of magnitude estimates of

D

i

with each other and with S

total change in properties Au, AB, and AT across the

rarefaction wave of width Ax are used:

u = Au = lOu, B =AB = 1,

AT = th and Ax = 0.1

With these wvalues, the D and S terms are:

Momentum Dl = lOév ) Sl = 107 ,
Inductio: D, = 102v S, = 105
nduction o0 = m ? o = s
Energy D3 = lOlOv )
Dh = lO6 X
8 11
D5 = 10 Vo s and 83 = 10
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For the dissipative terms to be negligible compared
to the non-dissipative terms the following inequalities

are necessary.

v << 10 : (2-46)

X << 10° (2-47)
. 3

\)m‘id\ 10 . (2—)4'8)

To estimate Vv, X and\)m we need to know the values

of Wi Ty and Wy Te in order to choose the correct

i
. L
equations for calculating v, X and vm5 ; where Wi and(ge

¥

are the iomn and electron gyration frequencies
respectively and Ts and Tg aTe the ion-ion and electron-
electron collision times respectively. Combining

equations given in Spitzer5l, we have:

3
- 5 v
Wy Tg = 8.9 x 10° B T° /n_ (2-49)
§' 1
w; T4 = 2.1 x 10t4s TZ/(niZ2A§_) (2-50)

where 7Z and A are the ionic charge and mass number
respectively, and n, and n; are the number densities
of electrons and ions respectively.
For estimated conditions of T = 20,0000k,
ng =n, =107, B=0.52and Z = 1, A = 40 for the argon

ion, we have:
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w T ~ 20 3

and wi Ti‘w 0.07 .

We note that we Tg > 1 is the criterion for
electrons to be strongly coupled to the magnetic field
and wi Ty > 1 is the criterion for the ions to be
strongly coupled to the magnetic field. Thus, for the
viscosity and thermal conductivity, which are ion
dominated mechanisms, we chocse the wealk magnetic field
equations given by SpitzerBl. Similarly, for ¢ which

is electron dominated we choose the strong magnetic

field equation. These are:

5 1
-16 ,2 2
v o= 2.2 X io T A , (2“51)
Z InA
2
2
10 T
¥ 5 10 7 InA H (2"52)
2
1. 1.3 x 10° 2404 , (2-53)
o 3
T2
where Injp = 6.5, for our conditions.

We thus have the following dissipation coefficients:

v 2 x 10_5 s
x = 10 .
2
and Vo, 5 x 10
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Comparing these estimates with the inequalities
of (2-46) to (2-48) we note that our order of magnitude
calculations show that the dissipation ferms due to Vv
and ¥ are smaller than the corresponding non-dissipation
terms by the factor of lOﬁq, whilst the magnetic viscous
term is of the order of the corresponding non-
dissipative terms. We also mnote that equations (2~51)
to (2—53) are only wvery slightly density dependent
through the InA factor, and that up to T=5O,0000k the
conclusions regarding the relative magnitudes of the
dissipative and non-dissipative terms remain wvalid.

We note further that in the estimates, the current
sheet width Ax is taken as 10 cm. If this width
reduces to 1 cm. or less, the ohmic (magnetic viscous)
term may become largexr than the non-dissipative terms
whilst the other two dissipative mechanisms are still
negligible. This is a very good indication that the
correct model for the region 3 of Figure 2.2. cannot
be a dissipationless one, but in fact should be
characterised by:

AY] =X = 0 and
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2.5.2.3 Gas characterised by V=X = 0, "m# O
53

Pai has considered the problem of finding the
characteristic directions of the one-dimensional
unsteady flow of magnetogasdynamics governed by
equations (2-41) to (2-45). He concludes that for
inviscid fliuids (v = O), the magnetic field has
influence on the characteristics only whenﬂvm = 0 as
well. For all other conditions, the characteristics

of magnetogasdynamics are the same as those of the

corresponding ordinary gasdynamic problems. Following

PaiSB, and putting v = ¥ = 0, we write (2-41) to (2-4k4)
as:
Mass o2t g8y u%}%) =0 , (2-55)

on g Su B, 8B _8Q _
Induction B T + (cSt +u Gx) T o, (2-56)

68 -
Energy oT (——'+116§ =0 , (2-57)
v

and .m B =Q (2-58)

where, from the equation of state (2—45), we have

written P = %% and PS = %% which are used to eliminate

%% from the momentum equation. The second differential

of B has been transformed to a first differential by
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(2-58). The equation of the characteristics can be

written as (x, t) = constant. Using the notation
8 g . . -

wx = E% , and wt = %% , the characteristic condition

of (2-34) to (2-58) is then written as the following
determinantal equation, formed by the coefficients of

the first derivatives of this set of simultaneous

equations:
phy +oub B U T Pe ¥, 0
Dwx wt + 0 0 0
By o LU T 0 -y
* £ooE * 1= 0 (2-59)
0 0 0 0T (wt +up ) O
\)m
0 0 "ﬁ"‘ IPX 0 0

which reduces to:

2 2 2
W, +w )P "o T f‘» [(wt +oup ) - wxz PpJ =0 ,
and finally:

2 f}?l_ g2 W+ ) b + @) v, ] [v, + wa) ‘Ux] -0

where a = Pp

The three characteristics are:

1. Y 0

X

or t constant,
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a characteristic with infinite signal speed;

2. wt + uwx = 0 which is
%,iﬁz_u
dt wx

This is the streamline.

3. wt + (u = a)lbx = 0 which is
ax
Je S uta .

This is the line of propagation of small
disturbances with the velocity - a, relative to the
fluid. The velocity - a, is therefore the speed with
which the front of the expansion wave in region 3 of
Figure 2.2 moves relative to the fluid. Since, for
VvV = X = 0, Vm# 0, the magnetic field has no influence
on the flow characteristics; the situation is analogous
to the gasdynamic situation in which the front of an
expansion wave always travels at the local small

disturbance speed.

2.5.3 Summary

We have seen that in the dissipationless

approximation no suitable small disturbance speed is
available for the application of the Chapman Jouguet

condition to the solution of the transverse ionizing
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shock wave. Applying The expansion model (as has been
successfully applied to normal ionizing shock tubes) to
the transverse shock tube leads to an infinitesimally
thin snow plow type current sheet, which is neither
consistent with the dissipationless assumption nor
experimentally observed.

We have made order of magnitude estimates which
indicate that the conditions existing behind the
transverse ionizing shock wave may be most consistent
with the large ohmic disgipation model of v = ¥ = 0, and
vm# 0. With this model of the plasma the magnetic
field does not affect the flow characteristics and the
small disturbance speed is purely gasdynamic. We
propose to use this speed-a, as the C-J sgspeed for the

transverse ionizing shock wave.

2.6 Analvsis of the transverse C-J model

As a simplification we write:
z
a = ['Y"""E] . E)
p
and use for the C-J condition:

1
YP

7
2
qy = “‘5"2“} ' (2-61)
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The set of equations (2-9) to (2-13), and (2-15)
to (2—17) and (2—61) forms a closed set of 8+nm equations
which we shall refer to as the C-J model for
transverse ioniwming shoeks. An analysis using the
conservation equations and the C-J condition together
with each structural limit of (2—21) shows that the range
of C-J solutions is characterised by limiting wvalues of
' and magnetic Mach number MA dependent only upon X .
FPirst, P2 is eliminated from the momentum (2-10)

and energy (2—11) equations by the mass equation (2—9)

and the C-J condition (2-61) giving:

i N

C-J momentum E (I‘-lu?) = E— - K s (2-—-62)
W 1 2 BE

C-J energy  § (TTp + 7 [AT 1) === (8-8,) , (2-63)

where W = plql2andyhisdefined by (2-19).

Next B, is eliminated from (2-62) and (2-63) by

2

B2

the hydromagnetic limit I' = 8 = T ; (2-634)

1
giving:
%C—J momentum P = W . (X 1y 1), (2-64)
- Y
(hydromagnetic limit r(1-r")
- 2
(07 enerey P, = —i—— [Lo + 2(1-T)], (2-65)
2r<(1-r)

(hydromagnetic 1imit
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2
B
where the pre-shock magnetic pressure 21 is denoted
by PB.
The forms of {2-64) and (2-65) enable P_ and W to

B
be simultaneously eliminated when (2-6L4) and (2-65) are

combined, giving:

C-J hydromagnetic limit .3 2 _ _ _
for I I7-3r" -y, T -T5=0, (2-66)
Ly - Y2
where Ya 7% vy s
- y=i
Te = yo1 . (2-67)

It should be noted that FG is the pure gas density
ratio.

In the range Yy = 1.10 to v = 1.50, (2-66) yields
only one positive root ranging from I' = 5.880 to
r = 3.293.

The same procedure applied te the gas shock limit

vields the equation:

. 3 2 -
g;i ?ure gas limit (Frml)(?r +YfTr +YgFr—Ye)..O, (2-68)

Y -l 7-T
where g =T Yo TTATLTy 0 Ye < T,
G G G G
and Fr = %L
G






1,30 1,50 1,70

Fig.2.3 Values of [' and M, in the hydromagnetic

1imit of the Tranaverse Ionizing C~J Model
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The limits in magnetic Mach number MA’ where

2
M. = / b "b2—3_3..;l:_
AT % ’ "~ P

is found by dividing (2-62) by B12/2p and then combining

with the structural limit of (2-21), giving:

C-J model T 2

structural ( P ) [F-] - 1

limits r~-1)~T 2 yI G

for M, 2iy(F-1)-1] = My > % v(T-1)-1 . (2-69)
hydromagnetic pure gas

Thus the I' limits of the C-J model for the
transverse ionizing shock are given by (2-66) and (2—68)
whilst (2—69) gives the corresponding values of MA at
these limits. At values of MA (for a given y) larger

than Mg where M, is the quantity on the LHS of (2-69)

H

the behaviour of the transverse shock is hydromagnetic
and the appropriate closing relation isl = Bg/Bl' At

shock speeds for which MA is less than M the transverse

H!

shock exhibits C-J behaviour. At small values of MA

(low shock speeds), wolutions become gas dynamic, with
Bl = B2' As BfO {or for very high wvalues of MA)’ the
pure gas and hydromagnetic solutions merge.

Figure 2.3 shows graphs of I and MA at the C-J

hydromagnetic limit as a function of Y.
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2.7 Current required to drive shock

For calculating the drive current regquired, a
momentum exchange model is used without considering
the structure of the current carrying zone; i.e. we
consider a magnetic interface with magnetic field
BD+B1 driving the shocked gas which moves at a speed
41 -9 behind the shock front mdving at a speed dq -

Ahead of the shock front B=B P=P.=20; behind the

1’ 1~
magnetic interface BT=BD+Bl, P=0. With this
structureless model (Figure 2.4), the difference in
magnetic pressures across the current carrying region
is available to~balance the rate of momentum imparted
to the gas swept up into the reglion, which is P 14X
(qlwqg). Hence, the momentum balance eqguation is:

T Blz \
T T In C 1% (ap-a,) ,

tx

which gives a quadratic in BD:

2 r-1
By~ + 2 ByBy - 2w (=) = 0 , (2-70)

"with a positive root:

1

2 2m(5h T - (2-71)

BD = [Bl
which is the field required to drive the shock. The
°p
B

shock speed for a given B_ and BD e is:

D
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2
S SR 2.
A =257 (vp) 2+ BD] . (2-72)

The bias field has increased the shock speed by

1
2
the factor [} + é%] . For example, a 71 per cent
D

increase in shock speed is expected for BD =1, as
compared with the 'unbiased' case witthL = 0.
D

'
It is also instructive to express (2~70) as a
relationship between MA and BD by dividing throughout

by Blz. This gives:

2 2 ,p-1y _
B + 2B - 2 M, (EF_) = 0 \ (2-73)

which is useful for estimating the drive-bias field

ratio Bp required to attain a given shock speed-

magnetic speed ratio MA‘ Thus, for example, for a

tvypical value of v = 1.14, the C-J hydromagnetic limit

is reached at [ = 5.11, M, = L 45 (Figure 2.3). With

these values of [T and M,, the required field ratio is

Bp = 4,75. With a smaller field ratio, shock behaviour

is donizging, and with a larger field ratio, hydromagnetic.
Returning to the model of Figure 2.2, and the shock

jump equations (2-10) and (2-11), we note that the

magnetic induction is, in general, required to jump in
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magnitude across the shock front from the equilibrium
pre-shock value B:L to the egquilibrium post-shock wvalue

B The magnetic field then rises further through the

o°
expansion to reach the wvalue BT' The relationship

between current and induction gradient is given by

eguation (2u5); which in our geometry becomes:

- -6B
Wy = §X ’

so that I (Bx2 - Bxl) : (2-74)
*1

where we have written JA to denote current density per
unit area (area in the x-y plane) and where BXE and

Bxl are the maghnetic induction in the v direction at
the axial points Xo and xq. Where the magnetic
induction rises with a reasonably uniform gradient so
that JA can be assumed uniform between Xq and x. we can

L
approximate {(2-74) with:

{
=
)
&
—

Ty (xpe-xp)

2 (2_75)

which is J =

™=
t
4
i

where J is the current per unit current sheet width.
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With this approximation, the various current

densities are:

shock 1

current Jg = i (Bz"Bl) ) (2-76)
expansion _ 1 - _
current g = 0 (BD+Bl Bg) g (2-77)
total drive L

current Ip = gt Jg = u By . (2-78)

The term current partitioning will be used to

refer to the separation of the shock current from the

expansion current.

2.8 Numerical soclutions of the transverse ionizing
C-~J shock

Transverse ionizing shoclk jump solutions are
numerically calculated for argon and helium, over a
range of Dl, Bl and qq selected mainly for compariscn
with experimental results. The system of n+8 equations
made up of (2-9) to (2-13), (2-15) to (2-17) and
either (2-61) or (2-63A) are used to solve for the n+8
2> 920 Por Bos 1
> 0 the C-J condition (2-61) is used and this

unknowns P T2, E2, B2, E. and the n g's.

When ELAB

is replaced by the hydromagnetic equation (2-63A) when

the limit E =0 is reached in the C-J calculations.

LAB
(ELAB is defined in (2-14)). The pure gas limit (RHS
of (2-21)) equivalent to B, = B_ is used for the

1 2

calculation when Bl*O.
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For helium, n=2 is used for the whole range ol
calculations whilst for argon, n=4 Saha equations have
to be used for the higher velocity calculations. The
main problems encountered are numerical ones
concerning (2-16) amd (2-17) which require the
evaluation of the partition functions and excitation
energies.

The calculation of the partition functions has
been described by Griem35. The formula relating the
rth partition function to the energy levels En and
corresponding statistical weight g, of the rth ionized
atom isa:

—En

7 =L g BEXP [@‘] , (2-79)
where the summation is over all energy levels subject
to a truncation criterion, which is necessary because
the summation, as it stands, is a divergent one since
the number of discrete levels is infinite as the
ionization limit is approached. The number of levels
actually contributing to the partition functions is
however limited to those whose energies are below.the
reduced ionization limit. The summation should
therefore be carried on up to a value ) where n

max

is the maximum principal gquantum number for those
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levels whodge energies are below the reduced ionizmation
limit. The hydrogenic formula for N ax is:

2 AL
(r+1) Ty 2
Ymax T 8. ’ (2-80)
T

where IH is the ionization potential of the hydrogen
atom. The jondization reduction energy Gr is, for a

Debye plasma:

r+1 32
= éf__l__' s 2-81
6I" TTE DD ( )

where ¢ is the permittivity. The Debye radius Pp is
given by:

€ k T2

oy = pov ; (2-82)

2 2
N2 e 5 ([r+r ] ar)
r=1

where N2 is the total heavy particle density in the

post shock regiomn; i.e.:

£19
q2MW

N2 = pz/MW = (2"‘83)

With n thus determined from (2-80) to (2-83)
the summation of Zr can then be done using tabulated
values of En and gn3u. However, these tables do not
always contain all values of En up to Do ox especially

for the higher degrees of ionisation. It is thus

necessary to make a further approximation by summing
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to the levels available (corresponding to quantum
number n') according to equation (2-79) and then
resorting to a hydrogenic formula, accounting for the
appropriate multiplicity, for the remainder of the

summation to nmax' The summation for Zr then becomes:

=ax _[Irw(r+l)2IH/n2]

2
T

+ (2s+1)(2L+1) 2 2 n~ EXP
n=nt'+1 2

(2-8L4)
where S and L are the spin and orbital momentum of the
ground state of the (r+l)th ionizmation stage.

Similarly the excitation energy of the rth

ionized atom is:

_ 1 n=n"' «En.
Er =7 I E&, EXP -m—nj
r n=1 ° 2
1 n=nmaxj > 4_[Ir—(r+1)zIH/n2]
+ =— (2s+1)(2L+1) T £,2n" EXP
Z k T
r n=n'+L 2
Y- -
where Bfs(Il ~(r+1) Iﬁfﬂ ) (2-85)
The equations (2-80) to (2-85) define Z s Er and
6r as Tunctions of the post shock unknowns T2, Po and
Ok, (r:l..,n). These equations have Lgnored extermal

magnetic and electric field effects, which is



justifiable because the Zeeman and Stark effects
involved for the range of fields used are small; at
least in the sense that any resultant inaccuracies in

A Er and 6, do mot affect equatioms (2-15) to (2-17)

r’
gufficiently to cause significant errors in the

solutions.

2.8.1 Computation procedure

For n=4 the set of jump equations are reduced to
a seven dimension vector F (g) = 0 with the unkunowns
a2 as g5, T2, B2, Gyps Ggs Oogo and aly e An initial search
point a' is estimated and checked foxr accuracy by

evaluating the sum of the squares of the residuals
r=7
2 r . 2

[Fl = K l?r (ar) . The values of -a, are then

adjusted and |F|® again calculated. This is dome

iteratively until lFlg is sufficiently small; the main

problem being to ensure convergence during the

iterations. A Foriran residue-minimization sub-routine

(VAO2A) is used to provide the iterative procedure on
in

an IBM 360. This sub-routine is described by Osborne5

and by Allenhg as specifically applied to gas shock

calculations.
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The transverse ionizing shock equations are

written as:

(A +1) R T,
Momentum F(lﬁ= 5 P -1,
q B B
—2(pya,la;-a,] 55 45— + Py)
pp4p PLHLLRITERA T2 T2y 1 (2-86a)

a.B, (B.-B.)
Energy F(2)= 2 2 > 2 21 -1 (2-86b)
uplql ('j’?.“[ ql "'q2 ]—[ha“hl])

2

C~J or qs q232
ﬁigﬁiéic F(B}:VRT2(1+AS) L oor F(3) = a; By to
(2-86¢c)
oy Ag 2y 6,14 ]
Saha F(i}) vty wall EXP T - 1 , (2-—-86d)
Yo Pt “o 2
§,~T,7
ay Ay Eg Exp |21 . 1 , (2-86e)
F(5) = AL 7 k T,
17T 71 "
og Ay Zg “GSMIB“
F(6) = . A 7. BXP Lfgﬁf— S (2-867F)
2T "2 2
A Z I
- Lol
F(7) = — == == EXP |-———1] - 1 , {2-86g)
s AT ZB -k Tz_
where AS =1 4+ oy o+ 2&2 + 3a3 + M@u, Ap = 1 - Gy —op —og
- al}.
Starting with a set of values of Tg’ Ao B2, Gy

Gps Ogs G Pp is first calculated from (2-82), Gr from
(2-81), ox from (2-80), and then Zr and Er are summed

using equations (2-84) anad (2-85); h, is then calculated
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from (2-16) and y from (2-15) and (2-19). The resultant

values of Y, h,, 5r’ Z, and E  are returned for the

calculation of the F values using equations (2-86). The

values of T2, Ao B

21 Q15 Qoo Qgo O ) are then adjusted

and the procedure repeated. The optimization, i.e. the
adjustment of T2, Bg, Aoy Oys G5 Gy s

ensuring convergence, is done by VAORA.

and oy, whilst

For maximum efficiency, the least number of Saha
equations reguired for acecuracy should be used. Thus
for 0.1 Torr of argon, between 14,OOOOK and 29,OOOOK,
the first two Saha equations are used with a3 =0y = 0,
since the inclusion of the third and fourth Saha equations
results in a3 and au of value less than 0.01, which
makes no difference to the values of P2 and h2. Between
29,000°K and 42,000°K the first three Saha equations
are required and all four Saha equations are required

between 42,000°K and 61,000°K.

2.8.2 Discussion of numerical results

Calculations for 0.1 Torr of argon are shown in
Figure 2.5 to Figure 2.11. A range of magnetic induction
is covered from the gas dynamic limit Bl = 0 (leBz) to

B, = 0.6, Over the range of velocity covered, two sets of

1

; = 0.05 and B, = 0.1) extend past the

hydromagnetic limit. For Bl = 0.05, b = 0.3 x lOu m/sec,

results, (B
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and the hydromagnetic 1imit is reached at M, = L.6
corresponding to the shock velocity of US = 1.38 x lOLL
m/sec. Below this speed, the solutions are C-J type
and above this speed, because ELAB goes negative with
the continued application of the C-J comdition, the
hydromagnetic solutions are plotted. TFor B1 = 0.1,
the solutions become hydromagnetic at US = 2.8 x 104
m/sec. For B1 = 0.2 and greater, the hydromagnetic
limit lies bevond the range of the graphs; for example,
for Bl = 0.2 the limit is reached at approximately
U, = 5.6 x 104 m/sec.

For the solutions of ', it can be seen on Figure
2.5 that the C-J solutions are all in the neighbourhood
of I' = 4.9 except at the lower velocity and when T
begin to drop to smaller wvalues. For B1 = 0.2 and
above, the graphs are horizontal line between US = 1.7
cm/microsecond to US = 5.0 cm/microsecond and beyond,
starting to rise only when the hydromagnetic limits are
reached. In contrast the pure gas solution with Bl =0
rises steeply to about 15 and then rises and falls
successively about this value as the velocity increases
to 3 em/microsecond. The first peak occurs as first

ionization is almost completed and second ionization

begins to take over. The succeeding peaks similarly
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indicate the start of a higher degree of ionization.
The hydromagnetic solutions rise at an almost constant
slope and the effect of succeeding degrees of
jonization is hardly perceptible. Increasing the bias
field lowers the density ratio.

The solutions of B, are displayed in Pigure 2.6
where it dis noticed that the C-J solutions proceed into
the hydromagnetic branch smoothly without any

distinguishing feature. The soclutions are- more

Bras
interesting, in that the graph for each bias field has
a maximum beyvond which the wvalue of ELAB falls to =zero
at the hydromagnetic 1imit. Increasing the bias field

increases the wvalues of EL and displaces the maximum

AB
in the direction of higher Us'

The bias field lowers the post shock temperature
at any given shock velocity. in the C-J branches, at a
given shock velocity, the smaller the bias field, the
lower the temperature. Beyond the hydromagnetic limit
however, each graph turns upwards to c¢limb more steeply
and cuts across the graphs of the higher bias field
solutions which have not vyvet reached the limit. After
this cross-~over, the solutions have the correct Bl

dependence; with higher temperatures for the smaller

bias fields, so that the solutions merge smoothly
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into the pure gas solutions at vanishingly small bias
fields.

Figure 2.9 shows the currents required as a
function of shock speed and bias field, whilst Figure
2.10 displays the electron densities.

The value of Y can be considered as an index
descriptive of the number of degrees of freedém for
the partitioning of the increasing energy of the gas.
For an ideal gas, Y ds a constant and the temperature
increases proportionately with the enthalpy. When a
gas begins to dionize, energy is reqguired for the
ionization and the increase in temperature corresponding
to a given increase in enthalpy is less than the case
when ionization is not considered. Once ionization is
not negligible, however, the number of degrees of
freedom cannot increase indefinitely and in a freely
ionizing gas, Y will be almost constant, over fairly
wide ranges of temperatures. This is illustrated in

Figure 2.11, where, for 0.1 Torr argon with B, = 0.1,

i
the value of ¥ is seen to lie between 1.142 and 1.135

above 1.3 cm/microsecond. The magnetic field has only

a small effect on Y, reducing the average value of

1.140 (By = 0) to 1.133 (By = 0.4). Similarly the

1

pressure has a slight effect. Hence, for approximate
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calculations, it is Jjustifiable, where the gas is known
to be freely ionizing, to use (2m19) for the enthalpy
calculation instead of the moére precise equation of
(2-16). |

Foxr example, using (2-19) for the enthalpy, an

e2
Py
eliminating El’ EZ’ h2, P2, qz, 82 from the momentum

expression for T = in terms of Y can be obtained by
equation (2~10), using, in addition, the energy, mass
and electric field equations (2—9) and (2—11) to (2—13)
and a closing relation depending on the model being
considered. Thus, for hydromagnetic calculations,
using (2~63a), the momentum and energy equations are

written as:

2
B 2
1 1-T 1
L rr. 1 1
Energy P2 + ¥ ( l) + 5 W ( T ) ” o
a a
B° 1-r
Momentum P2 + —7r (r™-1) + w (*T—) = 0 H
the difference of which gives:
Hydromagnetic 3 2 _
equation " +al” + Bl +¢ =0 ’ (2-87)
2
h a = o (b P_ + W)/a P_ = ?i—
where =2y, B "B T 2w
b = -(Py + W)/d ;W= pqa"



63

0
I
=

L Y
2Y ’ Ta = y-1 ’

1 1
s d=2P ——
an B [? Y%]

This technique is used in a later section for
estimating the effect of the bow shock on probe
measurements in a hydromagnetic flow. It is noted
that the freely ionizing region, for argon, is between
23,OOOOK to the temperature required for the complete
ionization of the atom. For helium, this region lies
between 18,OOOOK and 86,OOOOK (corresponding to 2.3
em/microsecond and 8.0 cm/microsecond for By = 0).
Above that, helium quickly becomes ideal with a ¥y
tending towards 1.66 above 150,OOOOK (- 9.4 cm/
microsecond) .

The wvalues of T calculated from (2-87) are shown

in Pigure 2.12 as a function of R where R = 5 = 2M, .
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CHAPTER 3

THE EXPERIMENTAL ARRANGEMENT

The design of the shock tube used in these
exﬁeriments was based on preliminary work with a one
metre long planar shock tube of 6 cm x 6 cm cross
section. In this tube, the basic electrical and
magnetic behaviour of the propagating discharge was
studied. Current sheet velocity was measured and
sheet structure studied by streak and framing photography
and with magnetic probes. It was found that, with a
typical operating point of 0.25 torr helium, and 140 KA,
a well defined current sheet was formed which remained
flat and thin over the first 4 em of travel before
developing an anode lead and an inclined though still
well defined front56. Approximate matching of the
dynamic impedance of the shock tube to the transmission
line condenser bank, of characteristic impedance 60
milliohm and characteristic time 26 microsecond, was
observed and a consistent energy balance in the first
cycle of discharge was obtained in terms of gas Tlow
energy, inductive storage in the shock tube and

transmission line, and energy dissipation in expanding
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and contracting (on reflection of the first current
sheet from the end wall) current loop557. From this
work, a shock tube of larger width to gap ratio, namely
a width of 20 em and a gap of 3 cm, was deg¢ided upon as
a compromise between sufficient drive field, uniformity
of field and a large path for interferometry.

The magnetic field distribution over the back
surface of the current sheet was computed, assuming an
ideal, flat and thin current sheet between two semi-
infinite current return surfaces.

For the coordinates shown in Figure 3.la, at the
position (0+, YV, z) where O+ indicates the position

%+ 0 from the hack of the current sheet, the three

components of the total magneftic field are:

-1 ~1L W= -1
BY = E%% [ 2r + tan (%) + tan (E;Ij + tan (E¥E)
-1 -
+ tan" (T20)] : (3-1)
I I y2
- [ ] | 52
(w-v)
2 2 [ 2 2 '}
z 87w 2 2 2
z"+(w-v) (g-z) +(w-v)

Generally, these eguations are not applicable

near the edges of the current surfaces; as can be seen
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From the expressions (3~2) and (3—3), when either g.-=,
or WoY.

The distributions on the y-z plane along the back
surface of the current sheet are shown in Figure 3.1b

to Figure 3.1d.

3.1 The shock tube and vacuum system

3.1.1 Description

The shock tube consisted of two f% inch copper
plates, 100 cm long (in the x direction) by 20 cm wide
(y), fixed parallel to each other at a uniform distance
of 3 cm apart (z). A diagram in the x-z plane of the
shock ftube is shown in Figure 3.2 whilst FPigure 3.3
shows the three dimensional aspects ol the shock tube
in its vacuum chamber with the rectangular Mach Zehnder
(MZ) viewing chamber attached. At the drive end of the
shock tube, copper knife edges (to localise breakdown)
were provided, sitting flush against a flat glass
plate. At the far end ef the shock tube, the copper
plates terminated at a glass block, serving as a
supporting spacer as well as a reflecting surface for
the shoclt waves. The sides of the shock tube were open,
the plates being placed in a chamber consisting of 26

cm (i.d.) glass cylinders with 1/4 inch wall thickness
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and of interchangeable lengths in 17 cm increments.

The MZ viewing chamber could thus be positioned at
variable distances from the knife edges. This chamber
was made of 1 inch plexiglass and was fitted with two
optical quality windows 20 cm in diameter to accomodate
the 17 cm field of view of the interfercmeter.

The bias field current was carried by two % inch
copper plates placed parallel to andhaving the same
dimensions as the shock tube plates. The bias field
plates were separated from the shock tube plates by f%
inch plexiglass and were completely insulated from the
shock tube plates by: wrappingsof 0.0005 inch mylar;
plexiglass strips for the edges and araldite epoxy
resin applied on the inner (i.e., unexposed) surfaces.
A1l connections to the bias plates were likewise
completely insulated. Two l-cm wide copper straps,
placed 5 cm apart, connected the bias plates together
behind the far end glass block. A hole in this block
along the centre line of the shock tube allowed a probe
to enter the shock tube between the bias plate
connecting straps.

This probe entered the wvacuum through a sliding
0 ring seal on the circular back flange. This

arrangement allowed positioning of the probe head
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anyvwhere along the centre line of the shock tube,
without disturbing the vacuum. The optical glass
windows were replaceable with plexiglass windows
containing similar sliding wvacuum entry points for
side probes for the traversal of the shock tube in the
y-direction. A pair of insulated clamps near the
reflection plate were connected to voltage monitoring
leads passing through the back flange via vacuum seals.

The gas inlet port was connected through a needle
valve to a variety of gas bottles, including dry air,
argon, helium and nitrogen. The shock tube was
evacuated by a 1250 litre/sec oil diffusion pump
through a cold trapped baffle. The diffusion pump was
backed by a 900 litre/min rotary pump.

The main problem with the construction of the
shock tube was that of vacuum feedthrough for the two
sets of current carrying plates. Both electrical
insulation and vacuum sealing had to be maintained
whilst a compromise had to be made on the separation of
the plates to facilitate the assembly of the tube,
and at the same time n&t introducing intolerably
targe inductances. A completely boxed-in structure
was found to be suitable within the vacuum chamber, with

each plate boxed in completely with plexiglass sheets
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and the spaces filled up with epoxy resin. The final
vacuum seal to the end flange was provided by
non-circular ¢ rings compressed by rectangular brass
flanges through which the current carrying copper

plates pass.

3.1.2 Vacuum performance

A thermistor gauge with a useful range of 0.0l to
0.4 torr was used to indicate pressure drifts whilst
the pressures recorded in the experiments were read on
two 'ecold trapped' vacustats with useful ranges of
0.005 to 1.0 torr and 0.05 to 10.0 torr respectively.

Base pressures were recorded by a calibrated

3 5

Pirani-Penning gauge with a range of 10 ~ to 3 x 10~

torr. The base pressure attainable was better than
3 x 10—5 torr, with an initial pressure rise rate of
0.001 torr a minute to a pressure of 0.08 torr. Above

0.08 torr this rate decreased to 0.06 x lO—3

torr a
minute.

The operating procedure was designed to eliminate
the introduction of large impurity levels due to the
high initial pressure rise rate. TIrom base pressure the

shock tube was filled rapidly with the test gas up to

around 0.3 torr or higher and then pumped down to the
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desired pressure. The effective pressure rise rate was

3

thus kept down to 0.06 x 10 - torr a minute.

3.1.3 Electrode maintenance

The shock tube copper plates and knife edges were
examined every fifty shots and rubbed over with a soft
cloth. After two hundred shots at about 100 KAmp,
slight pitting of the knife edges and slight marking of
the reflection glass plate were observed. This did not
appear to affect the perfoermance of the shock tube, and
except for rubbing over with a cloth every fifty to two
hundred shots, no maintenance of the knife edges and

copper surfaces was required.

3.2 The condenser banks and contbtrol electronics

3.2.1 The main condenser bank

The condenser bank consisted of twelve BICC 10 KV,
2 x 10 microfarad condensers arranged to run as a 24
stage L-C line (Figure 3.4). The inductance per stage
Lo is controlled by the width W separation g, and
length dD of the comnecting plates between the

condensers by the equation:

LO = U

£
g; dg, . (3-4)
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This formula is strictly accurate only for infinite
parallel plates, but for a width-gap ratio greater
than 4, the accuracy is better than 85 per cent. With
the'most frequently used dimensions of By = 1.5 cm,
w, = 5.6 cm and db = 13.8 cm; L, = 27.6 nH, giving a

characteristic impedance of :

(=) = Z_ = 0.065 0

The constant current region had a characteristic

time of

|-

T = = i "
o 2n (LOCO) 25 microsec

This square pulse type behaviour is modified by
stray inductances LS which exists mainly in the
connections between the transmission line and the shock
tube as well as in the ignitron switch. The pulse
shape is also modified by the inductive loading of the
shoelt tube as the current loop increases in area with
the propagation of the current sheet down the length of
the tube. This inductance is 19 nH/10 cm of the tube.
With an initial voltage VO on the banlk, the constant
current IO in the tube is determined by the sum of the

bank impedance and the shock tube impedance ZS;

T : (3-5)
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The impedance of the shock tube is determined by
the rate of increase of inductively stored energy in
the tube. When the current is constant:

ZS=L'U_ ’

(3-6)
where L' = ugo/wo is the inductance per metre and u

is the velocity of the current sheet. Thus at a current
sheet speed of 5 x th‘m/sec, with L' = 1.9 x 10"7, we
have ZS = 9.5 milliohm.

At current sheeft speeds below 5 x J_Oi+ m/sec, the
load impedance is less than 13 per cent of the total
impedance. This ensures that slight variations in
current sheet wvelocity do not affect the value of the
current. The bank delivered 90 Kamp at 6 Kﬁ
corresponding to a drive field of 0.57 Wb/mg.

A number of methods of switching the bank were
considered. One switch used was a four electrode air
gap switch with strip geometry and swinging cascade

58,59

switching sequence ; employing a Blumlein type
generatoréo for providing fast rising 20 KV triggering
pulses. However, it was found that an EE BKA472
ignitron fitted with a coaxial mounting, matched to

the parallel plate transmission line, was much simpler

to use; requiring no maintenance at up to 140 Kamp. In
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its coaxial mounting, the BKA472 had an estimated
inductance of 40 niI compared to the 15 nH for the strip
air gap, and about 40 nH for the rest of the plates
connectinglthe condenser bank to the switch and the

" shbeck tube. The use of the ignitron increased the
current rise time by about 1 microsec, and the switching
time by about 1 microsec. The switching Jjitter was,
however, almost comparéble to the air gap, being less
than 50 nsec. The stability in holding off the bank
voltage throughout the whole range of operation and the
ability to switch voltages as low as 25 volts make

ignitron switching a really simple matter, compared to

air gap switching.

3.2.2 The bias field bank

The bias field bank consisted of 100 x 850
microfarad electrolytics (Ducon ENPBSO) rated at 450 V,
which were connected in parallel to two 1m x= 1m copper
piates, and fed into the shock tube bias field plates
by means of parallel plate lines. This bank was
switched by a second%coaxially mounted BK472. The
shock tube bias plate inductance was 220 nl and the
inductance of the rest of the circuit and the ignitron

switch was approximately 400 nH. The characteristic
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impedance of the bank was 2.8 milliohm. Operated in
the under-damped mode, the bank had a current constant
of 21.3 Kamp/l00V with a maximum current of about 96
Kamp. The corresponding bias field figures are 0.133
Wb/mz/}_OOV with a maximum field of 0.6 wb/m2 (6.0 K&).
The risetime of the discharge was 250 microsec with a
peak region of 50 microsec during which the current

was steady to within' 2 pexr cent. The ignitron switched
the bank reliably at voltages as low as 25V so that the

lowest bias field available was 0.33 KG.

3.2.3 SBwitching units

The basic switching unit consisted of a 2.5 KV
0.25 microfarad discharge into a 4 ohm load and
coupled by a 1:1 transformer (designed for 15 KV single
pulse insulation) onto the triggering electrode of the
ignitron. The switch of this unit was a 4035 hydrogen
thyratr0n78 (Figure 3.4). Timing and synchronization
were provided by a transistor multivibrator delay unit
with a 4OV, 2 microsec square pulse output, and a delay,
variable from 0.7 microsec to 2 millisec, with a jitter
of less than 0.2 per cent in the range of 10 to 300
microsec. The use of up to four of these delay units
allowed a large variety of triggering sequences

involving the two condenser banks, the exploding wire
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light source, the pockel cell switched ruby laser, the
STL image converter camera and up to six oscilloscopes,
operated simultaneously. Overall synchronization
accuracy between the switching of the main bank and
the subsequent triggering of diagnostic equipment was
better thgn 0.1 microsec.

A typical triggering sequence with details of the
circuits is shown in Figure 3.4. TFigure 3.5 shows

oscilloscope traces of the bias bank, whilst the main

bank current trace can be seen in Figure 4. ..

3.3 Diagnostics

Instrumentation of the shock tube included
electrical measurements of current and voltage,
measurement of the electric field ahead of the shock
wave, probe measurements of magnetic field and pressure,
streak and framing photography of the flow luminosity
using an image converter camera and time resolved Mach
Zehnder interferometry for the measurement of eleciron
density and heavy particle density. As many measurements
as possible were made simultaneously to obtain reliable
comparison of pressure, magnetic field and luminosity
profiles and of pressure, magnetic field, electron

density and heavy particle density.
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3.3.1 Electrical measurenments

3.3.1.1 Voltage measurements

Voltage measurements were made with two high
impedance Tektronix probes, the P6013A (12KV, 100 M{,
3pf) and the P6015 (LOKV, 100 M, 2.7 pf), and a low
impedance (500 ohm) 10:1 resistive divider, the ratio
of which could be increased by the use of standard
Tektronix BNC attenuation pads. The time response of
the probes were tested and found to be better than
20 ns. The calibration factors were checked from time
to time by means of the voltage calibration unit on a
Tektronix 585 oscillioscope.

Measurements of wvoltages and electric fields have
to be considered in terms of generating impedances so
as not to inadvertantly load the sources of the
voltages. In the case of the shock tube circuit
(Figure 3.6), the voltage behind the current sheet
consists of both inductive and resistive components.
Ahead of the shock, the inductive component is not
present because no current flows. An electric field
ELAB of the type discussed in icnizing shock wave
theory, the magnitude of which is determined by shock

structure, must be associated with an electrostatic

charge distribution in the section of the shock tube
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ahead of the propagating shock wave5. The equivalent
circuit is shown in Figure 3.6.

Behind the current sheet, the electric field in
laboratory coordinates is:

1, IdL
Lasp = g Cag * R ’ (3-7)

B
when I is a constant. R is the ohmic resistance of

the current sheet. The first term in (3-7) is just:

1,8 &

g B, u ’ (3“"8)

w dt - D °p
where up is the current sheet velocity in the
laboratory coordinate. This is the infinite conductivity

electric field equation (2-13) transformed to the

laboratory coordinates. The generating impedance is
therefore
up Ugup
ZgD = (Ipeg - RI)/I = —= + R . (3-9)

ZgD of (3—9) is always less than one ohm and the

measurement of E is a straight forward matter.

LABD
The electric field ahead of the shock has a much
higher impedance since it is capacitative, having the
constant of 59 pf/metre. During steady state
propagation, this capacitance ahead of the shock is

being decreased at a constant rate so that charge must

be released in order to maintain a steady electric
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field in this decreasing region. When a probe is
comnected to the shock tube electrodes as shown in
Figure 3.6, this charge that is released is available
to feed the probe; and provided the probe does not
drain more current than is available from this charge
release, the presence of the probe will not influence
the field. We can write the capacitance of the

preshock region as C=C'x where C' is the capacitance pex

metre. Then the rate of charge Q released is:
aq _ a(ev) _ podx ' _
at = ab = Prap1 O Gt = Bpapr ©' Us - (3-9)

In a steady situation, this current released is
constant. With this current feeding the probe, a
finite time tc is required to charge the probe up to

the voltage gB Egquating the charge provided in

LABL®

the time tc to the charge required, we have:

1 —_
gl a1 C' Us e = &Bpapmy On ’

Oy

T

C'u_ ¢
= C

If the probe is in position from the start of the
discharge, the probe voltage will be in equilibrium
with the preshock voltage, and tc can be regarded as a
characteristic time for voltage changes during the

period of observation to

b With tc thus defined, the

criterion for the choice of CM can be written as:
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Cy < C' U_ , (3-10)

with Ry Gy »> toy . (3-11)
If these criteria are not satisfied, tThen more
current will be drawn by the probe than can be supplied

by the charge released by the decrease of capacitance

as described by (3~9). The excess required current
would then have to be drawn from the shock front-current
sheet region. Using the P60Ll5 probe with Cy = 2.7 pf
and RM = 108, and with negligible capacitance in the
connections between the shock tube electrodes and the
probe, we have CMRM = 270 microsec which satisfies
(3-11). And with €' = 59 x 10"12, and U_ = 2 x 10u,
equation (3-10) is satisfied for t, = 2.3 usec. This
means that for an observation time much less than 270

psec, and for a steady E (With fluctuations occuring

LAB1
with characteristic times greater than 2.3 psec) the
presence of the probe is not felt at all by the éhock—
current sheet system.

If a palr of floating electrodes is used to

measure b it must be noted that this pair of

LAB1’
electrodes is charged electrostatically by being

immersed in this electric field. If the capacitance of

this pair of electrodes is Ce’ then tThe measuring
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capacitance C,, has to draw current from Ce; and another

M
criterion, in addition to (3-10) and (3-11), has to be
fulfiiled, namely:

Ce >> CM .

This necessitates electrode capacitance of the order of
10 pf or more. This difficulty is avoided by making
connections direct on to the shock tube electrodes.
Levine3 has successfully measured the pre-shock electric

field in this way.

3.3.1.2 Current measurements

A parallel plate low inductance current shunt was
developed to measure current, but because of contact
problems between the resistive eldment and the clamping
copper plates, this shunt‘was used only for confirming
the calibration of the Rogovsky coils.

The wide. parallel plate geometry of the
transmission line plates required coils of non-circular
major radii for both the banks. The geometry of the
main bank coil is shown in Figure 3.7, and the equivalent
circuit of the measurement system is given in Figure 3.8.
The theory of the Rogovsky coil has been described by

6la 62

Leonard and Grives et al. , and dts high frequency

limitations by Cooper63- Provided the current path
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does not approach the minor turns of the coil too
closely and provided the major circumference of the
coil is topologically equivalent to a torus
encircling the current path, the voltage induced
across the coil VC as in Figure 3.8a, can be written
conveniently as:

NA dI -
Vo = W5 T ’ (3-12)

where N is the number of minor turns, A the area of a
minor turn and S the circumference of the major loop.
On integration, the wvoltage VO appearing on the

oscilloscope is:
vo= = (g - (3-13)

i
where I is the current flowing through the coil and
RC is the integration time constant.
6
The following design criteria 2 have to be met

to ensure proper integration and matching:

1. Lw<< R+ r ,
a, H%‘ << RC )
s
3. R << R ,
and L, LLCg << j%- , (3-14)

where W and w, are respectively‘the highest and

lowest significant angular frequencies to be observed,
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LC and r are the coil inductance and resistance, RL
the load inductance, CS the capacitance of the cable
Joining the coil to the integrator and R and C are
the integrator resistance and capacitance. A further
design consideration was observed in order to eliminate
resonant oscillations, namely:

2

L
5.  hC_L_< [iﬂ : (3-15)

The main bank coil had the following constants:

N = 620 3
minor radius a =3 x lO_Bm ,

S = 0.46 m ,
and RC = 2.72 % ]_O“3 sec .

The calculated sensitivity is 57 Kamp/Volt. The coil
was calibrated by disconnecting all But the first stage
of the condenser bank (i.e. the stage nearest the

shock tube) and putting a shorting conductor across

the input terminals of the shock tube. This formed a
simple L-C-R circuit whilst maintaining the operating
geometry and position of the coil. The discharge
current in this circuit was a slightly damped sinusoid
with half period T/2 (averaged over the first half
cycle). If the voltage on the condenser at t = 0 is V

and at t = T/2 is V;; where V; < V due to the slight
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damping. The initial charge on the condenser is

Q = CV and at ¢ T/2 the condenser is negatively

charged with Ql CVv

i

1° The total charge that has

flowed in the circuit in this period of T/2 seconds

is:
Qq = @y = Q(1+V,/V) .
For slight damping we can assume that:
T
2
Y e am
Qg = I Sinwt dt where @ = %
0
- 2L
= = .
Lo B o
Thus I = . (3-16)

For a more exact result, the damping can be included
in the integration of QS. The difference is slight
if V, > 0.9V. Ameasurement of V, V,, T/2 and a
separate measurement of C using a bridge, enabled E
to be calculated and compared with the peak coil
voltage %0 observed at the oscilloscope.

The measured constant for the main bank is: 60.0

Kamp/V (+ 4 per cent).
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The Ppias bank coil was similar in construction,
and had an integration constant of L.5 msec and

calibration constant of: 71 Kamp/V (i L per cent).

3.3.2 Magnetic probes

The use of coils for measuring magnetic fields
has been discussed in some detail by Lovberg6lb.
Essentially, a coil of N turns, each of area A, when
placed in a varying magnetic field threading the coil,
has an induced voltage, which on integration yields:

NAB

Vo = TRC ’ (3-16)

where RC is the integration time constant.

The risetime of the coil is given by:

Lc

b2 = R, ) (3-17)
where Lc is the coil inductance and RO is the load
impedance. This load impedance is the characteristic
impedance of the terminated cable comnnecting the coil
to the integrator. Ferrari and Zuckers64 have discussed
coldl distortion of signals in terms of coil inductance
and distributed capacitance CC. They concluded that
less than 10 per ceﬁt distortion should occur when the
highest freguency of dinterest is less than L of the

10

resonant frequency of the'céil; i.e.
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l %
< 30 (LCCC) . (3‘“"18)
61b . . .

Lovberg has discussed the finite time for flux
diffusion into the coil interior. In the case of a
coil placed in a solid probe of radius rp, fiux has
to diffuse from the plasma surrounding the probe into
the probe in order to be 'counted! by the coil. The

diffusion time is:

La rp
td = T 3 (3“"]-9)
where ¢ 1s the plasma conductivity.
6
Miiler 5 has examined the dintegration of the

rate of change of B as observed by a coil of radius
a and concludes that the formula (3~l6), which results
from the time integrating of the coil wvoltage, is

accurate only when:

w, > a ; (3-20)

and u T, > a , (3-21)
5°B

where Wb is the smallest distance over which ) has
& x

a significant value, u the velocity of the flux and

T, is the smallest time over which.%% has a significant

value.
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In terms of (3-20) and (3-21) it is seen that
for u = 2 x 104 m/sec, and a = 1.5 x lO—3 m, these
criteria are approximately satisfied when T, = 0.3
psec or larger. This can be interpreted as meaning
that, as the current sheet sweeps past, changes occurring
in less than 0.3 p sec will not be accurately displayed
by a passive integration system. With a probe radius
rp of 3 mm, a capaciltance Cc of the order of picofarads
and a maximum egtimate of ¢ of 105, it is seen that the
various times of true response represented by (3—17)
to (3~l9) are all smaller than 0.3 psec. Hence the
criteria they represent are all satisfied for rise
times greater than 0.3 psec. This is converted to a
distance response of 6 mm (that is, structure occurring
over distances less than 6 mm will not be accurately
discerned by the probe). This 6 mm response is not
limited only to the velocity of 2 x 10& used in the
eastimation of T but is applicable for all speeds since
u and Th varies inversely in the criterion (3—21).

Other perturbations introduced into the plasma by
the probe have alsoc been described by Lovberg;
including fringing of the field lines caused by the
probe, cooling of the plasma in the region around the

probe and the introduction of impurities into the
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plasma from the probe. Another aspect of perturbation
especially relevant to a shock wave-current sheet is
the bow shock that forms over the head of the probe.
This will be discussed in the section on pressure
probes.

The coils used in the experiments were close
wound from SWG 44 enamelled wire on polythene formers.

They had the following constants:

n = 30 S,

a = 1.8 mm ’

Ro = 50 ohm s

and LC = 3 uH .

Two integration constants were used, one of which was
500 lsec and the other 2.72 msec. The corresponding
sensitivities are 66 KG/V (calculated) and 360 KG/V
(calculated).

FTor calibration, the coils were placed in the
central region of a parallel plate loop of the
following dimensions: width (w) = 20 cm, gap (g) = 3
cm and length = 30 cm. A glightly damped discharge in
this loop was monitored by a calibrated Rogovsky coil
and the magnetic field was calculated from the

formulas:

B = ¢ kI : (3-22)
-
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where £ is a correction factor due to non-infinite
geometry.
Using the coordinates of Figure 3.1la, this

correction factor was obtained from an extensiocn of

(3-1) as:
f = ﬁ% [}an_l(g) + tan—l(ﬂéx) + tanwl(ggz)
+ tan_l(gfgﬂ s (3-23)

giving £ = 0.9 for the central position of y = 10,
z = 1.5.

For the coil used in most of the measurements,
the calibrated sensitivity is: 68 KG/V (RC = 500
usec) and 270 KG/V {(RC = 2.72 msec), with an

uncertainty of + 5 per cent.

3.3.3 The pressure probe

3.3.3.1 The detection of mass and mass flow

As a shock wave moves down a gas pressure driven
shock tube, the gas it encounters is swept up between
the shock front and the contact surface. The 'slug'
of shocked gas continually increases in mass and
moves behind the shock front at a lower wvelocity than
the shock wvelocity. In the electromagnetic shock tube

the ‘'contact surface' is generally not so well defined,
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in comparison with the gas pressure driven shock

tube. The presence of currents and electromagnetic
interactions increases the types of internal structure
that the mass of shocked gas may possess. In general,
the effect of a strong field may be expected to
'smear'! out the 'slug'!. Under these circumstances,
the presence of a well defined slug cannot be assumed,
although, often, mass flow structures have been
inferred from luminocsity, electric field, magnetic
field and electron density measurements. Thus,
Lovberg6lb using magnetic and floating electric field
probes has presented evidence of efficient snowplowing

23

of mass by his current sheet. Macl.elland et al. has
revealed complex electron density structures in the
current sheet by means of schlieren photography.
E(:k’b:rm:h2LL used a combination of high speed photography,
electric and magnetic probes to infer regions of mass
flow corresponding to two distinct drive modes.

Levine3 has used a reflected shock luminosity
technigque combined with magnetic field measurements

and spectroscoﬁic measurements of electron density, to
deduce the presence of a current free shock heated gas

sample, in his normal shock experiment, operated at

super-Alfvenic speeds.
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Interferometric methods are a more direct method
for the evaluation of mass when the flow is
sufficiently dense and little jionized. However, since
the refractivity of electrons is an order of magnitude
higher than the refractivity of the argon ion and
atom, the problem of estimating a small 'positive'
fringe shift due to the heavy particles in the presence
of a much larger 'negative'! fringe shift due to
electrons is a difficult one, when the level of
lonization is greater than 20 per cent. Heldium, with
an even lower refractivity presents an even more
formidable problem, with electron contribution to the
fringe shift completely swamping the heavy particle
contribution when the ionization is about one per
cent.

A direct method of measuring mass flow is by
means of a pressure sensing probe, which, regardless
of the degree of ionization, indicates the flow of the
heavy particles (atoms and ions), since the momentum
of the electron is negligible. Pressure measurements
using a piezoelectric element is a well established
technigque in pressure driven shock tub8566, but in an
electromagnetic shock tube, because of large voltages

ot

and rapidly varying magnetic fields, the design of a
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suitable probe presents a number of technical problems.
Chang67 has used a piezoelectric quartz crystal to
help confirm the presence of a shock wave in his
coaxial plasma gun. Hoffman20 used a pressure and a
magnetic probe for comparing the positions of the
shock front and current sheet in an inverse pinch. In
these studies however, the probes only indicated the
arrival time of the pressure pulse as all other
information was lost in the intermal osciilations
following the start of the pressure pulse. Rudderlow6
has reported a particularly efficient probe. He has
used this probe in a coaxial electromagnetic shoclk
tube to compare the measured pressure with the
Newtonian impact pressure (defined in the next section).
He found that the measured pressure is 0.3 to 0.8 of
the impact pressure over the ambient pressure range

of 0.05 to 0.2 torr in air. His experiments were in
the normal shock super-Alfvenic regime with an Alfven
Mach number of 6.6. Recently, SorrellBl has deduced
from probe measurements that shock front-current

sheet separation can be achieved in hydrogen at a
shock speed of 11.4 ?0 8.0 cm/microsec but not below

8.0 cm/microsec.
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As pressure and magnetic probe measurements are
becoming of increasing use and importance in the
electromagnetic shock tube, it is pertinent, in fact,
necessary, to look into the flow perturbation in the
region of the probe on a more guantitative basis than
has been discussed in section 3.3.2. It should be
noted immediately that a bow shock can be expected to
stand in front of The probe in the electromagnetic
shock tube, under most operating conditions
(experimental evidence of this will be shown in a
later section). It is necessary to estimate the effect
of the bow shock on both pressure and magnetic field

measurements.

3.3.3.2 The bow shock and the stagnation region

3.3.3.2.1 The bow shock

The term btotal pressure is generally used by
gasdynamicist569c to'describe the stagnation pressure,
whereas it is generally used by magnetohydrodynamicist580
as the sum of the magnetic and the static pressure.
We shall use the term total pressure PT as the sum of
the magnetic pressure PB, the static pressure P and
the Newbtonian impact pressure PN = pqz. In addition,

we shall use a term total gas pressure PG as the sum

of P and PN.
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In an incompressible pure gas flow, the pressure
exerted at the stagnation point on a surface normal to
the flow is the total gas pressure PG' However, when
the gas is compressible, the pressure exerted at the
stagnation point on that surface is not PG but the
stagnation pressure PO’ which is the static pressure
developed when the flow is brought to a stop
isentropicaily. We want to consider two processes in
our probe problem. The first is the solution of the
bow shock jump conditions, and the second, the
igentropic compression of the gas, from immediately
behind the bow shock, to the stagnation point. In both
these processes the density ratio increases. If we

assume that the flow is hydromagnetic, the magnetic

induction ratio is the same as the gas density ratio.
The magnetic pressure increases as the square of the
magnetic induction whilst the magnetic energy per unit
mass increases as the magnetic induction. TIn both
these processes, therefore, the magnetic energy must
increase at‘the expense of the gas enthalpy. In the
transverse shock (as we shall see), the transverse
field can dominate the pressure and energy terms in
the stagnation region, even when the magnetic pressure
is dnitially (beforé}the bow shock) less than the

static pressure.
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We make the following assumptions:
1. The detached bow shock is stationary with respect
to laboratory coordinates.
2. The flow is one dimensional and normal to the
detached shock. This assumption is only accurate
along the stagnation sgstreamliine.
3. The flow is hydromagnetic on both sides of the
detached shock.
L, The gas on both sides of the shock is freely
ioniging, in the sense discussed in section 2.8.2,
i.e. the value of y is frozen on both sides of the
shock.

The situation is as depicted in Figure 3.9,
where state 1 is the ambient gas, state 2 is the
freestream flow behind the state 2 to state 1 shock
and state 3 is the region immediatelﬁ after the
detached shock, on thé probe side. The coordinates of
the detached shock will be used and these coincide
with the laboratory coordinates. The flow velocity
into the detached shock is qp = dq - Ao where the
subscript p is used to denote state 2 quantities
transformed to the detached shock coordinates, wherever
such a transformation is hecessary. State 2 and state

1 are connected by the Jjump equations (2-9) to (2~13)
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and either (2-61) or (2-63A) depending on the regime
the 2 to 1 shock is in. Applied to the detached
shock, the shock jump egquations (2—9) to (2—13) can

be re-written as:

M p =P
ass 2qp Sq3 ,
Electric field Ep = E3 = —quz 3
hydromagnetic' E3 = —q3B3 ,
& B q
so that we have: I =8, === =22 = £, {(3-24)

3 37 Py B, g

For a freely ionizing gas, we write:

Py _
h = =
P Yy-1
with Y2 = YB = Y. The momentum and energy equations

can then be written as:

PB“l 5
Momentum P, + Py, (—f;_) + Pp, (1—F3 } - P3 =0 ,
(3-25)
2
r_~-1
-1

Energy F3 P2 + % PN2 (YY ) (I?3 )

+ 2 P (iii) r. (o-r,) - p, =0 (3-26)
B2 “ Y 3 3 3 ’

2
B,

2
where PNE = qup . PB2 = o

Taking the difference in these equations eliminates

PB’ and results in the following equation:
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3 2
T r T r e -
alg”+bI" v elgsa=0 (3-27)
where a = 2%1 ’
- Y-1
b_rp+2Y (’-lf-’rI"N) ’
c = -(rP oy + 1) ,
d = 1y
2y N ’
L o2
- H
P Pp,
P
and Ty = gﬁﬁ . (3-28)
B2

This gives the wvalue ofI"3 in terms of vy, and

the ratios rp and v so that with the properties of

N’

state 2 known, state 3 can be calculated. From the
momentum egquation (3—25), we have:

Ty FB_l 1 2
=Y, =1 + =— (——) + = (1-r.) . (3-29)
2 3 rp PB r, 3

To help with the numerical calculations, we

write down the following relations between rp and Tyt

C.J. For y = 1.135 ,

MA< I—I-¢5 ’

r < 0.
P 3 )

¥ = y(r-1)%

- r, *16.2 r . (3-30)
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(since ! ~ 4.9 for C.J. regime)
For rp > 0.3, the 1 to 2 shock is in the

hydromagnetic regime and:

(1"2-1);1“ 1) | (3.31)

Hydromagnetic Ty

=T, (r-1) +
The ratio ' is mot a constant in the hydromagnetic

regime, but increases rapidly from the C-J wvalue of
about 4.9 to the pure gas value of 15.8 (for argon).
Above rp = 2.0, we can put Ty = 15 rp approximately.

Values of I' , are computed and displayed in

3
Figure 3.1la, from rp = 0.1 to rp = 100. It is seen
that T3 goes from a value of 1.0 in the large magnetic

field limit (rp-»O) to a value of 7.3 in the small

magnetic field limit (ri)-* @) .

3.3.3.2.2 The stagnation region

Having found the conditions in state 3, we can
next use an isentropic compression to estimate the
conditions at the stagnation point. The total energy

per unit mass in region 3 is:

2
P B
3 Y 3 1 2
Hrg = —= —=— + + % q .
T3 03 ¥-1 DBU 3

The total energy per unit mass at the stagnation point

is:
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P B 2

_ .03 «x 03

Eguating these, we have:

Fo3 v, Pmos _Fs v  Pm3 . 2
o y-1* TRVt TR, TZ 93 (3-51)
03 ¥ Pos 3 3
O3 y-1 . o3
Multiplying by == ——— and putting T = and Y
Py Y 03 Pq 03
P
= 592 s (3w31) is re-arranged as:
3
03 . *Fpj3 Ly Y1 o v-1 Pn3
+ =5 (FO3 1) v = 1+ % Y ,
03 3 3
2 2
Y 2 2L
03 I'3 y=1 i 3 /Y-1 1
and as: + ( ) X — T - '( )
1“03 YB ¥ Tp 03 YB Y Tp
T
= 1 + i;% x F:; ;E . (3-32)
3’3 7p

The assumption of an isentropic compression and

a frozen value of vy allows wus to write:

P P Y
123 = (ij) iee.  Yog = (Tge)Y . (3-33)

With (3-33), equation (3-32) reduces to:

(POB)Y"l + arl 03 * b = 0O , (3-34)

the coefficients of which depend only on state 3

conditions. These are:
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r 2
Y-1 3 1
a=2(Y)Y X r s
P
and b = ~(a + 1 +Nn&l x F:§ ;ﬁ) (3-35)
3’3 "p

The values of FOB and Y03 are evaluated from

equations (3-33) and (3-34) and shown on Figure 3.11a.

and Y., tend to 1.06 and 1.07 respectively at the

Tos 3

low magnetic field limit. In order to compare the
relative values of the magnetic and gas pressures, the
following pressures are also evaluated, using P2 as a

normalizing factor:

b =P, (14 ) (3-36)
G2 2 T ?
p
T
PTE’, = P2 (l + ;E + ;..1_) E] (3"‘37)
P P
I
N
Poy =Py, (Y3 . I,qup) ) (3-38)
T T 2
_ N 3
Prg =Py (Vg + e rp) ; (3-39)
. 2, 2
_ 03 3
and Pros = Po (Y03Y3 + — ) . (3-41)
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These are plotted on Figure 3.11b. The magnetic
field has a marked effect on the total gas pressure.
For example, for rp = 1, in state 2 the magnetic
pressure is equal to P2, whilst the total gas pressure
is about 16.5 P2. Across the bow shock, the total gas
pressure has dropped to 7.5 P2, whilst the magnetic
pressure increases to 10 Pz. Compressing to the
stagnation point, the total gas pressure has dropped
further to 3.7 P2, whilst the magnetic pressure has
increased to 13 P2. The corresponding density ratios

are 3.2 across the bow shock and about 1.2 from the

bow shock to the sftagnation point.

3.3.3.2.3 Field and flow distributions

The calculations of section 3.3.3.2.1. apply only
along the stagnation streamline. We shall briefly
discuss the effect of the bow shock curvature as we
leave the stagnation streamline, in terms of the
distribution of field and flow lines. For simplicity,
we consider the x-v plane passing through the
stagnation streamline as shown in Figure 3.10b. We
assume, for a start, that the probe body is made of
non-conducting material, so that the magnetic field

lines can pass through the probe unimpeded.
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At point @Q (Figures 3.10a and 3.lOb), off the probe
axis where the Fflow enters the shock at an angle % -8
to the shock normal, the velocity component normal to
the shock surface is qp gin 9, and the component
tangential to the shock surface is qp cos 0 . Through
the shock, the normal component is reduced whilst the
tangential component remains unchanged. The streamline
therefore bends away from the stagnation streamline,
as shown in Figure 3.10b. Similarly, the tangential
component of the induction Bsin 0 is increased to

r Bgsing across the shock, whilst the normal

Q3
component is unaffected (FQB is the density ratio
across the bow shock at the point Q). The B lines
will therefore bend slightly upstream. However,
because of the symmetry of the flow about the axis of
the probe in the x-v plane, the field line passing
through Q must also pass through its image Q' on the
other side of the bow shock. The actual path taken by
the B line between Q and Q' will be affected by its
interaction with the flow.

Without going into the details of this interaction,
we can estimate this path by using the stagnation

condition (which we know), and the knowledge that the

density ratios (of both the fluid particiles and the
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field lines compared to the freestream densities) are
greatest along the stagnation streamline, and
decreases towards Q. In the ionizing shock regime
(Figure 3.lla), along the stagnation streamline, the
density ratio across the bow shock is about 1.h4 (value
of TB) and increases to about 1.9 at the stagnation

point (the product of TB and [ since we are

03°?
congidering density ratios compared with the freestream
density). We can estimate the field line curvatures
required to conform with these density ratios if we
asgsume that the detachment distance (i.e. between the
bow shoeck and the stagnation point along the stagnation
streamline) is of the order of the probe diameter, that
the bow shock shape is as illustrated in Figure 3.10Db,
and that the densiiy ratio at Q is 1 (this value of

?QS will give the biggest curvature). The problem is
now to geometrically it the field lines inte the
spaces to give the correct relative densities at the
stagnation region and in the region around q and Q'.
This gives a field line distribution of the order
illustrated in Figure 3.10b. We also note that in the
limit of wvery low fields, the combination of increased
stagnation densities (Figure 3.1la and b) and decreased

85

detachment distance (see for example Pai and Kornowski
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for estimates of detachment distances) will result in
much larger curvatures. In that limit, the
distribution will be quite different from that shown
in Figure 3.10b and the following estimates will not
apply.

With the field distribution as shown in
Figure 73.10b it is now necessary to estimate the

magnetic field density in the probe just behind the

stagnation point and alsoc the magnetic field component
in the v-direction passing through the coil, positioned
as shown in Figure 3.10b. We first note that FQB is
less than F3 = 1.4, and write down the relationship
between FQB and the angle ¢ through which the magnetic
induction B is deflected threough the bow shock

(Figure 3.10a); i.e.:

r B,sin @
2
tan (6 + 8) = Q]22005 9

=T tan 9 . (3-42)

Q3

For a Mach 3.5 flow in the freestream, a maximum
estimate of 30° can be set for 8 , which for Tqy = 1.4
gives 4§ = 90. The maximum estimate of the magnetic

induction at Q after passing through the bow shock is

therefore:
2 2 . 2
B = B (cos 9 +I‘Q3 sin” 8 )

= 1.24 Bj (3-43)
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and the component in the y-direction is

2 2 . 2
Bymax = Bz(cos 6 + FQB sin e) cos ¢

~ 1.22 B : (3-L4)

As the field lines approach the surface of the
probe, it is necessary for them to spread apart.
This can be seen from two peints of view. The first
considers the path of the streamlines approaching the
face of the probe. These deflect to go to the side
of the probe. In the subsequent expansion, a gasdynamic
analysis, see for example Liepmann and Roshko69b, shows
that the density ratio (compared to freestream)
decreased to below unity. In the second method, we
refer again to Figure 3,.,10b. The field lines far to
the right of the probe face are seen to be almost
undisturbed compared to the freestream distribution.
Near the front of the probe, the field lines are
compressed into the stagnation region. It is thus
necessary for the field density Jjust behind the
stagnation point to be less than the freestream value.

We can now write down the pressure exerted on
the stagnation point of the pressure probe front face

as:

S
O 3 1
Bz = Pp (Yq¥y + —2—2— - =), (3-43)

T
P P

P - P

™ = Pro3
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where the error involved, in taking PB2 as the
pressure behind the front surface of the probe, is
small.

Finally, we have to egtimate the effect of the
conductivity of the probe body on the distribution of
the field lines. The maximum effect is in the case
when the probe wall is perfectly conducting. Then all
the field lines which should be in the wvolume of the
probe to maintain the distribution shown in Figure
3.10b are now displaced from this volume and sgueezed
into the exterior of the probe. However, in reality,
field diffusion through the conducting walls of the

probe occurs, governed by the equation:

O

6B _ 8 (1 gB
= ra (W 6x) (3-46)

(=23

the sclution of which is, fFor times of our interest,

_uoxz uo d2
dominated by a factor e It . Denoting td = s

where d 1is the thickness of the conducting wall of

the probe, we note that, 1f originally the field limnes
are entirely outside the wvolume of the probe, then
after a time of htd, the magnetic field has diffused
into the probe to the extent that the interior of the

—0025

probe has now a field of e = 0.78 of the field at
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the external podint. At this time, 22 per cent of the
field lines, which should be within the wolume Tor an
undistorted distribution, are still excluded from the
volume of the probe. ITf we assume that the 22 per
cent of field is displaced into an external volume 5
times the size of the volume of the probe (iﬁe., a
cylinder coaxial with the probe and with a diameter
2.5 times that of the probe), then the extermnal

field disgtribution is distorted by less than 4% per
cent. Thus, for times longer than L td, or for field
variations occurring in the freestream with a

characteristic time greater than 4 t the

a’
re-distribution of field lines within fthe probe, occurs
sufficiently rapidly to allow less than 22 per cent
distortion of the field for an interior point, and
less than 4% per cent for an external point. In this
connection, we note that a ceoil, sitting in a cavity
drilled through the conducting wall of the probe, can
be treated as being on the exterior of the probe.

For the probe discussed in the next section, the
front face was shielded by 0.07 mm of brass, giving a

L td of 0,1 microsec. For the 0.12 mm brass wall of

the cylinder the value of I td was 0.3 microsecond.
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In view of the above analysis, we propose to use
the following expressions for BM and PTM’ the
induction observed by the coil, and the total pressure

measured by the pressure probe front surface:
By = B, ’ (3-47)

and (3-4 ) for PTM; with a reliable response 'time of
0.3 microsec. We note that (3~47) is likely fto be an
overestimate, since Figure 3.10b shows that the field
density at the coil is slightly less than the
freestream density. Egquation (3-45) is also an
overestimate, since PTOB is derived for the stagnation
point. For small bias fields, in particular, the
actual measured field can be expected to be considerably
less than Bz, since the field line curvature at the
coil will be much more than represented in Figure 3.10h.
A more rigorous calculation is necessary in order
to obftain more reliable estimates than given by (3—47)
and (3-45). It is further noted that, for pressure
and magnetic field measurements in other bias field
geometries, bow shock effects may have to be taken into
accountj particularly in view of its ability to deflect

field lines.
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:. 3.3.3.3 Design considerations

In order to obtain as much information as possible
about the shock front and flow, a probe was designed
to have the following characteristics:
1. Small physical size (i.e. small area presented to the
flow), keeping to a minimum the perturbation of the
flow and the field distribution in the shoclk tube;
2. efficient electrostatic and electromagnetic
shielding to reduce external noise levels; particularly,
the high frequency noise associated with the triggering
pulses;
3. good electrical and mechanical contact and
acoustic matching between the surfaces to reduce
internally generated nolse in the form of acoustic
reflections and oscilliations;
L. a fast response time and a sufficiently long decay
(charge leakage time) to accommodate the period of
observation;
5. mobility, to enable the probing of different parts
off the shock tube.

A number of probes were constructed for axial (x)
probing, side (y) probing and a three prong probe was
also constructed to measure the pressure distribution

from the tTop plate to the bottom plate in an attempth
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to correlate vertical (z) pressure profile with
current sheet tilt. The basic construction of a probe
is illustrated in Figure 3.12. The one illustrated dis

an axial probe of total length 130 cm.

3.3.3.4 Probe construction

The pressure sensing element was a PZT-4 disc,
the size of which was chosen as a compromise between
the wvarious requirements of fast rise time, sensitivity,
small probe area (normal to flow) and reasonable ease
of handling. The front electrode faceuof the crystal
was stuck evenly with conducting araldite to the
inner face of a brass cap which served as a coaxial
return providing efficient shielding against the high
frequency triggering noises. This coaxial geomeiry
was continued by the brass tubing (Figure 3.12) which
continued along the whole length of the probe emerging
in a shielded box with coaxial sockets attached. The
other electrode face was stuck onto a brass rod which
served as an electrical conductor as well as a backing
rod. Brass provided a sufficiently good acoustic
match; mismatch reflections being found experimentally
to be less than 5 per cent. (This is subject, most

eritically, o the condition that the Jjoint between
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the crystal face and the brass surface is uniform and
air free.) The two way transit time of stress waves
between the crystal face to the far end of the brass
backing rod was b0 microsec, enabling observations to
be made within this period without interference from
this source; which was further reduced by partially
matehing the brass rod to a thinner copper wire by way
of a tapered transition.

A 0.003 inch thick mylar film was stuck evenly
onto the front face of the brass cap. The brass
tubing and cap were then enclosed in a plexiglass
tubing of 0, 5 mm wall thickness, which together with
the mylar shield completely insulated the outer
conductor of the pressure probe from the flow. A
magnetic coil was positioned I mm behind the mylar
sheet in a cavity drilled into the plexiglass wall and
was held in position aﬁd insulated by a spot of
araldite. The transit time of the stress wave through
the mylar and brass cap front was estimated to be 60

nsec.

3.3.3.5 Probe maintenance

The mylar face was unmarked, when examined, after
about twenty discharges at 100 Kamp. A thin sooty

film was wiped off the mylar surface after about 100
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discharges. Otherwise, the head of the probe did not
appear to be affected by discharges (up to 140 Kamp)
except for a slight gradual smoothing of the edge of
the mylar sheet where it was stuck onto the plexiglass

tubing.

3.3.3.6 Probe sensitivity

The sensitivity S of the probe can be considered
in the following manner.

S.=F t (3-48)

where Sd is the sensitivity of the disc in volts/
Newton/mg) under no load condition, F_ is the
sensitivity factor supplied by the manufacturer and
t is the thickness of the disc in metres.

When the disc of capacitance C is positioned in
the probe and connected to an oscilloscope of input

capacitance C,, and resistance RM’ the equivalent

M
circuit is as shown in Figure 3.13 where Ce is the
total capacitance of the transmission system and Re

is the leakage resistance of the probe and transmission
system measured at the oscilloscope end. Since C is
the generating capacitance, the measuring sensitivity S

is then related to the no load sensitivity Sd by

)

S = S, (=
d ‘C+C_+Cy

, (3-49)
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under no leakage condition, i.e. when the time of
measurement TM obeyvs the criterion:

Ty << Ry (C+C_+Cy) , (3-50)
assuming that Re >> RM.

€ and Ce were both calculated and found
consistent with the measured values, and for the axial
probe most frequently used (PB-1) with the Tektronix

585 oscilloscope, these constants were:

C = 70 pf 3
C, = 1430 pf ,
CM = i5 Pf 3
Ry, = 106 ,
and R = 109 .
e
Thus,
Calculated: S = 0.41/(105 Newtons/mz) + 0.04,

with a RC decay time of 790 microsec. This allowed an
observation time of 40 microsec with less than 5 per
cent loss of signal amplitude due to RC leakage. The
estimated error was based on the low frequency

measurement of the capacitances.
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3.3.3.7 Probe calibration-I

For the calibration of the probes, two methods
were used. The first method used a high impedance
electrometer to monitor probe output when the probe
was subjected to a pressure pulse released from a
reservoir (of variable pressure) by means of a
mechanical valve with an estimated opening time of %
second. The waveform was recorded on an oscilloscope,
and indicated leakage, even in the voltage rising part
of the waveform, due to the low leakage impedance of
the probe. A correction can be made to obtain the
no~leakage amplitude Vo from the observed peak VL'
This correction is based on the signal risetime tc
and the RC decay time (Figure 3.1&),assuming a linear
(With time)} pressure rise. The equivalent circuit of

Pigure 3.13 is reduced to Figure 3.14b. The voltage

equation governing this circuit is:

iR+ % -kt = O , (3-51a)
where q is the charge. The linear voltage generating
Vo

term is kt, so that k = . On differentiating

te
(3-51a) and then integrating the resulting
differential equation with respect to time, we have,

upon re-arranging:
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T
c

vV, =V ~ ) (3-51)
° - RC(1-e Ye/Re)

which is the desired relationship between'vo and'VL.
For PB-1, the calibration was conducted over a

5

pressure range of 0.3 to 3 x 10 Newtons/m2 and gave
the following sensitivity of:

Measured: 5 = O.SZV/(J_O5 Newtons/mz) + 0.05 .

3.%3.3.8 Probe calibration-IlT

A 1 inch (i.d.) by 36 inch long, atmospheric
pressure driven, diaphragm controlled shock tube was
constructed to provide z known pressure pulse for
calibrating the pressure probes. This tube had an
end port for monitoring reflected shock pressure and
twoe side porits for shock timing and statiec pressure
measurements (Figure 3.15). The theory and design of
diaphragm shock tubes are treated éomprehensively by
a number of authors including Lukasiewicz7o and WrightBZ
whilst a discussion of suitable diaphragm materials
(found to be critical for the operation of this shock
tube) is given in Bradley''.

A typical operating point of the tube was Pc = 720

torr, Pl = 20 torr. (Pc is the reservoir preSSure.)
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Using the theory as given, for example, by

Wright37, we have:

P
2
f‘*"jfﬂ h.5 ’
1
M = 2-0 ]
= 2.67 ,
P.-P. = 0.91 104
2P = 091 x ’
L
P ~P, = 3.7 x 10 ,
L
and PP, = 2.65 x 10 ,

whefe Pr and PGr are the reflected and total pressures
respectively.

At this operating point the Mach number was
measured to be M2.00 + 0.08. A typical probe response
when facing the flow is shown in Figure 3.16. The
pressure rise time across the shock is known to be less
than 0.2 microsec which was the 10 to 90 per cent rise
time of the steep front of the probe signal. The
probe P-B 1 therefore had a risetime of 0.2 microsec for
a gas dynamic shock. The hump following the pressure
front was the most disturbing feature of the calibration,
and has been reported before, e.g., by Rudderlow68. The
pressure level was taken to be the average over the
first 10 microsecond. For P-B 1 the calibration constant
was obtained from four measurements each of the static

and total pressure rise and is:
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Measured: S = O.hOV/(lO5Newtons/m2) + 0.07 .

3.3.4 Mach Zehnder Interferometry and high speed
photography

A Mach Zehnder interferometer with a 7 inch field
of view was used for time resolved studies using the
foellowing two methods:

1. Single wavelength interferometry using a Korad
200 MW (max), pockel cell Q switched, ruby laser as a
light source. Using this method a 15 nsec exposure
was obtained, of the region between the shock tube
electrodes, for 18 cm (axial length) of the shock tube.
2. Channelled spectra interferometry using an
exploding wire to provide a long duration (50 microsec)
continuum light source, with the interferometric

output viewed through a spectrometer so that a
channelled spectra was displayed over a spectral range
of 4500 z to 5600 Z. An image converter streak

camera (normally operated with a 20 microsec sweep)
provided a time resolution of 0.1 microsec.

In other studies, the STL image converter camera
was used by itself either in the streak or framing

mode for studying the self luminosity of the plasma.
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3.3.4.1 Refractivity of the plasma species

The two light paths of the Mach Zehnder
le‘Ml'Bsg and BSl—M2—B82 are illustrated in Figure
3.17, with the two mirrors and the two beam splitters
BS. Also shown are the compensaticn chamber C and the
test chamber T. Through T ran the shock tube whose
width w is indicated. With the arrival of a shock
wave the optical path of that path of the beam
passing thpough the shock wave was éhanged. This
produced a fringe shift at the recombined beam. The

change in optical path was:

6= (n, - 1) L . (3-52)

where Hr is the refractive index of the gas and L

the path length of the gas through which the beam
72

passed. TFor electrons’ :

22, 2

ATN, (3-53)
3

° .
where A is in A and N_ in electrons cm ~.

(ur—l) = -4.49 x 10~

For atoms and ions, over the visible spectrum
(pr—l) can be represented by a one term Cauchy
formula72:

(up-1) = A1 + f%) N , (3-54)
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where A and B are Cauchy coefficients, N the particle
o

density in particles (:m_3 and A in A. Values of A

and B are tabulated in Table 3.1.

Table 3.1

Species A B Source

ArT 1.0 x 107Y° 5.6 x 10°  Allen’

ArTT 0.71 x l0_15 5.6 % 105 Alpher and
White7R2

He I 1.3 x 10'16 2.3 x 107 Allen’”

Hell 2.7 x 10717 2.3 x 10° Van v1eck7ll

The value of A for the singly ionized helium HelIT is

obtained from the ratio of the molar susceptibilities
I

K of Hel and Hell given by Van Vleck7 :

KileT

= 0.207 ]
KHeII

Since (ur—l) is proportional to the magnetic

susceptibility72

, the value of (1 -1) for Hell is
then obtained from the wvalue of (ur-l) for Hel.
For plasmas of densities of dnterest to our

experiments, the fotal (ur—l) is the sum of the

individual contributicns, i.e.:
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(1) = & (u-1) : (3-55)

where the summation is over all the species

contributing.

3.3.4.2 Fringe shift estimates

o)
For a monochromatic beam of wavelength ) A, the

fringe shift &' due to a gas of (ur-l) occupying the
path length L dis:

81 = L (u,-1)/» . (3-56)

o

At 694 A (wavelength of ruby laser output), with

L = 20 cm, the particle density required to produce
f% fringe shift can be obtained using (3—53) for the

electrons, and (3-54) for the neutrals and ions.

Putting 6! = f% in equation (3m56), we have:
i5 . .
N, = 1.6 x 100°/(0.1 fringe shift) ,
N = 3.34 x 1016/(0.1 fringe shift)
ArT !
N = 4.85 x 1016/(0 1 fringe shift)
ArTT * * 3
N = 2.68 x 1017/(0 1 fringe shift)
Hel ‘ . ?
and N = 1.29 x 1018/(0.1 fringe shift) .
HeII :

If we take f% of a fringe shift as the smallest

shift measurable, then each of these figures represents
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the smallest density detectable in the corresponding

gingle speclies gas.

3.3.4.3 Single wavelength interferometry

Equations (3-53) and (3-54) show that, in an
ionized gas, the fringe shift due to the electrons is
opposite to that due to the heavy particles. Thus,
in argon at 694 z, at 4.8 per cent ioniwmation, the
fringe shift due to the electrons (in the direction of
decreasing refractivity) equals the fringe shift due
to the ArI and ArIT; and the net fringe shift is zeroc.
In helium, this crossover point occurs at 0.6 per cent
ionization. The level of ijionization in our tube is
higher than these figures at most of the operating
points; and at these points, shifts in the direction
of decreasing refractivity are expected, giving
information on the electron density profile only. The
Mach Zehnder was operated in two modes:

1. Infinite fringe: This mode was operated by
rotating the mirrors in such a manner as to increase
the fringe spacing until a single fringe filled the
field of view. The fringes that appeared, when the
flow arrived, were then lines of constant density69a.

The Mach Zehnder is extremely sensitive to slight
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vibrations and temperature changes, and the fringe
pattern is subject to slight drifts even over a
period of minutes. In the infinite fringe mode such
slight drifts are not permissible and careful
adjustments of the mirrors had often to be made just
before the shot.

2. Finite fringe pattern: This mode was obtained
by rotating the mirrors until a system of straight
fringes were positioned parallel to the shock tube
axis. Usually, about ten to twenty fringes were
positioned between the shock tube plates. Generally,
the more fringes used, the greater is the spatial
resolution, but the less is the accuracy in obtaining

the fringe shift at each of these fringes.

3.3.4.4 Channelled spectra interferometry

From (3~52) to (3—54) and Table 3.1, we can
express Tthe change in optical path due to a multiply

ionized gas as:

2 B
o= C - N+ A1 + ;E_) (ﬁAI +d N, oo

r

+ e Ny1ry ceeel) , (3-56)

where C, A, B, d, ¢ etc. are constants. If two

wavelengths Al and A2 are used, a measurement of 51
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and 62 enables the two unknowns Ne and (N + d N

AT ATT
+ e NAIII.....) to be found by solving the two
resulting simultaneous equations72. Where the electron

contribution to § is much larger than the heavy
particle contribution, the error involved in
determining the value of (NAI + d NAII + e NAIII""')
is large.

75 . .

Sandeman has suggested that, by imaging the
shock tube onto the slit of a spectrometer and using
a continuum light source, the interferometer can be
adjusted to a fixed path difference 50, to produce a
channelled spectra; that is, dark fringes parallel to

the slit, where

PN = & ., P = a half integer.

When the shock passes the slit of the spectrometer, the

channels are changed in wavelength position by
AN = % , where the § is as given in (3-56}.

By using as large a number m, of channels as is
consistent with the resolution of the spectrometer, a
statistical analysis of the resulting m equations can
be used to reduce the uncertainty in the determination
of the electron and heavy particle densities. Amother

potential advantage of the method is that, if the
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Cauchy coefficients of the NAI’ EAII’ NAIII’

separately known, instead of being used in the

etc. are

approximate coupled form of (3—56), then the unknowns

N

AT’ N

ATT? NAIII’ ete. can be treated as variables,

independent of one another. In that case, solution
of the system of channel equations will enable the
determination of each of the particle density. Used
in the form of (3-56), however, the heavy particle
densities cannot be separated. For a three compomnent
system consisting of electrons, atoms and first

ionized ions, this is no disadvantage, since, with Ne

calculated, NAII can be equated to Ne’ and hence NAI
found from the calculated value of (SAI + d NAII)'

The experimental arrangement ig shown in Figure
3.18., A small x-z section of the shock tube (1mm x 1mm)
was imaged onto the entrance siit of a constant
deviation spectrometer and a series of channels is
produced on the spectrum, by introducing a path
difference between the reference and test beams. This
image was photographed on HP4 film through an image
converter; the image being streaked in the direction of
the channels to provide time resolution. Measurements
of the no flow and the flow wavelengths were used to
compute the optical path difference, §, due to the gas

flow.
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3.3.4.4,1 The PAN path difference

The dark channels are numbered from the long
wavelength end, with the fringe having the longest

wavelength numbered as P Then, if 4 is the

1°
difference in the optical paths of the two beams of
the Mach Zehnder, we can write down the following

interferometric relations:

T
P A, = d where P, =P, « 3 (3-57)

and r=1, 2 ..... {n-1), n.
Incrementing Pr by half integers means that we are
considering both the bright and dark channels. When

the flow arrives, the path difference between the two

arms changes by an amount ¢ , due to the gas
refractivity, so that for a given Pr’ the wavelength
A_ dis now A_', and

T r

P, A r‘ = d+ 6 . (3-58)

Subtracting the rth equation of (3-57) from the rth
equation of (3*58), we have the system of n equations:

P M =8 . (3-59)

where Ar = kr! - Kr; and r goes from 1 to n.

It must be noted that the optical path difference
d between the two arms of the Mach Zehnder interferometer

has been taken as a constant for the two wavelengths
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CAp and.lr'; so that in the subtraction, d is
eliminated. This is not accurate because the lengths
of dispersive elements (e.g. glass) in the two beams
(excluding the test gas) are not equal, so that d
will be partially dispersive. Thus, (3~59) should
have another term on the RHS, this being the
difference in d(hr) and d(Ar'), where d is wavelength
dependent. This expression is not suitable for
computation purposes since the function dO_) is not

easily determined.

3.3.4,.4,2 The MP path difference

To remove the function d(A) from the equation, it

is mecessary to consider the fringe shift from a

75

constant wavelength point of view'~. Figure 3.19
illustrates the method of numbering the fringes.
Consider‘a flow fringe of wavelength A ' and half
integer fringe order Pr' Before the flow arrives, this

1

wavelength Ar does not correspond to a half integer

P number but to a number P;, lyving, in the example

illustrated, between half integer values Pr and Pr+1‘

The P~} relationship can now be written as:
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Flow P.ooxt = &+ d(Arf) ,
| J—
No flow PLIALY = d(Ar') ’
and subtraction gives: AIJAPT = § ,
- = ~— ! -
exactly; where AP =P -P_ . (3-60)

Bquations (3-60) and (3-56), together with the
constants contained in (3~53) and Table 3.1, can now
be used to compute the particle densities. For a

three component argon system we can write:

A\ AP = -B.98 x 10‘21(;\r!)2Ne + 2,08 x 1074 x
5
.6 10
1+ éwwwﬁizr—ﬂ [NATI + 0.69 NArII] , (3-61)

L
(A.")
where n maxima and minima in the fringe system are used
in the computation so that r goes from 1 to n. The

two unknowns N_ and (N + 0.69 N can now be

ArT ArIi)
solved from this system of n equations, using a best

fit method. With the assumption that Ne = N the

ArTT’

value of NArI can then be computed from the wvalue of

+ 0.69 NAnII)' Statistically, it is advantageous

(NArI
to make n as large as possible, but practically, the
larger n is, the smaller is each fringe spacing and the

bigger the relative error in the measurement of the
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corresponding fringe shift. The optimum number of

75

fringes to be used is given by the following equation’ 7:

(3-61a)

where Ay and Aj are the limits of the spectral range
of the spectrometer, €4 is the error in estimating the
channel centre relative to the channel spacing and Eo
is the absolute error in converting the channel
centres to wavelengths. For these experiments, taking
account of the loss of resolution due to the image

converter camera, we estimate

= 1
81 7 10 ’
o
82=5A ?
3}
and with A "kj = 1100 A, the calculated value of
nopt is nopt = 22.

The optimum number of full fringes is 22, or the
optimum number of half Ffringes is 4h.

For the measurement of wavelengths, a Hg-Cd-Zn
reference spectrum was exposed on the start and the
centre of the streak before the shot. A fibre-optic
was arranged to image a tiny spot of light onto one

end of the reference spectrum. This spot of light was
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'tapped! from the exploding wire luminosity and
provided a datum line which acted as an extension to
the reference spectrum over the entire length of the
strealk.

The resulting interferograms were measured on a
Joyce Loebel recording microdensitometer. Suitably
spaced scans weremade in order to follow the time
profile of the fringe shifts. The wviewing glit of the
microdensitometer was adjusted to give an equivalent
time resolution of 0.1 microsec, the interferogram

scale being 50 mm = 20 microsec.

3.3.4.4.3 Computer analysis of the Interferograms

The solution of the n equations of (3—61), where
typically n = 35, was performed on an IBM 360 computer.
The input to the programme included the following
measurenents made on the densitometric traces:

1. The distances (x) of the reference specirum
lines from the datum line,

2. the distances of the n no flow fringes from the
datum line, and

3. the distances of the n flow fringes (at a fixed
time) from the datum line.

The steps performed by the programme are

summarized:
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1. The distances of the flow and no flow fringes
are converted to wavelengths using an Aitken

6
interpolation method17 » with the reference spectrum

providing the A-x functiomn.

2. The value of Pl is obtained from the n no flow
equations given in (3—57) using the least square
subroutine LLSQ79. The arrangement of (3-57) in a

suitable form for input into LLSQ is the same as that
discussed in the next step.

3. Having calculated P the set of equations (3-61)

l?

can now be solwved for the best fit values of the
densities. The equations are written in the following
form:

+ a, N = b (3-62)

aere 2 A T

where the coefficients aq a form a n x 2 matrix A,

r? 21

and the coefficients br form a n dimension column
vector B, This is then fed into a standard matrix
least square subroutine LLSQ which effectively

calculates the value of Ne and N, for which the

A
summation
r=n 2
ril (alr Ne * 8p, Ny - br)

is a minimum.
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L, An estimate of the probable errors in the
densities is made from the scatter in the measurements
of the coefficients.

We note from (3-61) that the coefficients CI
P and br all depend for their accuracy on the
measurement of A. In particular, as is almost a
constant, a5 is proportional to A2, and br is
proportional to }p P which is approximately proportional
to A . The fractional errors of these terms due to

the error §)x in the measurement of ) are of the

following magnitudes:

S(QEr)

a

negligible ,
2T

G(alr) ) 2(5Ar)

81r Ar
5 §(Ax_) 25 26 %
T r/ ~ T r
- - ~ 100 ( ) - (3-63)
b. Akr Arl_Ar A
77

Equation (3-62) is now written as’’:

(alr + 6 alr) (Ne + GNe) + (a2r + Gazr)

foay, SNy LN 6a,,
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Dividing by br’ we get:

aq . &N . Neﬁ 8. , o GNA NAS a,
£ b — a N — b + b
r Ir Te r 1T
&b
T
=+ 5 ) (3-64)
r

for the case where ‘alr Ne[ >> ,agr NA[ .

From {3-63) we note that the second and fourth term

of the LHS of (3—64) are negligible compared with the

RHS. The error equation reduces to:
* ey, 6Ne £ 8oy 6NA = itsbr ’
which we can write in the 'most probable! form77 as:
2 2 2
(a; . 8N} + (a5, 6N, )% = (8b)° . (3-65)

FPor the estimation of § Ne and SNA we define 5br as:

§b =B -~ b where
r o r

B, =a; N +a, N, , (3-66)

and the values of Ne and NA are the ones calculated
from the least square method as described in step 3.
With the coefficients of the n equations of (3~65)
thus defined, the least square method is applied to
(3—65) for estimating the most probable errors of Ne
and NA’ We note that these estimated errors relate

to the internal consistency or Qrecision77 of the
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measurements on the n fringes, independently of the

consideration of instrumental accuracy.
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CHAPTER L

EXPERTMENTAL RESULTS

b1 Velocity measurements

It was desirable to record the shock velocity for
every run since there was a 5 per cent scatter
(experiﬁentally measured) in shock wvelocity
corresponding to any operating point. This was usually
done by recording the pressure pulse on an oscilloscope
triggered by a pulse whose position in time relative to
the start of the current discharge was known
accurately. Where the shock front carried current, the
velocity could also be measured from the record of
magnetic probe output. Streak photographs were
particularly useful for the measurement of fairiy
constant velocities provided the pressure front could
bte didentified from the various other luminosity features
due to precursor light fronts and current sheets.
(Precursor light fronts are here referred to as light

fronts not detected by the pressure probe and carrying

little or no current.)



Fig.4,1 Comparison of streak(S), 3
ressure{P) and Megnesvic Field(B)
Signals, 0.1 torr Ar, 7,=0, 5%V,

Probe position: x=26 cn.

A11 horizontal axes: 2.0 /4 sec/

" cm (1 large division of graticule:
=1 cm). .

Top: Streak photograph, black
markers are 10 c¢m apart.

Mid: Pressure probe output,
(1. 3x10 N/m Y/cnm.

Bot: Magnetic probe output,
1.36 KG/cm.

Fig.%4.2 Comparison of 5,P and,
B signals, 0.1 torr Ar, B,t=2.5KG,i

KV,

Probe position: x=31 cm.
All horizontal axestE.O,&sec/cm.

Top: Streak photograph, black
markers are 10 cm apart.

Mid: Pressure probe output,
(1.5x10 N/m Y/cm.

Bot: Magnetic probe output, i
1.36 KG/cm (bias field
requires correction factor).




Fig.4.,3 S, P and B signals,
0.25 torr He, B,=0, 5KV,

Top: Streak photograph, black -
markers are 5 cm apart,

Mid: Pressure probe output,
(1.3x10° W/uf)/cm.

t: Magnetic probe output,
1.36 KG/cm.

All horizontal axes:2.0 Asec/cm.

Fig.4.4 S,P and B signals,
0025 tOI‘I‘ He, 343205 E:G‘, SKVD

All horizontal axes:2.0k sec/cm.

¢ Top: Streak phobtograph, black

Mid: Pressure probe output,
(1.3%102 N/n)/cn.

t: Magnetic probe output,
1.36 XG/cm.

Fig.4.5 S, P and B signals,

All horizontal axes:2.0 ksec/cm.

Top: Streak photograph, black markerd
are 5 cm apart.

Mid: Pressure probe oubput,
(4.5x105 N/mg)/cm.

Bot: Magnetic probe output,
1.36 XKG/cm.
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4L,1.1 Streak photographs

Streak and framing photeographs were taken for a
variety of operating conditions, and at different
distances down the shock tube. Simultaneously with
each photograph, records of the magnetic and pressure
probe outputs, time sgynchronised with the photegraph,
were obtained. These photographs showed the following
features: .‘

1. Precursor luminosity in argon, with no bias field,
exhibited filamentary structure, with no definite
front, as shown in Figure 4.1. With a bias field, the
precursor luminosity either disappeared, or became
uniform in appearance, with a definite front (Figure
k.2).

2. The precursor luminesity in helium, with no bias
field, had a clearly defined front (Figure 4.3), which
was dramatically eliminated when a bias field of 2.5
KG was applied (Figure L4.h4).

3. Where the current sheet was well formed (magnetic
and pressure probes at x = 26 cm); a bright streakﬁ
(1.5 cm wide in Pigure 4.1 and 0.5 cm wide in Figure 4.2)
of Tairly constant width, carried most of the current,
as can be seen by a comparison between the streak

photographs and the magnetlc co1l outputs. In addltlon

The brlght ‘parrow streaks of Flgs 4 1 and 4, 2 are clearly
dlstlngulshable in the polaroid originals, but have been lost
_in the reproduction. They extend all along the luminous fronts,?

'nd*thelr lecatlons are. 1ndlcdted.by he black lines. f
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Figure 4.2 shows a second current region, 12 cm wide.
On the streak photograph the first narrow bright

streak correlates with the sharp current jump indicated
by the magnetic coil, and the second broader luminous
region correlates with the broad region of current
increase following the first sharp current Jjump.

L, In Figure 4.1 and 4.2, the pressure fronts coincide
with the regioné of maximum current density and no
separate feature can be distinguished on the streak
photographs. Where the pressure front separates from
the main current sheet as in Figure 4,3 and Figure 4.5
(probes at x = 70 cm and x = 80 cm respectively) the
pressure front stands out clearly on the streak
rhotograph as a thin line, with the current sheet as a
more diffused and broad region starting several cm
behind. In the case shown in Figure 4.5, the current
density flowing behind the pressure pulse was below the
measurable level of approximately 5 KA/metre on
reaching x = 80 cm, where the probe measurements were

made.

4.1.2 The velocity-time relationship

With these distinctions of the various luminosity
features noted, streak photographs were confidently

used for wveloecity measurements, complementary to
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pressure probe measurements. Examples of the pressure
front wvelocity versus time relationship are shown on
Figure 4.6 and Figure 4.7. We note that the region of
constant velocity lasted almost throughout the whole of
the period of current decrease, when the bias field was
zero. With a bias field the velocity began to drop at
the same time approximately as the current began to
drop.

In most of the shets during which Mach Zehnder
interferometer measurements were made, the velocity
monitored was the average velocity. This was
obtained by dividing the distance from the knife edge
to the probe, by the {time between arrival of the
pressure front at the probe and the start of the
current flow. A correction factor was required to
convert this average velocity to the constant shock
velocity oxr to the actual velocity at the time of
arrival, if this time was outside the constant velocity
period. This correction factor was obtained from data
such as shown in Figure 4.6 and Figure 4.7, and the
error introduced in the use of the method is estimated
as 2 per cent, which is below the experimental scatter

of the shock velocity. ¢
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4.1.3 Velocity measurements and momentum balance

The influence of initial pressure, drive current
and bias field on the shock velocity were compiled from
the entire series of experiments and are displaved in
Pigure 4.8 to Figure L4.14., For comparison, the
calculated velocities using the momentum balance
equations (2-71) and (2-78) are shown by the solid
lines in the figures. The error bars represent either
shot to shot scatter (measured typically from 3 to &
shots at each operating point) or the expected error of
the measuring technique, whichever was the bigger at
the point considered. In argon, above 0.1 torr and
over the entire range of operating conditions, reasonable
agreement with theory was observed. In helium, however,
agreement with theory was observed only for low bias
fields and for ambient pressures near to and above 1.0
torr. These low observed speeds may be due to
impurities, either from the back wall, or the electrodes,
affecting the momentum balance. The difference between
theory and experiment in Figure 4.13 is consistent with
a constant impurity level of 0.4 + 0.1 torr - atomic
mass (e.g. 0.0063 torr of an impurity of mass number
63.5). However, reference to Figure 4.14 shows that,

at 1 torr helium, the velocity also fell below the
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momentum balance velocities as the bias field was
increased.

This effect therefore can hardly be ascribed to
impurities, and rather indicates a poor coupling of
the magnetic pressure to the gas. This could happen
if part of the drive current was left behind at the
knife edges, or if the current sheet was thick and
diffused. Support for this view is obtained by
comparing the argon streak of Pigure 4.1 and the helium
streak of Pigure 4.3 and with reference to the
corresponding magnetic probe outputs. These show
that whilst more fthan half the total drive current was
carried in a distinct and intense current sheet in
argon, the current sheet in helium was much more
diffuse. With a bilas field on, this diffuse nature
was even more pronounced (see Figure 4.4). This figure

shows an example where no shock jump current was

distihguishable from the expansion current, in contrast
to Figure 4.2. However, in those helium shots where
such current partitioning was observed, the same
relatively diffuse nature of the expansion current

sheet was observed.
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.2 Pressure and magnetic field distributions

Using a calibrated pressure and magnetic
combination probe, a systematic survey along the centre
line of the shock tube was made at 3-cm intervals. At
each position, the time variation of total pressure
and magnetic induction, during a discharge, Wére
recorded together with a streak photograph. The
operating point was kept constant for each series of
discharges. Four series were studied, all at a drive
field of 4.9 KG. Two of these were in 0.1 torr argon,
with bias fields of B, = 0 and Bl = 2.5 KG respectively.

1

The other two were in 0.25 torr helium with B1 = 0 and
Bl = 2.5 KG respectively. For each series, Trom the
time variations at different positions of x, the
digtributions of pressure, magnetic field and luminosity
along the shock tube at different instants of time

were reconstructed. The profiles thus obtained were
subject to two smoothing factors, namely:

1. Shot to shot scatter, of about 3 per cent, required
averaging over the profile.

2. The data was recorded at 3-cm intervals. This
limited the resolution in The profiles\to 3 cm, for any

chosen instant of time. However, if a feature was

steady (i.e. consistently observed in the time profiles
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at three consecutive positions), but was lost because
6f the resolution of 3 cm, then it was included in the
distance profile by direct reconstruction, averaging
over the three consecutive positions.

The resultant profiles are a good representation
off the build up of the pressure pulse and current
sheet during the acceleration phase, the propagation
during the conétant velocity phase and also some
details of the final phase of decay. The main features
represented are quantitatively reliable to an
estimated accuracy, in amplitude, of 20 per cent for
the pressure pulse and 7 per cent for the magnetic
induction. ZFor accurate comparison of the positions of
the leading edges, the time bases of the two Tektronix
585's were adjusted to be identical to better than 1
per cent and the individual calibration checked for
linearity with a Tektronix time mark generator. The
triggering of the two oscilloscopes wasgs synchronised to
better than 15 nsec. The relative positions of the
pressure and current fronts were thus determined to a
typical accuracy of 3 mm by a careful comparison of
the leading edges of the individual oscillograms, the
main uncertainty being that of determining the start of

the currént sheet from the magnetic trace. The
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absolute accuracy of the distances was 5 mm for the
leading edges and about 2 cm for the diffusion current
front and the trailing portion of the pressure profile.
No attempt was made to include a number of
features‘that were consgistently present on the pressure
probe output behind the pressure front, which indicated
sharply defined structures in the pressure pulse
ocecurring over distances of the order of 5 mm or less.
These features were distinguishable from the various
modes of oscillation that occured because of imperfect
acoustic matching alcong the various axes of the pressure
crystal. In the interpretation of the probe signals,
account was taken of the estimated probe response of
0.3 microsec for both the magnetic and the pressure
probes due to the probe cylinder distortion discussed
in section 3.3.3.2.2. and the integration effect
discussed in section 3.3.2. A study of a large number
of probe outputs under different operating conditions
indicate that the reliable response time was better than
0.3 microsec, and probably closer to 0.2 microsec. This
experimentally observed figure was not in conflict with
the earlier estimate as the latter was an upper 1imit

estimate.
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4.2.1 Distributions for 0.1 torr Ar, 5 KV, B1=0

The magnetic field and pressure distributions for
this operating point are shown on Figure 4-15. The
luminosity profiles, from sychronised streak photographs,
are included for comparison. The darker the shading,
the brighter was the appearance on the streak
photograph. The completely black bands represent
intensely bright and sharply defined streaks that were
usually assocliated with argon current sheets. The
level of the magnetic field due +to the condenser current
(as measured by the Rogovsky coil) is indicated by an
arrow on the right hand side of the diagrams.

From the magnetic field distributions, it is
observed that the current propagation down the tube
occurred in three distinet regions. Firstly, a diffuse
region carrying up to 20 per cent of the total current
extended some 5 cm ahead of the pressure front. This
was followed by a high density region of 1% to 2 cm
carrying 50 per cent of the total current. The remainder
of the current was spread over a distance of 5 cm
(typically) behind the intense sheet.

By t=13.2 microsec, the pressure pulse had built
up to a fairly constant structure with a front region

about 2 cm wide, within which resided the peak pressure
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of 6 x lO5 Newtons/m2; and a trailing region of about
5 em width. The gross structure of the front region
remained reasonably constant throughout the constant
vélocity region up to t=26.2 microsec. The front of
the pressure pulse carried the main current sheet,
whilst the rear region carried the remainder of the
current. As the drive current began to decrease after
t=23 microsec, the relative position of the pressure
front and current sheet front began to undergo a
dramatic change. The front of the main current sheet
became less steep and began to draw back from the
pressure front. At the same time, the diffuse current
sheet ahead of the pressure front decreased. By t=28.2
microsec, the main current sheet was 4 cm thick and had
pulled back to such an extent that the current in the
first 2 em of the pressure pulse was only 3 KA compared
to the 40 KA that was flowing in this region at the
time of constant drive. The maximum magnetic pressure
in this region was now less than 1 per cent of that at
the time of constant drive, whilst the pressure pulse
and velocity were attenuated by less than 10 per cent
over a distance of 8 cm.

After t©=30.2 microsec, as the condenser current

rapidly dropped to zero and then swung negative, the



A—— A A
4o ' ' ; —
20 20 o 0
t=4-2 hs 4
ﬁs-': Iq CWI//L(_S _______________________________ ,’/
| ToKG /\
t1=6.24s
Ug= 2-25 cm/fhs '
" & ) ]
- 3‘0
£=10-24s
4.._
Ug = 2.6 emfhs
<~

FIG, 416 COMPARATIVE %-t PROFILES O-f Horr Ar Bi=25KG




e Y

]
20 : 70 -' s /6o
Lro = 22.2 fs - 6-oxi0 ”/’"

Us = 2- 65 emfhs

———————
e
-

t= 22.2 hs

1=36-2ks
| Us= I-S'Cm//&s

FiG 4.16




1k

decaying current sheet pursuing the pressure pulse
became decoupled from the condenser current and formed
a closed loop. The formation of this loop had been
studied in the 6 cm x 6 cm x 1 m tube, discussed in
Chapter 3. In that tube the other end of this loop was
a current sheet that was formed a few cm from the
starting end of the shock tube. This became
distinguishable on the streak photcgraphs about 2.5
microsec before current reversal and moved towards the
starting end. The region behind the decaying pressure
rulse was therefore a closed and expanding loop of
decreasing magnetic flux, until the current reversal.

A second current sheet then moved into the tube, pushing

the closed loop of remnant flux ahead of it.

4.,2.2., Distributions for 0.1 torr Ar, 5 KV, Bi=2.5% KG

These are shown in Figure 4.16. In the constant
velocity period, the magnetic field profile shows four
distinct regions. The magnetic field just ahead of the
pressure front was equal to the bias value, but
increased to a slightly higher wvalue over a distance of
about 3 cm ahead of the pressure front. Behind the
pressure front, the magnetic field rose by 3 K&,

corresponding to a current of 46 KA, over the first 1%
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increased to a slightly higher value over a distance of
about 3 cm ahead of The pressure front. Behind the
pressure front, the magnetic field rose by 3 KG,

corresponding to a current of 46 KA, over the first 1%
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cm. This was followed by a region of negligible
current. Behind this latter region, the rest of the
current, about 30 KA, flowed. Of this, 23 KA flowed
in the first 6 cm, with the other 7 KA distributed all
the way back to the knife edges.

Corresponding to the three regions eof shock- jump
current, no current, and expansion current, the
pressure pulse exhibited distinct structure. The shock
current was carried in a pressure pulse of about the
same length whilst the zero current regionresgided in a
more or less flat top region of pressure. The rearward
expansion current region coincided with the trailing
end of the pressure pulse, which, after t=14.2
microsec, also exhibited a trailing hump of small
amplitude extending scme 12 cm behind the main pressure
structure, which itself was about 10 cm long.

As the condenser current began to drop, the front
portion of the pressure pulse (about i cm) became
gasdynamic, i.e. the magnetic field remained unchanged
through it. The wvelocity decreased slightly to 2.5 cm/
microsec at t=28.2 miecrosec, from the earlier constant
value of 2.6 cm/microsec. As the condenser current
approached =zero, the speed dropped sharply, and was

1.6 cm/microsec at t=32.2 microsec. At this time, the
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first 6 cm of the pressure pulse was gasdynamic; with
a small B rise over the next 4 cm, followed by a slight
decrease (just measureable) and then an increase of
field over 10 cm. At later times (e.g. at t=36.2
microsec), the magnetic field was 3.5 KG ahead of

the pressure front, indicating field compression ahead
of the shock from the ambient bias value of 2.5 XG.
This field remained practically unchanged through 3 to
i cm of the pressure pulse, then dropped to about 2.5
KG, over some 18 cm, before rising to about 2.9 KG in

a further 5 cm*.

4.2.3 Distributions in helium, 5 KV, 0.25 torr

Figure 4.17a shows the distributions in helium for
the case of zero bias field. Compared to the
distributions in argon, it i1s immediately noticeable
that the current sheet in helium was much wider, rising
almost linearly for a distance of 10 cm at =22 microsec.
This compares with the argon current sheet width of
about 2 cm in which 70 per cent of the current was
carried. At t=20 microsec, which was during the
constant current region, the first 1% cm of the pressure

pulse carried less than 5 per cent of the total current.

* This behaviour is consistent with a model to be

discussed in section 4.8.2.
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Figure 4.17b shows the distributions in helium
for the case when B;=2.5 KG. A% t=14.0 pisec microsec,
a sharp shock-jump current carrying 70 per cent of the
total current in a distance of 2 cm was observed.
Further down the tube, at x=60 cm, corresponding to
a time of =18 microsec, which was in the constant
current period, the shock-jump current sheet had become
much thicker. The region ahead of the pressure front
had a reversed current. The first 2 cm of the pressure
pulse was gasdynamic, followed by the diffuse shock-jump
current of 4 cm length; then a 3 cm region of
negligible current, followed by the expansion current

spread out over some 7 cm.

4.3 Magnetic field measurements

As seen in section 4.1, when the expansion current
is separated from the shock-jump current, the two
geparated regions can be clearly distinguished both
from the magnetic coil output and from the streak
photograph (see Figure 4.2). This separation is also
reflected in the pressure pulse structure.

Figure 4.18 to Figure 4.20 show other examples in
which a shock-jump current can be distinguished from the

expansion current. In each case, the pressure pulse
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exhibits distinguishing features in the separate
current regions. Figure 4.19 and 4.20 were argon shots
displaying a clear separation, of about 1 microsec,
between the two regions. A region of negligible
current existed between the two regions. In Figure 4.18,
a helium shot, two regions are distinguishable by the
clearly different current densities carried by them.

No separation in the form of a zero current region is
observed, however. We also notice that in Figure 4.18,
the first + microsec of the pressure, corresponding to
more than 1 cm, was current free, and appears as a

distinctive step feature.

L.3.1 Measurement technique

In general, a current free region separating the
two main current regions was frequently observed in
argon, and also in helium. In other cases, two
regions of distinctly different current densities,
as in Figure 4.18, could be observed. When such a
distinguishable region of shock-jump current was
observed on the magnetie¢ coil output, a measurement of
the shock-jump magnetic induction was made, subject to
the uncertainty of deciding at which points the

shock~jump field started and stopped. The error due
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o this decision was usually small, as the start and
end of the shock-jump current region were usually quite
abrupt. The unperturbed bias field was separately
measured, as in Figure 3.5, and compared toc the field
Just ahead of the shock-jump current region, to check
if field compression or expansion existed ahead of the
shock.

Two integrating constants were used in the
measurements, one of 500 microsec and the other of
2700 microsec. These were sufficient for the
integration of signals with characteristic times of
the order of 20 microsec or less. For signals with
longer rise or fall times, correction factors were
used. These factors were obtained by comparing the
signals (using 500 and 2700 microsec constants) with
those obtained by using a 10,000 microsec integrating
circuit with a 20x gain amplifier. For the bias field,
with a rise time of 250 microsec, the correction
factor for the 2700 microsec circuit was found to be

1.05 and that for the 500 microsec circuit, 1..46.

L,3.2 Results of B2 measurements

Those results that can be concisely compared in

graphical form with the C-J theory are shown on
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Figure 4.21 to Figure 4.23. The others are presented
in Tables 4.1 and 4.2. The helium results are in
general agreement with the C-J theory over the whole
range investigated with the exception of the point
Bl=0'69 XG, 0.1 torr. The agreement is typically
better than 20 per cent.

In argon, however, at 0.1 torr, with bias fields
between 0.66 to 1.5 KG, a typical disagreement of 40
per cent is observed, whilst above 2.5 KG, the agreement
with the C-J theory is better, though still not as good
as the helium results. Two sets of results, taken with
0.2 torr argon, show better agreement at Bl=0.66 KG
(typically 10 per cent disagreement) than at Bl=3.7 XG
(typically 25 per cent disagreement). All the
measured values of B2 in argon are lower than the C-J
values.

For comparison, the hydromagnetic wvalues of B2

(from Figure 2.12) are included in:%a@lﬁg 4,71 and 4.2

L.4W Electric field measurements

Voltage measurements made at the knife edge end
of the shock tube showed a constant shape and phase

relation with the current trace, under all operating
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Table 4.1: Results of Bz measurements -
Ar, 0.1 torr

Measured Theory Cz?iiréfgn
Bl(KG) Us(cm/US) M, Bz(KG) HM(KG) |[c-TJ(KG) Per cent
0.66 2.70 6.8 |2.8+0.3| 4.6 L.,6 -39
0.66 2.18 5.5 | 3.0+0.3| 3.9 3.9 -23
0.66 1.80 4.6 | 2.0+0.2| 3.4 3.k -k1
1.5 3.20 3.7 |3.5:0.4| 6.0 6.1 -3
1.5 3.00 3.5 | 3.040.3| 5.7 5.8 -48
1.5 2.56 2.9 | 3.0+0.3| 4.8 5.0 -40
1.5 2.32 2.7 |2.6+0.3| 4.2 k.5 -h2
1.5 1.84 2.1 [2.1+0.2| 3.1 3.7 -43
2.5 2.60 1.8 |5.4+0.5] 4.4 5.5 -2
2.7 3.75 2.3 [ 4.8+0.5| 6.5 6.9 ~30
2.7 3.05 1.9 |4.7+0.5| 5.0 6.0 -22
2.7 2.48 1.55(b.2+0.4 h.h 5.1 -18
2.7 2.18 1.36]3.8+0.4| 4.0 h.7 -19
3.6 3.50 1.62]5.2+0.5 5.9 7.3 -29
b.1 4. 60 1.87]6.7+0.7| 7.4 9.0 -26
h.1 3.50 1.4216.3+0.6| 6.6 7.6 ~17
.1 2.85 1.16|/4.9+0.5| 6.0 6.6 -26
L. 2.70 1.10(4.h+0.4 5.7 6.3 -30

The negative sign in the comparison column
indicates that the measured value is below
the predicted wvalue.

HM Hydromagnetic.
conditions. Only the amplitude was altered, depending
on the initial condenser voltage. The wvoltage first
went negative at t=25 microsec (see Figure 4.24, al,

bl, ¢l), corresponding to the time when the current
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Table 4.2: Results of Bo measurements -

Heldium
Compari-
Measured Theory |son with
C-J
B P U M B, (K@) HM  C-J Per
1 1 s A 2

(k6) (borr) (om/us) (ke) (¥G)|  cent
0.69 0.10 3.86 2.9 1.22+0.1 | 2.07 2.2 -45
i.4 0.10 3.96 1.47 1.97+0.2 | 2.24 2.7 -26
2.4 0.1 5.20 1.12 3.26+0.3 | 3.36 3.8 -13
2.8 0.1 5.35 1.00 3.90+0.4 | 3.80 L4.10 -5
2.8 0.1 5.60 1.04 3.54+40.4 | 3.80 4.20 ~-17
1.68 0.25 3.65 1.78 2.86+0.3 | 3.02 3.75 -23
2.80 0.25 3.42 1.00 4.0 +0.L [3.78 L4.00 0
3.20 0.25 2.98° 0,76 L.oh +0.4 [ 3.80 4.10 + 7
3.50 0.25 3.90 0.91 4.5 +0.5 {L.55 4.90 - 8
1.60 0.50 2.78 2.01 2.8 +0.3 {3.10 3.50 -20
2.40 1.00 2.50 1.71 6.0 +0.6 [ 4.20 L4.80 +20
1.80 0.075 k.00 1.00 3.0 +0.3 {2.40 2.70 +12
began to fall from its constant value. This negative

voltage at the input end of the shock tube, together
with a positive decreasing current flowing through the
propagating current sheet provided a suitable condition
for the formation of a c¢losed current loop, decoupled
from the condenser bank. The propagation of each
current sheet was recorded with the polarity associated

with the current sheet until Jjust prior to the
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formation of the next. In this sense, the input voltage
was in phase with the rear-most current sheet.

The electric field at the reflecticon plate end of
the shock tube was the electric field ahead of the
forward-most shock wave-current sheet system. This can
be seen in Figure 4.24 a, b, c¢; which are voltage
measurements (Vl) made at this end of the shock tube.
The voltage went to zero at t=57 microsec, for the 5 KV
shot. For lower voltage cases, Vl went negative at
earlier times; e.g., at t=h2 microsec for the 3 KV shot
in helium. These periods, of approximately steady Vl,
corresponded to periods in which a distinguishable
pressure pulse originating from the first half cycle of
current discharge was detected by the pressure probe.

When V., had dropped to =zero, either the pressure pulse

1
associated with the first current sheet had reached the
back wall, or it had been overtaken by the second
ceurrent sheet. This second current sheelt-shock wave
system had negative fields associated with it, both in
front and at the back. For low wvoltage operations in
a relatively large bias field (e.g., Figure U.25e,

with 2 KV, B,=1.5 KG) streak photographs show that the

1

first pressure pulse underwent severe attenuation once

the condenser current decreased; and also that the
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second pressure pulse-current sheet system hardly left
the knife edge region. In such a case, the voltage Vl
went negative when the first pressure pulse had
sufficiently attenuated for the effects of the second
system* to predominate; in the case of Figure L.25e,
this happened at t=28 microsec.

Figure Y4.25 shows measurements of Vl at 0.1 torr
argon, B1=1’5 XG, with the discharge voltage wvaried
from 6 to 2 KV. The amplitudes of V, increased as
discharge voltage was reduced from 6 to 3 KV; and then
decreased as the discharge voltage was further reduced
to 2 KV. The length of the period of steady Vl,
however, decreased monotonically with decreasing discharge
voltage.

An unexplained feature of interest is the
oscillations on the Vl traces at 6 to 4 KV. These were
not present below 3 XKV and so cannot be attributed to
triggering circuit oscillations. They were also not
associated with the condenser current, because they were
not present on the'VD traces (voltage measured at the
input end) under all operating conditions (see IS SR
Figure 4.24 al, bl, cl) . Leviﬂe3 has observed these

oscillations in his normal shock experiments.

* or the negative condenser voltage
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Figure 4.26 illustrates the variation of V; traces,
at 0.1 torr argon and 5 KV; with different bias field
values. At increasing values of the bias field, the
period of positive Vl increased at the expense of the

period of negative Vl'

4.h,1 Electric field results

The voltages measured were converted into electric
fields by dividing by the distance between the copper
electrodes. These are denoted by ELABl and ELABD for
the downstream and upstbream fields respectively. When
Bl=0’ no u X B voltage should be measured ahead of the

shock and ELABl can be ascribed to the resistive drop
across the current sheet. This resistive drop Tield
was measured to be almost a constant, namely, 18.5+2
V/cm, for 0.1 torr argon between the velocity range of
1.2 to 2.2 cm/microsec, as shown in Figure L,27. Tor
0.25 ‘torr helium, the resistive drop varied from 32+2
to 18+2 V/em over the wvelocity range 1.8 to 3.2 cm/
microsec.

If we assume that these resistive drops were the
same when bias fields were applied, we can then subtract

the resistive drop from each electric field measurement

to obtain the u X B component. Some results, using
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this method, are presented in Figure 4.28 to Figure
L.31. The ELABD results are in good agreement with the
electric field behind the current sheet (calculated
using equation 3—8), for the lower wvelocity range; but
are lower than the expected wvalues at the higher
velocities (see Figure 4,29 to Figure 4.31).

I'n the ELABl measurements, the 0.25 torr helium

results show good agreement both for B, =0.5 and Bl=3.0

1
KG. The argon resulits, in general, show poorer
agreement, except for 0.1 torr, B1=0.27, where fairly
good agreement was observed (see Figure 4.28). For
the operating conditions of 0.2 torr argon, Bl=3.7 KG,
agreement between C-J theory and experiment was
observed between 1.3 cm/microsec to 2.4 cm/microsec
(MAml.6). At higher velocities, the values of Ej ..
dropped below the C-J wvalues, approaching the
hydromagnetic value (i.e. zero) at 3.3 em/microsec
corresponding to MA=2.1. The transition from the
region of agreement to that of disagreement was very
abrupt.

Some other results are presented in Table 4.3. The

large relative errors for the low values of E are

LABL

due to the subtraction of the resistive drop field from

the measured total value of the electric field. The
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Table 4.3: Argon - electric field measurements
Measured Theory - C-J
Pl(torr) Bl(KG) Us(cm/gs) M, ELABl(V/Cm) ELABI(V/Cm)

0.10 0.66 2.70 6.8 3+5 0
0.10 0.66 2.50 6.3 3+5 0
0.10 0.66 2.20 5.5 7+5 0
0.10 0. 66 1..80 L.6 2h+5 0
0.10 0.66 1.60 4.0 22+5 1.1
0.10 0.66 1.20 3.0 15+5 3.0
0.10 1.50 3.20 3.7 745 9.5
0.10 1.50 3.00 3.5 8+5 11.5
0.10 1.50 2.56 2.9 22+5 13.5
0.10 1.50 1.90 2.2 36+5% 14.0
0.10 4,10 4,60 1.9 20+5 90.2
0.10 4,10 3. 50 L.k 20+5 85.6
0.10 4,10 2.86 1.2 275 75.2
0.10 .10 2.40 1.0 5445 65.5
0.20 0.66 1.93 6.9 2+5 0
0.20 0.66 1.67 6.0 1945 0
0.20 0.66 1.39 5.0 19+5 O
0.20 0.66 1.18 L.z 12+5 0.4
0.20 0.66 0.85 3.0 9+5 1.3

The measured value of ELABl has been corrected

for the resistive drop.

main features of this Table are, that, when the
theoretical solutions are near hydromagnetic (i.e.,

E ~0), the measured values of E

LAB1 were consistently

LAB1

larger than the predicted values; whilst, when the
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predicted values were large, the measured values were

congsistently too small.

4.5 Electron density and heavy particle density
measurements

4.5.1 The channelled spectra measurements

Figure 4.32a isan example of a time resolved
channelled spectra interferogram, printed from an HPL
original. The time sweep, with a total length of 20
microsec, was in the direction of the undeviated (no
flow) spectral channels. The channels were closest
together at the red end of the spectrum and furthest
apart at the blue end. The direction towards the red
end was the direction of inereasing refractivity,
corresponding to increasing heavy particle density.
The reference features on the interferogram were the
calibration spectrum (Hg—CdmZn) positioned at the start
and in the middle of the sweep. The length of each
spectrum line in the reference spectrum was the length
of The spectrometer slit as recorded on the film. The
seven prominent spectral lines in the calibration
spectrum are, listing from the blue end: 404h6.6 K,
4358.4 &, 4678.2 &, 4799.9 X, 5085.8 &, 5461.0 A, and
5780.0 X. The datum line can be seen to pass through

the 4358.4 line.
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In making a densitometric record of the
interferogram, the film was positioned with the help of
the datum line, and first scammed along a channel to
determine the 'straightness' of the no-flow channels.
Notes were made on the regions of channel shifts
regarding the clarity of the channels during the shift,
and the number of scans required to cover the.regions
of interest. The calibration spectra and 3 to 5 no-flow
scans were then recorded. Following this, the flow
regions were scanned and recorded. An example of a
densitometric record is shown in Figure 4.32b. This
represents 5 scans in the first 1.0 microsec of flow of
Figure 4.32a.

A number of problems were associated with the
determination of the distance of the centre of a
channel from the centre of the fixed spectral position
which was approximated by the datum line (See Figure
4.32b). These are briefly listed.

i. Background light caused the centre of the fringe
system to be displaced upwards with respect to the
wings. The main effect was to displace the peaks from
their original positions (i.e., positions in the absence
of background light) by an amount depending on the

75

steepness of the background envelope. It can be shown
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that the intensity maxima and minima are displaced in
opposite directions. Thus provided both the maxima and
the minima are used in the calculation, and provided the
gslope of the envelope is smooth and not too steep, the
errors due to the displacements of the maxima and
minima tend to cancel cut. The experimental scatter
will however be increased, though this can be minimized
by smoothing out the scatter in the data.

2. In the region of abrupt channel shifts, the
channels were often blurred; and in any case became
asymmetrical and often hardly recognizable as simple
peaks and troughs. The results in these regions
invariably had large scatters.

3. Absorption lines in the exploding wire spectrum was
another cause of non-simple peaks.

The channel spacing in the centre of the spectral
range covered was of the order of 100 X, approximately
1 cm on the densitometric trace. The analysis of a
large number of interferograms (about 50) showed a
typical scatter of 5 X in the measurements due to a
combination of all fthe errors. The average net channel
shifts at the centre of the spectral range of the
order of -100 X, made up of ~-3110 K shift due to

0
electrons and +10 A due to the non-electronic species



161

(these figures were typical of 0.1 torr argon). This
regulted in the determination of the electron density
(Ne) to better than 5 per cent. The measurements of the
density ratio ', on the other hand, contained large
probable errors. For helium, because of the low specific
refractivity of the helium atom and ion, the typical
positive component of the channel shift was of the order
of 2 z, in 0.2 torr helium; and only a few usable

values of T were obtained at the higher pressures
(around 1.0 torr), where, because of the low shock
speeds, the ionization fraction was of the order of a
few per cent.

The data from the densitometric traces were Ffed
into the programme described in section 3.3.4.4.3, for
the calculation of Ne and I'. The observation point of
the interferometric record was at x=65 cm, and was 3 mm
ahead of the Tront face of a combination total pressure-
magnetic field probe. The oscilloscopes monitoring the
output of the pressure and magnetic probes were
synchronized to the streak camera itrigger. In the
usual mode of operation, the oscilloscope traces
started 0.2+0.05 microsec before the start of the
streak. This time, plus the time of travel between

the M-%7 viewing position and the probe face was taken
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into account in comparing the P and B traces with the
N, and time functions. The P and B profiles presented
here were direct tracings of the polaroid oscillograms
projected with an episcope to provide a h-time linear

magnification. The points t=0 on each 'set were matched

with an estimated accuracy of 0.1 microsec.

L.5.1.1. Comparison of the N, T P and B profiles

Fifteen sets of results are presented here.
Figures 4.33 to 4.36 are of argon at 0.1 torr and with
bias fields of from B;=0 to Bl=h.. KG. Figures 4.37 to
4.39 are at 0.2 torr argon and with bias field of from
B;=1.33 KG to Bl=4.. KG. Figure L4L.LO shows the effect
of lowering the initial pressure to 0.075 torr with

B,=0. Figure L.41 is of 1.0 torr helium and with B,=0.

1
Figures 4.42 to 4.45 are of helium at 0.25 torr and

with bias field of from B.=0 to Bl=4.7 KG, whilst

1
Figures 4.46 and 4.47 are of 0.1 torr helium with B, =0
and Bl= .7 KG respectively. In helium, results for T
are presented only for the case of 1.0 torr.

The first important feature bo be noticed in the
Ne profile is that either a distinctive peak or a

plateau always existed at the very front of the profile.

In the 0.1 torr argon series, this peak i1s seen to be
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relatively small when Ble, becoming extremely sharp
and prominent foxr the case Bl=0.87 Kg and Bl:2.7 KG;
and then becoming less prominent again at Bl=4.7 KG.
The first peak in the total pressure probe output
corresponded to this first peak in electron density-in
time as well as in relative amplibtude. Comparing with
the B signals, in the case of mnon-zero Bl, this first
gsharply peaked region corresponded to the shock-jump
current region., The limited frequency response of the
pressure and magnetic probes can also be seen in the
comparison of the profiles. TFor example, in Figure
L.3kLk, two narrow peaks, spaced about 0.3 microsec, are
evident in the Ne profile. The fall time of the first
of these peaks was 0.1 microsec, and the risetime of
the second peak was 0.2 microsec. In the pressure
profile, a double feature in the fromt region of the
pressure pulse is Jjust discernible having the right
times as The Ne peaks, however, This feature did not
separate into two -distinct peaks. This is To be
expected, since the fall time of +the [irst pealk, as
measured from the N profile wags 0.1 microsec, which
was beyond the frequency response of the probe.

With large bias fields, in argon, the profiles

developed thiee peaks of regular appearance separated
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by between 2 to 5 microsec. These peaks were reflected
in the P, B and Ne profiles; for example in Figure
4.36 of 0.1 torr argon with Blzh. KG, and in Figure
4.39 of 0.2 torr argon with B1=L|-.7 KG. PFrom the B
profile of Pigure 4.39, it is apparent that, after the
initial shock-Jjump current, three or four regions of
alternately forward and reverse current loops followed.
Since the magnetiec induction over this whole period
remained at a large positive wvalue, the current loops
were localised loops, with the net current in the
region being a positive one. In the cage of 0.1 torr
argon, Ne in the shock-jump region was less than in the
succeeding peaks, whilst in the 0.2 torr argon case,
the Ne in the shock-jump current region was larger than
in the succeeding peaks.

In 1.0 torr helium, with Ble, a front peak of
highi‘(20i5) but low Ne (1.5 x 1016 electrons per cc)
had an ionization fraction of 2.2+0.5 per cent. This
front peal (see Figure h.hl) was distinctly separated
by about 1 microsec from a following region of lower T
but higher Ne' ITn 0.25 torr helium, with Bl=0, this
front Ne reak was about 0.1 microsec in width (Figure
4.42); and corresponds to a small pulse in the P profile

entirely separated from the rest of the pressure pulse.
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With a bias field, this front peak in N (see Pigures
4.43 and 4.44) became much wider, and of larger
amplitude than the separate following region. With
the highest bias field of Bl=4.7 KG (see Figure UL.U5),
the front peak separated into two. Unlike the
corresponding high bias field shots in argon, however,
the Tirst peak carried reverse current; and the front
region was nolt followed by regular peaks corresponding
to current loops, as in the argeon cases.

In 0.1 torr helium, with B,;=0 (see Figure L4.U46),
the separated sharp Ne peak present in the 0.25 torr
case, was not observed. Instead, a slow increase
(risetime of 1 microsec) in Ne merged into a following
peak. With a large bias field, see Figure L.47, reverse

current was again observed in the front peak.

4.5,1.2 Summary of results and comparison with theory

The numerical results are summarized in two
tables, Table 4.4 for argon and Table 4.5 for helium.
Up to four quantities measured in each shot are compared
with the C-J calculations. These values are Ne and T
measured with the channelled spectra method, and the
values of P and B monitored simultaneously. These

values were measured from the region near the start of
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the pressure pulse. This region was decided upon by a
study of the profiles as discussed in the last section;
and a decision was made in each case for the choice of
the actual region in which the measurements were made.
Whenever a shock-jump current was distinguishable, the
peak values in that region were measured. The value
of PTM tabulated in the theory column is calculated
from equation (3~45) and the theory developed in
section 3.3.3.

The error attached to each measurement was
estimated from a combination of calibration uncertainty,
experimental scatter and the uncertainty involved in
picking the peak value in the region decided upon as
carrying the shock-jump current. For comparison of the
measured value with the theoretical value, the quantity
within brackets is used (see Table 4.4). In the T

column, this quantity is the actual theoretical wvalue;

and B, columns, this quantity is

whilst in the Ne’ PTM 5

the difference between the measured value and the
theoretical value, expressed as a percentage of the
theoretical value. The negative sign indicates that
the measured quantity is smaller than the theoretical
value. As a summary of the relative agreement of the

various sets of measured data when compared to the
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theory, an 'agreement index' is also compiled. When a
measured guantity has an uncertainty of more than 30
per cent of itself, it is not included in the index.
The second number in the index indicates the number of
quantities being compared, and the first number
indicates the number of measured quantities that differ
from their corresponding theoretical wvalues by not
greater than 25 per cent. It is immediately obvious
that the measurements in helium with a bias field agree
with theory better than the measurements in helium with no
bias field; whilst the argon results show very poor
agreement. For the Ne measurements, the argon shots,
without exception, gave far lower values than the
theoxry predicts; the disagreement being greatest when

B,=0. In helium, for the B

1 =0 cases, agreement is

1
observed for the pressure range of 1.0 to 0.6 torr.
Below 0.6 torr, the measured values are considerably
below the gasdynamic calculations. However, when a
bias field was applied, the measured Ne are in fair to
good agreement with the C-J solutions.

The pressure measurements follow the same general
trend, being too low by up to 65 per cent of the

theoretical wvalues for zero and small bias fields in

argon. The disagreement is slightly less at higher
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fields. In helium, the agreement is good over the
whole range of operation, except for Bl:O with Pl=0.5
to 0.15 torr, when the measured values were again low.
The switch over from agreement to disagreement occurred
when Bl was varied below 0.7 KG to zerc. This appears
to be commected with the extremely rapid change in the
theoretical solutions in moving from the C-J regime
into the hydromagnetic regime, the limit of which

(when Ble) is the pure gas solution.

The measured values of [ are seen to have large
uncertainties due to the experimental scatter. The
measurements in 0.1 ftorr argon appear to be, in general,
significantly larger than the predicted values, though
agreement, within the l1imits of the large uncertainties,
is observed for Bl=o, US=2,O cm/microsec and for Bl=3.6
to 4.0 KG. The measurements in 0.2 torr argon had a
typical uncertainty of 40 per cent except for
measurement no.l2 with Bl=2.6 KG which had an
uncertainty of less than 20 per cent. Within this
range of uncertainty, agreement with the theory is
observed between Bl=l.3 and 3.8 KG; but not at the
highest bias field of 4.7 XG. These measurements do

indicate that in the range of bias fields 1.3 to 3.8 KG

the density ratios were between 5 to 10; with the range
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narrowed to 4.5 to 6.5 for the point Bl=2'6 KG,
US=2.4 em/microsec.

In helium, no estimate of I' was obtained except
at the point B1=O, 1.0 torr. However, it is noticed
that, in the calculation of PTM using equations (3~45),
(3-41), (3-27) and (3-28), the state 2 quantities on
which the coefficients of (3-30) depend are I' and PB2'
Hence, agreement with theory of both the quantities

P and B

™ 5 can be taken to be good indication that T

is also in agreement. In helium, fairly good agreement
in both PTM and Bl is observed over the whole range
of operation with a bias field.

The B2 measurements in argon were consistently
lower than theory, the discrepancy with theory ranging
from 46 per cent at B,=0.87 KG to 14 per cent at
Bl=4.1 KG for 0.1 torr; and from 60 per cent at B;=1.3
KG to 28 per cent at Bl=4.7 KG for 0.2 torr. In
helium, the measurements were again low compared with
theorv, the difference ranging from 23 per cent at
Bl:O.7 KG to 3 per cent at Bl=h.7 KG for 0.25 torr; and
from 20 per cent at lel.h KG to 4 per cent at Bl=3'7
KG for 0.1 torr,

It is noted that all the B, measurements of Tables

2
4.4 and 4.5 and Tables 4.1 and 4.2 show a general
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tendency for the disagreement with theory to be less

at higher bias fields than at lower bias fields.

Lh.s.2 Single wavelength Mach Zehnder Interferometry

Using the ruby laser (6943 K) as a shutter-light
source, and integrating the refractivity effects of
the plasma over the 20 cm width of the shock tube, we
can expect, using the estimates of section 3.3.4.2, that
the fringe shifts will be electron dominated. For
example, considering 0.1 torr argon with =5 and 100 per
cent single ionization, the fringe shift due to Ne
wéuld be 1, whilst that due to the argon ions of density
N, pp would be 0.0k, In helium, considering the lowest
ionization level that we expect to encounter in our
experiment, namely, 5 per cent, corresponding to a
speed of 2 cm/microsec in 1.0 torr with Bl=2.0 KG, the
Ny, fringe shift (0.1) dis still negligible compared to
the Ne shift of 0.5. Because of the low level of
ionizmation, there is the possibility of a region of
unionized (less than l/h per cent ionization) helium
(in the Fform of an incomplete gas shock of measurable
thickness), in which the fringe shift is dominated by
N

HeI"®
than 0.05, and is unlikely to be detected.

The fringe shift in such a region would be less
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The three prong pressure-magnetic probe assembly
was positioned 6 cm downsbream of the centre of the M-Z
field of observation. Each of the three probes was 4
mm in diameter with 12 mm separating the centres. The
probes were constructed mainly as timing devices, with
only short backing rods. The risetime of each probe
was 0.2 microsec; and the sensitivity of the middle
probe was approximately half of that of the other two.
The magnetic coils were of standard design and
performance, as discussed in section 3.3.2.

The oscilloscopes used in monitoring The pressure
and magnetic signhals were calibrated to better than 2
per cent. These were triggered by a variable delay
unit which itself was triggered either by the main
discharge synchronising pulse, or by a photo-diode
amplifier system focussed on the centre of the shock
tube 24 cm upstream of the probe. The time of laser
exposure relative to the start of each oscilloscope
trace was checked from time to time with a 20 nsec
photo-~diode system, looking into the M-Z test beam
through a narrow band 6943 K filter. Tt was found that
all the oscilloscope sweeps started 0.60+0.0L4 microsec
before the rising edge of the laser light pulse, the

half width of which was less than 50 nsec. In each of
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the shots analysed, the times beftween laser exposune

and the arrival of the pressure and magnetic fronts at
the probes were measured. These were then converted

to distances on the interferogram by using the measured
shock velocity. These distances were then used to
correlate the start of the pressure and magnetic signals
(as well as other prominent features such as the start
of the expansion current) with the electron density
structures exhibited by the interferogram. An estimated
uncertainty of 3 to 8 mm was associated with these
correlation studies.

A feature of these interferograms was That they
were very reproducible. As we shall see, a large
variety of features were observed under different
operating conditions, including anode lead, cathode
lead, straight and curved inclinations and anode and
cathode layers. However, at each operating condition,
the electron density features and their correlation
to the pressure and magnetic probes were highly
reproducible; for example, the angle of inclination of
the pressure front or current front at one operating
condition varied by less than 10 per cent from shot to

shot.



Fig.4.48 0.1 torr Ar,
qu5.6 KG, Infinite fringe

gI.FO!.

P and B fronts indicated.

Fig.4,480 Tinite fringes

Pig, 4,49 0,24 torr Ar,
B/I=2o7 I{G‘ (IoFe)

P and B fronts indicated.
Us=1,8 en/ 4 sec.

Figo4. 494 0.3 torr Ar,

a. P(T), oubput of top
pressure probe.

P(B), output of bottom
Presgsure probe.

1 Asec/cn.

same vertical sensitivity

Fig, 4,498 0,3 htorr Ar,
315596 KG (I.F.)

P front indicated.
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L.5.2.1 Argon interferograms

In argon, the most noticeable feature was an -
ineclination of the pressure-current front of between
30 to 600 from the vertical, with fThe anode side
leading. This was observed for the whole range of
operation between 0.1 torr to 0.3 torr and with Bl:O
to By=k KG. A list of the inclinations under
different operating conditions will be given in the
summary together with the helium results. In all cases
observed, the effect of a strong magnetic field was to
produce a sharply defined front.

Figure 4.48 shows the infinite fringe interferogram
for 0.1 terr argon with Bl=3'6 KG. The frontal region,
about 1 om thick has a sharply defined light structure
embedded in a more diffused outer dark region. The
central region had approximately 1 fringe shift
(corresponding to 1.6 x 1016 electrons/c.com) and
extended as a uniform structure.from anode to 1 oxr 2 mm
above the cathode where it encounftered a very thin and
dense cathode layver having a peak density of about three
fringe shifts (4.8 x 1016 electrons/c.cm), the third
fringe shift occurring so close to,the cathode surface
(less than + mm) that it is Jjust perceptible on the

interferogram. The start of the pressure and magnetic
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pulse correlated with the sharply defined central light
feature of the frontal region. At higher pressures,
this front region became even more sharply defined as
shown in Figure 4.49, of 0.24 torr argon with B, =2.7 KG;
The front had a fringe shift of again one, over a
thickness of 3 mm, with a region of fairly uniform
density following it. The front was inclined at an
angle of 60O from the vertical. The cathode layer was
again prominent extending slightly past the main front
giving the appearance of a small cathode "foot'. The
pressure and magnetic fronts were also similarly
inclined and the measurements indicate that these
fronts lay from 5 to 10 mm behind the start of the
electron density front shown on the interferogram.

This separation was just measurable experimentally.

The pressure probe profile cqrrelated remarkably
well with the electron density profile, particularly
when the drive current had fallen to small wvalues,

This is illustrated by Figure 4.49A, where the fringe
pattern was arranged for increasing refractivity in the
downward direction, so that the upward shift
represented electron density. The top pressure probe
(Figure 4.49Aa) showed a pressure jump occurring over

0.2 microsec. Measurements show that this sharp rise
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corresponded to the sharp fringe shift Jjust below the
anode. The slow rvise of the pressure pulse (1 microsec)
exhibited by the bottom pressure probe corresponded
well to the 2.5 cm region of gradual fringe shift at
the cathode region. The peak of the shift at both the
anode and cathode regions was approximately 1 fringe,
corresponding to an electromn density of 1.6 x 1015/c.cm.
It is noted that the single wavelength method of
M-7 interferometry, as applied to this shock tube,
cannot be expected to give quantitative estimates of
Ne to better than 0.2 of a fringe shift (0.32 x 1016
electrons/c.cm), using the finite fringe pattern; and
to 0.3 of a fringe shift (0.48 x 1ol6 electrons/c.cm),
using the infinite fringe method. For example, the
estimate of peak Ne’ half way between the anode and
the cathode in Figure 4.48 gives (1.6+0.5) x 1010

electrons/c.cm; whilst the channelled spectra method

gives a value of (l.ZiO.l) b’ lO16 electrons/c.cm.

4.5.2.2 Helium interferograms

In helium, the pressure, current and electron
density fronts were observed to have inclinations,
with either the anode or the cathode side leading,

depending on the shock tube operating parameters.



Fige4.50 1.0 torr He, B4=0

!IDF.JO
*=25 cm, U =2.2 cm/ 4 sec.

All horizontal axes of
ogcillograms: 1 Asec/cm.

(T): indicates top probe
(B): indicates bottom probe.
P probes have same sensitivity
B probes have same sensitivity
Traces start 0,6/6, sec before
exposure of the interferogram.

Fig'l‘}'n 5OA '}.O 'bOl"I' He, 31 =O

Finite fringes.

Fig.4.51 1.0 torr He, Bﬂz

0.33 KG, Finite fringes.

x=25 cm, Us=2.5 cm/ sec.
All horizontal axes of

oscillograns: 1 hsec/cn.
P and B fronts indicated on
interferogram,

a&. P oubtputs, same sensitivity

b. B outputs, same sensitivity]
(Note cathode leading current
sheet).




Fig.4.52 1.0 torr He, B,=

0.53 KG, Finite fringes.

x=25 cm, U =2.3 cn/ fsec.
P and B fronts indicated on
interferogram.

§ All horizontal axes of

¥ oscillograms: 41 M sec/cm,

| 2.P outputs, same sensitivity
* b.B outputs, same sensitivity

Fige4.53 1.0 torr He, By=
2.2 KG (T.Fo)e

X=25 Cli, Us=298 Cm/)t" Sec.
P and B fronts indicated on
interferogram.

Figo!'“osq'aq. '].O ’bOI‘I‘ He, B,r-—-
3.6 XG (I.F.).

Fig.4.548 1.0 torr He, B,=

5.6 KG, Finite fringes.
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At xm25 cem (centre of view), with B. =0, a cathode

1
leading pressure pulse (see Pigure 4.50 and L4.50A with

a fringe shift of 1 was followed by an anode leading
current sheet with a fringe shift of 27; with a separation
of 1 em in the anode region and 2% cm in the cathode
region. The pressure front position corresponds roughly
to the first dark fringe shift in Figure 4.50. When a
bias field was applied and increased in value (Figure

4,531 to 4.54), an anode leading initial front eventually
developed corresponding to a distinguishable shoclk-jump

current in the B.trace. In this sefies at B,=0.33 KG,

1
the pressure pulse had a‘slight cathode lead, with less
than 100 inclination. The interferogram (Figure 4.51)
did not reveal the presence of this pressure pulse,
which at the cathode was about 1 cm and at the anode
2 cm ahead of the cathode leading fringe shift. This
fringe shift corresponded to a cathode leading current
front; as determined by the magnetic probes.

With further increase of Bl to 0.53 KG (see
Figure 4.52), the pressure front (Figure 4.52a) was now
almogt vertical, whilst a diffuse anode lead developed
at the current front (Figure 4.52b); this current front

was close to the pressure front at the anode, but was

some 2 cm behind the pressure front at the cathode.
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The first fringe shift in the interferogram carried the
diffuse current near the anode with the pressure front
just behindj; but no current flowed in that fringe shift
near the cathode. Partitioning of the current was
beginning to become evident on the B probe signal. The
fring shift appeared to be less sharp than the Bl=0
case.

Above Bl=l K3, the anode lead had become very
curved and of peculiar shape. This anoae feature did
not extend more than 5 mm below the anode plate at
Bl=1 KG; but by Bl=2.2 KG, this anode structure had
extended past the centre line between the plates. The
pressure front corresponding to this interferogram
(Figure 4.53), arrived at the same time at the top and
bottom pressure probes; and was about 1 to 2 cm behind
the front most region of the anode structure on the
interferogram. The current sheet was a further 2 cm
behind the pressure front and had a distinct anode
lead. Figures 4.54A and 4.54B show the further
development of the fringe shift structure at B1=3.6 XG.
The electron density front was now vertical from the

cathode almost to the anode; but, about halfway between

the anode and cathode, a second feature developed,



| Fig.4.55 1,0 torr He, quo

(I.F.)

X=65 cnm. US=1.9 e/ hsec.
Positions of P and B fronts
indicated on interferogram.

Bl . °(B) and P(11), output of

! bottom and middle pressure

§| probes; sensitivity of P(B) is
P twice that of P(M).

: 1 fusec/cm.

Fig.li'o% 190 tOI’I‘ He, B/]-_-
505 KG (I.F-)

i

x=65 cm. U_=2.7 cm/k sec.
Positions of P and positive B
Jump, and negative current (or
negative B jump) are indicated
B on interferogram.

' _¢a. Sensitivity of P(B) twice
. that of PQM).

b. B(B) and B(M) have same
sensitivity.




Fig.4.57 0,25 torr He,
B/E =0 (IoFa)o

x=65 cm. U =3.2 en/ fusecd
Accompanying sketch
shows positions of

current and pressure
fronts relative to

the feabures on Tthe

9 is of dotal interferogram. (Accuracy
9'
— s, % current +2 mm on the interfero-

gram, )

All horizontal axes on the
oscillograms: 4 /ksec/cmo

a., Pressure signals, same
vertical sensitivities.

b. magnetic probe signals,
same vertical sensiti-
vities.
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bending to an inclination of 1%0° to the vertical,
forming the anode lead.

Further down the tube, at x=65 cm, the electron
density structures appear o become more uniform. Al
Bl=0 the pressure pulses corresponding to Figure 4.55
ghow a vertical pressure front that was just in front
of the first anode fringe shift in the interferogram.
The current front had an anode lead, lying about 2 cm
behind the pressure front and correlated well with the
sharply defined structure (darkest line) that ran
continuously from the anode to the cathode in the
interferogram. With Bl=3.3 K&, the pressure pulse was
gituated 2 to 3 cm behind the first fringe shift in
Figure 4.56. The region just ahead of the pressure
front contained a reverse current loop of about 5 KA.
The shock Jjump current started 1 cm behind the pressure
pulse;

At lower pressures, the interferograms look
considerably different. For example, Figure 4.57 shows
the electron density structure for 0.25 torr, with an
accompanying sketch showing the pressure and magnetic
fronts. The front-most electron density feature was

the curved dark band with half a fringe shift and

carrving less than 10 per cent of the total current.



Fig.4.58 0.3 torr He,
B/‘ -_"5.6 KG (IQF.)O

- %=65 cm. U_=3.5 em/A sec.
ExpANSION . S
P \Qsagq Accompanying sketch shows
l positions of positive and

T
i é%:g;:fij\\ negative current fronts

T and pressure features
P

relative to features on
the interferosram .
(Accuracy: + 2 mm on the
interferogranm).

All horizontal axes:

1}Lsec/cm.

2. P(B) has twice the

vertical sensitivity as

P{11).

b. B(B) and B(}) have

same vertical sensitivity.

Pige4.594 0.1 torr He,
B/i =O (IoFo)o

x=65 cm. U =4.4 cméé-sec.
P and B fronts indicated;
also precursor ionization.

Fig.4.59B 0.1 torr He,

B/l =506 KG’ (I.Ipo)o

—{3 ¥ —
Xx=55 cm. US_5.4 cm{/ﬁsec.

P and B fronts indicated.

H
Lm

SO : it e
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The pressure front was embedded near the_back of this
curved band. Between the pressure front and the thin
dark density contour, the fringe shift had increased
by another half, and this region carried 35 per cent
of the total current, The 2-cm region following this
thin dark fringe contour had a fairly uniform electron
density corresponding to 2 fringe shifts (3.2 x lOl6
electrons/c.cm). In this region 30 per cent of the
current flowed. The fringe shift then decreased back
to 1.

With a bias field of B;=3.6 KG (Figure 4.58), the
current and pressure distributions are shown in the
accompanying sketch. The thin curved dark density
contour was determined to be the start of a region of
negative current. The pressure front ﬁas roughly at
the position of the vertical contour lying 2+ cm behind
the thin curved front; and had a slight anode leading
inclination of less than 10° from the vertical. The
positive shock jump current lay 1 to 2 cm from the
atart of the pressure front and occupied some 2 cm.
Following this was a 2 cm region of negligible current,
behind which the expansion current started to flow. A
central region of high density, with 3.2 x 1016

electrons/c.cm, is prominent, corresponding to the
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enclosed island between the pressure front and the
shock- jump current.

With 0.1 torr helium (Figure 4.59A) a region of
precursor electron density extended 2 to 3 cm ahead
of the pressure and current fronts which were at the
same position. This position correlated with the thin
darlk density contour separating the precursor dark
patch from the post shock (light) region of uniform
electron density. With a bias field of Bl=3.6 KG
(Figure 4.59B), the correlation studies reveal the same
grogs Teatures as the 0.3 torr case, except that the
pressure pulse now lay further back, starting just
before the expansion current region. The high density
island, observed in the 0.3 torr case, was not present

for the 0.1 torr case.

4.5.2.3 Summary and discusgsion of interferograms

The study of the interferograms show that,
although the pressure, magnetic field and electron
density fronts show complex structures, a number of
features can, in general, be distinguished. Firstly,
there was an inclination from the vertical of the
fronts, the angle of inclination being greater for argon

than for helium. Secondly, there was an anode 'growth!
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that was prominent in the 1.0 torr helium fronts when
the bias field was increased to above Bl=1 KG; this
tgrowth'! was absent in the low pressure helium fronts
and was present, but not prominent, in the argon
fronts., Thirdly, there was a reverse current region
that was present at large bias fields, which between
0.1 to 0.3 torr in helium, lay ahead of both the
pressure and shock-jump current fronts, For 0.2 torr
argon, this reverse current region lay behind the
pressure and shock jump current regions as discussed
in the channel spectra results. Finally, precursor
electrons were observed for 0.1 torr helium with Bl=0’
As a summary, the Hall parameters WLT g and witi,
and the radii of gyration rge and rgi of thé different
discharge conditions are listed in Table 4.6 with the
angles of inclination from the vertical. It is moted
that the Hall parameters and the radii of gyration are
calculated from the theoretical wvalues of the
temperatures, and the measured values of the elecitron
dengities and magnetic fields in the region of the
inclined front. In addition, another parameter is
listed, designed to give an indication of the relative

magnitude of the ion drag effect at the cathode. This

effect has to be considered because in the immediate
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neighbourhood of the cathode ions can be expected to
carry at least a fraction of the current from the
discharge to the cathode86’u3. The impact of the dions
on the cathode results in a drag on the curvrent sheet
at the cathode side, which can be responsible for the
anode lead. TFor consideration of the current sheet
tilt, the guantity of importance is mot the absolute
value of the drag but the ratio R of the momentum per
second lost to the cathode divided by the momentum
increase per second of the entrained mass of the entire
current sheet. If we assume that a fraction 'f' of the
total current T is carried by the singly ionized ions,
then the number of ions required to carry the current
fI to the cathode is fI/e, where e is the electronic
charge. If we further assume that on impact with the
cathode, a neutral is reflected back into the f[low (to
satisfy the requirement of mass conservation) but that
during the process the forward momentum of the coriginal
particle is completely lost to the wall, then the total
momentum lost per second is fI(m/e) b'd 1845A(q1—q2),
where m is the electronic mass and A the atomic number
of the ion; which we write as KfIA(ql—qz) where K is a

constant. Hence, KfIA(ql—qz)

R =5y (q,-ay) ' (4-1)
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1
But for a given current I, dy is prepertional to (pl) 2
orn momentum exchange basis (equation (2—72)). We

therefore have:

KfTA (4_2)

For constant values of I and £, we have R proportional
to F where,

i
P = A pl 2 . ()4'-3)

If ion impact on the cathode contributes significantly
to current sheet tilt, then, on the assumption that
is a constant for a fixed I, we can expect the tilt to
be related to the size of F. We include the wvalue of
F' in Table 4.6, which is the value of F normalized to

0.1 torr argon.
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Table 4.6: Current sheet parameters

Py By LeTe — WiTy Tge Tei F 8’
Torr KG i mm 0

0.1 ) 0.7 0.003 0.0l 17 1 50
0.15 O 0.4 0.002 0.05 17 0.8 50
0.1 3.3 1.5 0.005 0.02 5 1 40
0.1 3.6 2.0 0.008 0.02 5 1 30
0.24 2.7 0.5 0.002 0.01 2.5 0.6 58
0.1 3.6 0.5 0.01 0.01 0.8 0.3 5
0.25 O 0.1 0.001  0.05 L 0.2 5
0.3 3.6 0.5 0.01 0.01 0.8 0.17 25
1.0 0 0.1 0.001 0.05 I 0.1 20
1.0 0.3 0.15 0.002 0.03 2 0.1 -
1.0 0.5 0.15 0.002 0.03 2 0.1 Lo
1.0 1.6 0.2 0.003 0.03 2 0.1 35
1.0 1.9 0.3 0.00k 0.02 1.2 0.1 35
1.0 2.2 0.4 0.005 0.02 1.0 0.1 30
1.0 3.6 0.5 0.006 0.01 0.8 0.1 30
1.0 3.4 0.2 0.003 0.01 1.0 0.1 40




INCUNED SHotl
l FRoNT

Fit. 460 GEOMETRy OF THE INCLINED SHOcK WAVE

FIG. 4. 6/ Bow SHOCK ANGLE ¢
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The Hall drifts of both the electrons and the
ions are in the direction of the shock propagation down
the tube, the Hall drift being dependent on the Hall
parameter. In the region of the anode, the electrons
carry the current, and if the electron Hall parameter
is of the order of 1, a Hall drift of the electron can
ocecur there; the Hall drift force on an electron being
transmitted to an ion through the Couloumb force, so
that effectively, this force is considered to act on an
electron-ion pair. In the region of the cathode, if
ions carry the whole current, or ﬁaft of the current,
the Hall drift force is less than in the region of the
anode, since thé ion Hall parameter is smaller than the
electron Hall parameter. This preferential anode
drift, coupled with the ion impact drag, provides a
possible mechanism for the current sheet tilt.

Once a tilt is initiated, the magnetic field
behind the leading side increases, at the expense of
that behind the lagging side. This non-uniformity
tends to increase the tilt; and the siftuation would
rapidly become unstable were it not for the restoring
forces exerted by the gasdynamic flow on the current
sheet. {These restoring forces are discussed at the

end of the next section.) The steady tilt angle
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observed at each operating condition must correspond
to that angle at which equilibrium is achieved between
the tilting and the restoring forces.

The current sheet tilt angles observed for helium
are much less than those for argon. This is consistent
with the fact that both the ion drag parameter and the
electron Hall parameter are smaller for the helium
current sheets. For the 1.0 torr helium series, the
observed anode 'foot! gained increasing prominence with
increasing bias field. The ion drag parameter 1is
constant in this series, and this increasing prominence
is consistent with the larger Valués of the electron
Hall paraméter, corresponding to the larger bias fields.

We have observed, in Figure 4.50, an anode leading
current sheet driving a cathode leading pressure front.
Though this is an unusual effect, it may be understood
by considering the flow pattern in the region between
the current sheet andlthe pressure front. In laboratory
coordinates, the flow Jjust ahead of the current sheet
is directed normal to the plane of the current sheet
(see Figure 4.60). If the pressure front is close to
the current sheet, it can be expected to assume the shape
of the current sheet. Tf the pressure front is some

distance from the driving sheet, the flow in the region
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between the front and the sheet cannot remain
indefinitely in the direction of the normal to the
sheet, because of the boundary conditions imposed by

the presence of the cathode and anode. Depending on

the distance of the pressure front from the driving
curreni sheet, we may expect that the pressure front can
be inclined at an angle different from that of the

current sheet.

4,6 The inelined pressure front and the shock solutions

The pressﬁre, magnetic field and electron density
correlation studies of section h.s have shown that, in
argon, during the period of constant velocity propagation
(and immediately after), the pressure, electron density
and current fronts were all inclined from the vertical
at an identical angle 8, which varied from 30° to 58°
over the range of observation.

We propose to treat the inclined pressure front as
an inclined shock wave, i.e., the flow into the shock
is inclined at an angle § to the shock normal. (The
word inclined is used here in preference to the more
usual word oblique, since we have already used the
latter term to describe the relative orientation of the

magnetiec field and the flow direction.) In the shock
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coordinates, the tangential component of flow into the
shock is not affected by the shock jump, whilst the
normal component qqcos g is the component to be used

in the shock relations. In the geometry of our shock
tube, the magnetic induction is transverse to the
component g;cos 8, and we can treat this shock as an
iﬁclined transverse ionizing shock, and apply the
solutions, calculated earlier, to this situation; noting
that, for a measured shock velocity of dq o the velocity
to be used is gqcos 0, which we denote by -

Using this model, we can expect the measured
quan#ities Ne’ Bg, PTM to be less than the theoretical
values based on the shock velocity Qq - Ne, I' and B2
are obtained directly from the shock solutions
corresponding to qqc0s 03 as are ELABl and P2. The
measured electric field, however, corresponds to ELABZ
(the component of ELAB in the z-direction), which is
E cos P. TFor the pressure probe measgrement, we

LAB

consider PG2x’ since the relationship between this

quantity and PTVI has been calculated and shown in

Figure 3.11b.
PGr2x is the sum of P2 and PN2x’ the filow impact
pressure in the x-direction which is calculated as

follows. In Figure 4.60, the resultant velocity in
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the post shock state, in shock coordinates, is shown

as q; - This is transformed to the velocity wvector uf;

-~ s

and a vector construction, as indicated in Figure 4.60,

shows that, independent of the wvalues of T and 6, u; is

normal +to the .inclined shock front. We thus have,

u, = u;c0s g, and
P = p, (u,cos 6)2 = I'p, (u.cos 6)2 (L4-It)
N2x @ TR i 1 i )

For argon, we take 0 = 500 for, all shocks into 0.2 torr

and those into 0.1l torr with Bl from O to 1.5 XG:; and
6 = 350 for shocks into 0.1 torr at higher fields.
For each of these wvalues, a correction factor fi’ is
computed. This factor is designed to convert the PTM
calculated from dq » to the PTM expected on the model of
the inclined shock. For 8 = 50° we have £, = 0.34; and
for 6 = 350, £, = 0.61.

It is noticed that the correction is substantial.
This is not surprising, and is largely due to the cosze
dependence of PN2x° The measured values of B2, ELAB’

N_ and P contained in Tables 4.1, 4.3 and 4.4 are

™
compared to the re-evaluated theoretical values based
on the inclined shock, in Tables 4.1X, 4.3X and 4.4X. The
values of Ne are still low compared to the theoretical

values except in the range 1.0 to 2.6 KG with 0.2 torr

(Table 4.4X).

o Tlow wveloelty in laboratory coordinates
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Table 4.1X: Inclined shock correction of Tabie 4.1;
Ar 0.1 toxrr

Theory

Measured (C-J) Comparison
B, (KG) a, (em/us) B, (KG) B, (K&) %

0.66 1.7 2.8+0.3 3.3 -15
0.66 i.h 3.0+0.3 2.7 ~-11
0.66 1.2 2,0+0.2 2.3 -13
1.5 2.1 3.5+0.4 h.2 -17
1.5 1.9 3.0+0.3 3.8 -21
1.5 1.7 _ 3.0+0.3 3,5 ~14
1.5 1.5 2.6+0.3 3.1 -16
1.5 1.2 2.1+0.2 2.6 -19
2. 5% 2,1 5.4+0.5 L.6 +17
2.7% 3.1 4.8+0.5 6.1 -21
2,7% 2.5 L,7+0.5 5.3 ~-11
2.7 2.0 h.2+0.4 k.5 -7
2.7% 1.8 3.8+0.4 h.3 -12
3. 6% 2.9 5.2+0.5 6.4 -19
L, 1% 3.8 6.7+0.7 8.1 ~-17
L, 1% 2.8 6.3+0.6 6.7 - 6
b, 1% 2.3 4.9+0.5 5.9 -17
L% 2.2 hohe0.h 5.7 -23

#  indicates that 6 is taken as 35%; for the

others, 6 is taken as 530 .

The measured values of PTM are much closer to the
re-evaluated theoretical values than to the theoretical
values based on Qs with typically less than 30 per
cent disparity; the measured values being generally
higher. For the B2 measurements, good agreement with
the inclined shock values is obtained; as shown in

Figure 4.21 and in Table 4.1X, in which agreement to

better than 25 per cent is observed over the whole
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Table 4.3X: Inclined shock correction for Table 4.3

Measured C-J Theory

Pl(torr) Bl(KG) qn(cm/us) M, ELABl(V/cm) ELABl(v/Cm)

0.10 0.66 1.7 4.3 3+5 1
0.10 0.66 1.6 L.o 345 1
0.10 0.66 1.4 3.5 7+5 2
0.10 0.66 1.2 3.0 2h+5 3
0.10 0.66 1.0 2.5 22+5 2
0.10 0.66 0.77 1.9 15+5 2
0.10 1.50 2.1 2.4 75 9
0.10 1.50 1.9 2.2 8+5 9
0.10 1.50 1.7 2.0 2245 8.6
0.10 1.50 1.2 1.4 36+5 8.3
0.10% 4.10 3.8 1.6 20+5 73
0,10% L.10 2.9 1.2 20+5 63
0.10% L.10 2.4 1.0 27+5 Bl
0.10% L.,i0 2.0 0.8 5445 L8
0.20 0.66 1.2 L.k 2+5 0.6
0.20 0.66 1.1 3.9 19+5 .5
0.20 0.66 0.9 3.2 19+5 7.7
0.20 0.66 0.76 2.7 12+5 8.0
0.20 0.66 0.54 1.9 9+5 7.7
range. In Table 4. 4X, good agreement is also observed

except at two points (0.1 torr with B, = 0.87 XG and

0.2 torr with B, = 1.3 KG). Almost without exception,

1

the measured values are lower than the inclined shock
values.

The E ,p comparison (See Table 4.3X), shows little

B

difference from the previous comparison, the main

pointg of difference remain unaltered.
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Inclined shock correction for Table 4.4

Comparison of meésured and C~J Values

R (10™/c.em) | By, (10°N/n) B, (k&) | AT

em/us M I-5 I-S| V-8 M V-S
1| 1.4 | 2.2%0.2(7.0 4.1(12.5 - 0 |1/2
21 1.4 | 4.,0£0.317.1113.0 5,115.0 - 0 |0/2
31 1.9 | 3.520.2(2,.51 4.0 |2, 2,1} 6.4 |2,2+0,2(3.214.,1|0/3
41 2.4 | 2.120.213.11{ 4.4 - - | 3.7t0.2(3.8|5.6|1/2
5] 2.5% ] 2.620.2({3.6} 4.3 |4. .9(3.6] 5.6 | 4.8+0.3|5.0(5.9(2/3
6| 3.4% 1 1.2£0.1(5.0] 6.4 |5, .0|7.5({14.1 ] 5.5%0.5]6.9(|8.0|1/3
71 3.1% | 2.0£0.3|4.8] 5.9 |5. .5|6.0{10.2 | 6.810.5|7.0(|8.0|2/3
8] 2.8%|2.620.3]4.4] 5.3 |5. 01471 7.9 | 6.420.4]6.7|7.4)2/3
9] 1.4 |3.0%0.,2(5.3| 8.8 |3. .613.6|11.2 | 1.4%0.2 0 |1/2
10| 1.1 | 2.5%0.5(2.0| 5.4 |2. 511.6| 4.7 - 4.5|1/2
11| 1.4 | 2.720.1(3.7] 5.9 |2. .512.2| 6,5 | 2,140, 5.5|1/3
12 (1.5 [2.2%0.1(3.5| 7.0 13. .5312,7] 8.3 - 6.111/2
13} 1.8 |2.2¢0.3|4.8| 8.1 {5.1£1.5/3.8|11.6 | 4.9£0.5/5.7|6.9{1/3
14| 1.6 {2.5%0.1|3.9| 7.0 |4.0£#1.0{3.0| 9.1 | 5.2%0. 6{7.411/3
15| 1.9 [3.0:0.2(5.2| 8.8 |5.5¢1.04.4]13.0 | 6.420.3|7.2(8.8]2/3

M Measured quantity
V-5 C-J wvalue, based on measured shock
veloclty
I-5 C=J wvalue, based on normal component of
shock wvelocity, g oS 8 = a
AT agreement index
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For helium, the observed tilts of the pressure
fronts are less than those of the current sheets, and
over the range of observations, the observed tilts are
less than 150, and a typ%gal figure of lO0 can be used.
Using this tilt angle, the correction to the shock
solutions are: 1.5 per cent for the wvelocity, 1.5 per

cent for E 4 per cent for PTM’ less than 1.5 per

LAB?
cent for B2 and less than 10 per cent for Ne'

The restoring forces on the current sheet,
mentioned earlier, are discussed now.

With the flow velocity vector pointing away from
the anode, as shown in the Pigure 4.60, a flow pattern
(in laboratory coordinates), as indicated by the broad
arrow, can be expected, with the anode region of lower
density (and lower pressure) than the cathode region,
resulting in a force against the tilt. This flow
pattern was observed, e.g., in Figure 4.49, The
association of the cathode layer and possible flow

vortices with this flow pattern is a matter of

speculation.



ExPosuRES

Fig.4.62 The bow shock in
2 large magnetic field
6xoem tube
x=63 cm. U =4.0 en/ L sec.
t: 16,17 and 19 A sec.

50 nsec exposure time.

B signal: 1 A&sec/cm,
4 KG/ cn.

Fig.4.63 Streak photograph
of Incomplete Separation
20x3 cm tube

x=45 cm, U =2,42 cm/ e sec.
All horizontal axes are
identical: 2/asec/cm.

P trace: (0.5x105N/m2)/cme

B trace: 1.9 KG/cm.

The horizontal axes of the
streak and oscillogram

are aligned for direct ©
comparison (+ % small div).

Fig.4.64 Framing pootograph
of Incomplete Separation.
x=50 c¢m. Us=2°5 cn/ fsec.
0.23 torr He, Bq=2.9KG,
(same conditions as 4.63).

Horizontal axes of

oscillograms: 1 ksec /cm.
same verltical scales as 4.63.

framing t: 18.5, 19.5, 20.5
fesec; 50 nsec exposure.
Framing time markers on P
trace.
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L.7 Observation of the bow shock

The large width of the shock tube used in this
series of experiments did not favour the observation
of the bow shock, either with time resclved photography
or with M-Z interferometry, since the luminosity and
refractivity effects were integrated over 20 cm. The
probe diameter was 0.6 cm and the overall path through
the bow shock was not expected to be more than 3 om.

However, framing photography observations in the
6 x 6 cm shock tube, mentioned in Chapter 3, showed the
existence of a steady, detached bow shock, in both
helium and air, over the pressure range of 0.07 to 0.4
torr, in the wvelocity range of 2 to 6 cm/microsec.

The magnetic induction in the region of the observed
bow shock ranged from low values (less than 1 KG) to
20 KG. The observed shock angle, Figure 4.61, ranged
from 20 to 35°, and the detachment distance from 3 to
over 1 probe diameter. An example is shown in FPigure
4,62, where the three frames were taken at 16, 17 and
19 microsec after the start of the discharge. In the
first frame, the front was just arriving at the probe,
and in the third one, the front had past the probe
head by a distance of 12 cm. The magnetic field at

this time was 12 XG.



197

4,7,1 Significance of the bow shock

For the example illustrated in Figure 4.62, at
the time of the third frame, the magnetic séeed L = 8
Icm/microsec, can be compared to the estimated flow speed
(qp) and the isentropic sound speed-a of 3 and 1
cm/microsec respectively. The shock angle ¢ is
approximately related to the flow Mach number Mf by the
formula, relating the Mach angle to the Mach number,

sin ¢ = l/Mf . (L-5)

If we take the small disturbance speed as
(a2+b2)%, then the flow Mach number Mfﬁo.h, and we do
not expect to see a detached shock wave. If, on the
other hand, we take the small disturbance speed as the
isentropic sound speed-a, we have the flow Mach number
as 3 and hence expect a bow shock with ¢ 2 20°. The
angle ¢ is measured from Figure 4.62 as ¢= 25°%, Similar
calculations over the whole range of observations up to
20 KG show that the shock angle was associated with the
isentropic sound speed.-

This is experimental evidence confirming the
ohmic dissipation model and ocur choice of the small

disturbance speed behind the transverse shock.
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4.8 Shock and mnon-shock effects

In any attempt to compare experimental results
with a shock wave theory, 1t is mnecessary to recognize
and attempt to understand the non-shock effects; i.e.,
effects observed with the shock wave that are not
included in the equilibrium shock calculations. Among
the most commonly discussed effects of this class
ineclude the lack of local thermodynamic equilibzrium
behind the shock wave, and precursors attributed to
electron diffusion from the shock front, photo-
ionization, and electric breakdown waves. The
experiments described above suggest the possibility of
precursor reverse current loops and 'post-cursor’
reverse current loops in 'biased' electromagnetic shock
tubes, associated with the decoupling of the back emf,
due to the shock wave motion in the bias field, from
the driving current. To develop this concept further,
we need to examine more closely the coupling and
decoupling of the pressure front and current sheet
during the wvarious phases of operation, as well as

under different operating conditions.
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L,8.1 Observation of a pure gas separation

In helium, with a bias field, at the normal
operating voltage range of 5-7 KV, the region immediately
behind the pressure front was often observed to be
gasdynamic, with the bias field value unchanged through
it. An example of this is seen in Figure 4.18 of
section 4.2, in which the operating conditions were:

5;1 KV helium at 0.25 torr, with Bl = 1,9 KG. The first
"step! in the pressure pulse, of 0.7 microsec duration
was gasdynamic. The distribution of pressure and current
with distance for a similar operating point (Bl = 2.5 KG)
has been shown in Figure 4%.17b. A gasdynamic region in
the first part of the pressure pulse preceded by a 3 cm
region of reverse current ahead of the shock front can

be seen.

When the drive wvoltage was reduced, this gasdynamic
region gained prominence. Figures 4.63 and 4.6k show
streak and framing photographs, together with
synchronised pressure and magnetic probe records of a
shock wave propagating in 0.23 torr helium with
Bl = 2.9 KG and a condenser voltage of 2.5 KV. A region
of 1.2 microsec (3 cm) Tollowing the start of the
pressure rise was gasdynamic (Pigure 4.63a); the magnetic

field rise through it being less than 5 per cent of the
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bias field (Figure 4,63b). On the streak photograph,
a comparison with the probe signals leads to the
identification of the first luminosity fromnt as the
pressure front; and the brighter streak, 1.2 microsec
behind this first luminosity front, as the start of the
magnetic field jump. The estimated positions of the
pressure and current fronts, are indicated on the
framing photographs.

The pressure measured by the probe in the
gasdynamic region can be approximated to PGQ’ the
total gas pressure in the freestream (refer Figure 3.11b).

For a gasdynamic shock we may write (3—36) as:

2
Pap = L—Ql:—l)—— W (»}"%I) (4-6)
Taking Y = 1.67 for the gasdynamic region, the peak
density ratio (T) is‘calculated to be 3.1+0.6.
Assuming that the second pressure feature (Figure
haéha) corresponds to the ionizing shock transition,
the measured value of the peak pressure is baken as
P

which is then related to PGaa using the bow shock

™?
solutions of Figure 3.11b. This enables a value of [
to be calculated; and it is 7+1.5, compared to C-J

theoretical value of 4.0, and a hydromagnetic value of

less than 1.5. The value of the peak shock jump
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magnetic field, measured 0.3 microsec after the
pressure peak, is 3,4$p,3 KG, compared to a C-J
theoretical value of 3.5 KG.

These measured values are in agreement with the
assumption that the gasdynamic region was an incomplete
gasdynamic shock serving as an 'onset' region for
ionization. Tn such a region, the conductivity is
insufficient for the magnetic field to interact with
the gas, so that the initial shock is entirely governed
by wviscosity and heat conductivity. It is of interest
to note that at 2.5 cm/microsec, a helium atom has a
kinetic energy (and an equal thermal energy) of 13 ev
compared to an ionization potential of 24.5 ev. An
argon atom at the same speed has a kinetic energy of
130 ev compared to an ionization potential of 15.8 ev.
When the thermal energy is large compared to the
ionization energy, we can infer that the onset region
is small, and vice versa. On this basis, in our range
of experiment, the gasdynamic shock region for argon
can be expected to be smaller than the helium
gagdynamic region.

This difference was observed. In argon, no
gasdynamic shock was detected in the period of steady

propagation; whereas in helium, gasdynamic shocks
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separated from the ionizing shocks by up to 3 cm were

observed during periods of constant drive.

L.8.2 Reverse current loops and the back emf

For a steady ionizing shock te exist, the shock
Jjump relations require an increase in magnetic induction
across the Jjump, corresponding to a current flow in the
positive direction through the transition (see Figure
2.1 for coordinates). The post sheck electric field,
transformed to the laboratory coordinates, ELABz
( = qlB2 - qu2 ) points in the positive direction,
but is a back emf since its effect on the driving
circuit is to reduce the current from the value that
would flow in the absence of the shock impedance. We
can thus congider ELAB2 as driving a reverse current
through the shock transition even during the period of
steady propagation. This reverse current flows through
the condenser, and for the existence of the steady
shock wave, the gross forward drive current must exceed
this reverse current by an amount at least equal to
that required for the shock jump magnetic induction.
This requirement is additional to the requirement of
momentum balance, which has already been discussed in

section 2.7.
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Assuming that both the flow and current sheet moves
at the same velocity up = qlmqgg we have, for the total

back emf of the shock front-current sheet syvstem,

Temf = BD up
- (B2+Be) u, = Byu, + Bou,
= Semf * Cemf °

Here Be stands for the increase in magnetic induction
from the post shock value to the final value in the
expansion currents; Semf ie the back emf associated with

the shock motion, ahd Oemf is that associated with the
current sheet motion. In the absence of a bias field,

we have S_ = 0. (We note that T,

e is the quantity

mf

E whose measurement is described in section 4.4.1.)

LABD’
During the period of steady drive, our

observations indicate strong coupling between the

current sheet and shock front (as it must to provide

effective drive). There is however a difference in the

degree of this coupling between the argon and the

helium gystems. This is evidenced in the more diffuse

nature of the current sheet in helium and in our

conclusion of poorer coupling in the case of helium from

the comparison of measured shock speeds with those

predicted from momentum balance.
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When the current drive decreases, our comparative
profiles of Figures 4.15 to 4.17 indicate a rapid
decoupling of the curr;nt sheet from the shock front in
both the biased and the unbiased cases (e.g., t = 26.2
and t = 28.2 microsec in Figure 4.15; and t = 14.2 and
t = 28.2 microsec in Figure 4.16). By the time the
condenser voltage has dropped to zero, the remnant positive
filux in the shock tube, associated with the reduced, but
still appreciable current, would, if it remained
coupled to the condenser c¢ircuit, begin to assume the
roae of a generator, discharging its remnant energy
into the condenser bank. However, at this time, this
remnant flux becomes decoupled from the condenser
circuit, forming a closed loop of flux decoupled from
both the shock front and the condenser circuit. In
both the presence and absence of a bias field, this
loop encloses positive but decreasing flux, and hence,
the induced current encircling it is a positive one.

The forward end of this region is identifiable, in our
comparative profiles, as a diffuse positive current
sheet that moved backwards. In the unbiased case
(Figure h.l5); the backward speed was faster than in the
biased case (Figure 4.16); but the rate of decay of

the current amplitude was greater in the biased case.
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Returning to the shock front, in the unbiased case
when the current sheet decouples from it, the shock
wave becomes purely gasdynamic, propagating into a
field-free region. In the biased situation, in the
absence of the driving current (Gr a substitute
force), there is no external current flow to sustain a
forward current (necessary for the shock jump field),
in opposition to the back emf. The post shock 52 must
therefore decrease rapidly to the wvalue of the bias
field. This is observed between t = 28.2 to & = 32.2
on Figure 4.1 , where in this time the velocity had
dropped from 2.5 to 1.6 cm/microsec. The total pressure
amplitude had decreased by less than 25 per cent over
this period of time. Since the total pressure is
proportional to 02 and qlz(lw%)g,this indicates that
the density ratio in the pressure front had increased
by a factor greater than two. The energy released
from the dissclution of the magnetic field must be
deposited in the pressure front, so that between t = 28.2
and t = 32.2 microsec, this energy and the energy from
the loss in kinetic energy, after accounting for the
energy imparted to newly swept-in gas, must be added to

the gas enthalpy. This, and the increased density
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ratioc, are consistent with the transition from an
ionizing shock to a gasdynamic shock.

Such a situation as that at t = 32.2 18 not a
steady gasdynamic shock, however, because the motion
of the conducting gas behind it has still an induced
emf associated with it, the direction of which is such
as to oppose the motion. This necessitates a Fflow of
current in such a direction as to tend to exclude the
bias field from the interior region of the shocked
gas. Consequently a reverse current flows in the region
behind the pressure front. This was observed in the
comparative profiles (Figure 4.16, t = 36.2).

We have seen that the Semf can be considered as
generating a reverse current, during the period of
constant drive, which is coupled through the condenser
circuit. The guestion now arises whether, during this
period, this back emf can become decoupled, or partially
decoupled from the driving circuit. Such a decoupling
will manifest itself as a region of decreased magnetic
field in the vicinity of the shock front. Thisg was
observed in helium for the larger values of bias field
and velocity in the range of our operation, but not for
the cases when either the wvelocity, or the bias field,

was small. This difference is consistent with the back
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emf” model, since the combination of a large field and

a large veloclty gives rise to a large back emf. The
fact that this frontal reverse current was not observed
in argon, but in helium, is also consistent with this
model since the argon current sheet was observed to
couple more strongly to the sheock front. This strong
coupling in argon makes it more unlikely for the Semf
to decouple from the Cemf with the result that the
current of the two back emfs takes the same path,
which has to be through the condenser circuit.

One effect of this reverse current front is to
reduce the electric field ELABl ahead of the ionizing
shock, because, as observed from ahead of the shock
wave, this reverse current has a negative resistive
drop. In helium, at Bl = 3.0 KG, at the high

velocities (above 3 cm/microsec), the measured values

of E

LABL’ corrected for the positive resistive drop,

are significantly lower than the predicted values.

At the lower wvelocity range (below 2 cm/microsec) the
values are a little too high. With the low bias field
of 0.05 KG, the wvalues of ELABl are also typically
larger than the predicted values. The region where
the wvalues of E

LABL 2Te significantly low, was Just

that reglon where frontal reverse current loops were
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observed; the difference between measured and
theoretical values was small enough to be completely
attributable to the reverse current resistive drop.
In argon, the ELABl measurements follow the same
general trend, being low for high fields and high

velocities (e.g., Table 4.3X, 0.1 torr, B, = k.1 KG,

1
4, = 3.8 and 2.9 em/microsec, and Figures 4.28 and
4.29). No frontal reverse current was observed,
however, but instead, reverse loops were observed
behind the shock-jump current, for a combination of a
high bias field and high shock velocity. It may be
speculated that these loops are due to a combination

of the Se and the anode to cathode flow pattern;

mf
the fringe pattern on the interferogram (Figure 4.49)

has the same approximate periodicity as the magnetic
probe signal. The observation of such possible
reverse lLoops in argon also corresponds with the low

measured values of ELAB’ though it is unlikely that

the difference of 50 V/em at B, = 4.l KG, a, = 3.8

1

cm/microsec can be accounted for simply by this effect.
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CHAPTER 5

CONCLUSIONS

5.1 Experimental verification of the C-J model

The Kunkel-Gross-Champman-Jouguet hypothesis,
originally applied to normal ionizing shock waves, was

adapted for the operation of our transverse planar

electromagnetic shock tube. This was made possible by
the choice of an ohmic dissipation model for the flow
behind the transverse shock wave, in preference to the
usual dissipationless model. In such an ohmic
dissipation-controlled flow, the small disturbance
speed is the isentropic sound speed. The experimental
observation of the bow shock in the presence of large
magnetic fields and the measurement of the bow shock
angles confirmed this choice of the small disturbance
speed.

Limits based on structural consideration were
applied *o the transverse C-J theory. According to
these limits, the donizing C-J solutions are not
applicable above a magnetic Mach number MA in the

neighbourhood of 4.5, when shock behaviour becomes

hydromagnetic. Alse, in the iimit of wvanishing
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magnetic fields corresponding to very large values of
MA’ the shock solutions become gasdynamic. Scolutions
using this model were obtained and compared with the
experimental results.

In the experiments, a new method of Mach Zehnder
interferometry, using multi-channel spectra, was
emploved. This method provided greater accuracy, in
the determination of the electron and heavy particle
densities, than was available using conventional M-2Z
technic_u.zes.° An approximate probe theory was developed
to account for the influence of the bow shock on the
probe measurements of the transverse magnetic field
and the pressure. The main results of this theory
were that, in the ionizing C-J regime, the magnetic
field measured by our coil was a little less than the
freestream transverse field; and that the pressgure
recorded by the probe was approximately equal to the
difference between the total stagnation pressure and
the freestream magnetic pressure. The electric field
ahead of the shock wave was also measured.

In the course of the experiments, two effects
were observed that had to be considered, before a
comparison of the measured gquantities with the

theoretical guantities could reasonably be made. The
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first of these was a pressure front tilt that wvaried
from 350 to 580 in argon, and from 0° to 150 in helium.
Treating the pressure front as an inclined shock, the
flow velocity into the shock was not Jjust the

measured shock wveloecity, but depended also on the angle
of tilt. TFor argon, this correction was substantial;
for helium, small. The second effect observed was a
reverse current loop that preceded the helium pressure
front when the operation of the shock tube was
consistent with a large back emf due to the shock
motion. In argon, this precursocr current loop was noi
observed, but instead, alternate reverse and forward
loops were observed following the shock Jjump current.
One effect of these reverse loops was to reduce the
electric field ahead of the shock wave.

In helium, over the MA range of 0.7 to 3.3, fair
to good agreement was observed for the four quantities
compared, namely,= the electron density, the magnetic
field, the pressure and the electric field ahead of the
shock. The electron density measurements were on the
high side (typically less than 25 per cent), the
magnetic field on the low side (typically less than
20 per cent), and the pressure measurements on the high

side (typically less than 25 per cent). The electric
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field measurements, taken between M, = 0.5 to MA = 6.5
were slightly high in the low back emf region, and
slightly low in the high back emf region, these latter
low values being attributable to the reverse current

loops. Thus, general agreement was observed, for

helium, in the ionizing C-J regime. Tor the unbiased

cases, corresponding to the gasdynamic limit, serious
disagreement was observed, both the electron density
and the pressure measurements being generally far too
low.

In argon, the inclined shock corrections were
applied. Ovexr the MA range of 1 to 3.7, the agreement
of the pressure and magnetic field measurements with
the C-J theory was comparable with the helium results
in both magnitude and direction. The electron density
measurements were not in such good agreement, however,
the typical disagreement being more than 30 per cent
and on the low side. In addition the density ratio
measurements, subject to large uncertainties, were also
in general agreement. The electric field measurements
also follow the same general trend as the helium
results, being high for low shock emfs, and low for

those shots with high shock emfs. However, the

disagreement in the latter case was more serious than
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in the correspondingheliumcase, and was probably too
large to be purely attributable to the negative
resistive drop of the reverse current loop. In argon,
as in helium, the electron density measurements in the
gasdynamic limit were in serious disagreement with the
gasdynamic theoretical wvalues.

In comparing the experimental results with the C-J
theoretical ﬁalues, it should be mnoted that the
hydromagnetic solutions should be considered at the
same time, in case the experimental results may agree
just as well, or better, with the hydromagnetic
solutions. In such a case, the hydromagnetic
calculations are preferred, since they are in general
easier to make. For distinguishing between the two
models, in the MA range up to 4.5, the magnetic field
is not a good quantity, since the two models give
solutions within 10 per cent of each other. The
electric field ahead of the shock is a good guantity
to compare, since the hydromagnetic model reguires
this field to be zmero whereas the C-~J ionizing theory

requires a non-zero field up to M, = 4.5 approximately.

A
However, the measurement of this field involves at

least two uncertain quantities, namely, the current

sheet resistive drop, for which our subtraction
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procedure, based on the 'unbiased' resistive drop may
not be justifiable; and reverse current loops. Bearing
these in mind, we find that, over our experimental
range within the C-J regime, the experimental results
do not indicate a hydromagnetic shock, except for the
case of argon with 0.2 ftorr and 31 = 0.37, where the
cbserved values of the electric field (corrected for
registive drop) approached zero in the region of MA = 2,
instead of at MA = 4.5, This was, however, precisely
the region where the reverse current loops, behind the
shock~jump current, became prominent. That the shock
wave in this region had not 'prematurely' become
hydromagnetic was shown by the density ratio and
pressure probe measurements. AT MA = 2, the
hydromagnetic solution requires a density ratio of 3
compared to the C-J value of 4.9. The measured density
ratio indicates a value not less than 5. Moreover,

the value of the pressure PTM’ based on a density

ratio of 3 is less than half the C-J theoretical wvalue
whereas the measured value of PTM was 20 to 30 per cent
above the C-J wvalue. Thus, in our experimental range
of the C-J regime, the C-J sgolutions are in considerably
better agreement, with the experimental observations,

than the hyvdromagnetic solutions.
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Tf now we look at the gasdynamic solutions, we
note that these require a much larger density ratio,
electron density and PTM' In helium, the measured

values of the electron density and P are on the high

™
side of the C-J solutions, likewise, the argon

measurements of the density ratio and PT This

M
indicates that the disagreement between our
experimental results and the C-J theory is in the
direction of the gasdynamic solution rather than in
the direction of the hydromagnetic solution. In view
of this general trend, the discrepancy, posed by the
low measured value of the electron density, in the
case of argon, is probably an exception; explainable,
perhaps, in terms of the de~ioniming effect due to
the ion-neutral exchange process at the cathode. We
also observe that, in the unbiased case, the
measurements do not agree with the gasdynamic
solutions. This is almost certainly due to the
existence of the magnetic field in the post shock gas
immediately following the small incomplete shock
region.

Summarizing, the experiments have shown that, in the

jonizing C-J regime, the C-J solutions wexre in fair fo

good agreement with the measured shock properties in
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helium; and, when the inclined shock effect was taken

into account, sgimilar agreement was observed for the

argon shock.

5.2 The identification of a shocked 'gas sample'

The comparison of experimental measurements with
an equilibriwn shock-jump theory is based on two
éssumptions; firstly, the existence of a shock-jump
region, of measureable thickness, separate from any
following region of expansion or compression, and
secondly, local thermodynamic equilibrium (LTE) within
the shock-jump region. Generally, the first of these
assumptions has to be satisfied, for the comparison
to be at all meaningful; whereas, depending on the
degree of departure from LTE, approximate agreement
may still be observable between the experimental
measurements and eguilibrium predictions. From our
study of the comparative distributions of the pressure
and magnetic field, and the correlation study on the
pressure, electron density and magnetic field fronts,
we are in a position to discuss the validity of this
first assumption, in our transverse planar shock tube.

We have established that a well defined and
reproducible pressure pulse propagated down the shock

tube, over the entire range of operation. Associated



with this pressure pulse were three features of
current, that were classified as, a diffuse current., =
shock Jjump current and an expansion current. Current-
free regions in the pressure pulse were identified.
These are significant to the concept of a separated
ghock-jump region, and will be discussed below.
It is dimportant to immediately distinguish between

two classes of separation. The first of these is the

incomplete gas shock, that was observed in helium (the

lighter gas) both with and without a bias field; and
which served as an ionization 'dincubaticn’ regiocn for
the onset of the ionizing shock. The observation of
this incomplete shock does not imply a separated
ionizing shocks; and, in fact, as the shock speed is
increased, so that the thermal energy of the shocked
gas greatly exceeds its donization potential, this
region should lose prominence, and become not meazssurable.
The other class, is what we shall term complete

separaticn, which is defined as the separation of the

complete ionizing shock from the expansion current.

In the 'unbiased' case, such a separated complete shook
is gasdynamic, with no magnetic fieild in it, and with
its properties calculable from gasdynamic shogk-jump

theory (including ionization effects). With a shock
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wave propagating into a bias field, this separated
complete shock is ionizing, with a shock jump current
throughrit, as determined by the choice of the
shock-jump closing relation.

In the above context, our experimental observations
of the constant drive period, showed that, when the
bias field was zero, no complete separation was
observed, in both argon and helium. For small wvalues

of the bias field, current partitioning (i,e., intoe two

separate regions of shock-jump and expansion current)
was not observed; but for values within the C-J

regime, current partitioning was observed, usually with
a region of zero, or negligible, current separating the
two regions of current flow. Moreover, (1) the
magnitude of the first magnetic field jump, (2) the
thinness of this jump region (manifested by magnetic
signal, streak phetography and M-2Z interferometry)9 and
(3) the correlation of the magnetic and pressure
signals, provide sufficient evidence that the current
partitioning was indeed to be associated with the
separation of the shock front from the expansion current.
The region between the partitioned currents generally

extended over a distance of 2 to 4 cm, and was a region



of uniform magnetic field, and relatively uniform
electron density and total pressure.

One now questions why a complete separation is
observable in the case of large bias fields, and not
in the case of small or zero bias fields. For an
explanation, we consider the expansion current, whose
leading edge moves relative to the shocked gas at the

small disturbance speed. In the biased case, according

to the C-J model, the shock-jump current deposits an
amount of energy and momentum in the shock front,
which is just sufficient to constrain the flow out of
the shock to have the local small disturbance speed.
The expansion current is thus prevented from 'invading’

into the shock front. Without a bias field, a

gasdynamic shock tends to develop, with the flow
speed, out of the shock, typically a third of the

post-shock sound speed. The expansion current must

therefore, necessaxrily, overtake the shocl front.

The presence of the current in the shock front ﬁill
then alter the momentum and energy balance from that
prevailing in dts absence; whilst at the same time the
interaction can be expected to also alter the

characteristics of the front part of the expansion



current. This could account for the appearance of the
diffusion current region.

This same argument alsc applies to the case of
small bias fields, i.e., when the magnetic Mach number
extends past the C-J hydromagnetic limit of L.y, 1In
this case, the flow speed out of the shock is alsc
subsonic and not sufficient for the shock front to
keep ahead of the expansion current.

Therefore, in the presence of an expansion current,

we expect, and observed, complete separatiocn, only in

the C-J regime.

One other experimental observation should he
noted here, concerning complete separaltion. In the
unbiased cases, when the drive current decreased, the
expansion current was observed to rapidly decouple
from the shock front, leaving a complete gasdynamic
shock to propagate ahead. During this decoupling, the
gasdynamic 'slug! increased in length, and the shock
velocity and toftal pressure amplitude decreased only
slightly. This could well be one method for
producing a high velocity gasdynamic shock, with
complete separation, since the decoupling acticon is
expected to remain just as efficient at high velocities,

as it was in our relatively low velocity shocks.
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It is possible, however, that at high wvelocities,
this method of decoupling may not be necessary, since
the characteristics of shock-current propagatlisn may
then be different from the C.-J model. BSpecilically,
if the temperature of the post shock gas is
sufficiently high an expansion current may not be
required, and a gasdynamic shock, with complete
separabion, could be propagated with steady drive.

The apparently contradictory experimental
observations of Hoffmanzo and 80rr81181 may be
discussed from this point of view. HoftTman's
observations suggest that separation was more Likely
to occur at low current sheet Mazch number,
specifically, around the operating condition of 0O.475
torr hydrogen at a shock speed of 2.4 cm/microsec.
Sorrell, on the other hand, observed separation at
0.46 torr hydrogen in the shock speed range of 8 to
11.4 em/microsec; but not below 8 cm/microsec. (Both
the experiments were in the absence of bias fields.)
There is little doubt, that, at a speed of 2.4 em/
microsec, an incomplete shock cf measurable tThickness
would precede the complete lonizing shock. At higher
ghock wvelocities, and in heavy gases alt low velccities,

the incomplete shock region would be smaller; so That
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Hoffman's conclusion, that,., a lowMach number in a Llight
gas favours separation, may really be applicable tc an
incomplete separation; rather than to the separaition of
a complete shock. Sorrellts experiments, on the other
hand, suggest that, at high post-shock temperatures
(115,0000 K), the expansion ecurrent mayv not dominate
the shoeck front-current relationship in the same C-J
manner as it did in our range of relatively low
temperatures.

In summary, we distinguish between incgomplete and

complete separation. The former was observed in helium

shocks, both with and without bias field. During the

constant drive period, complete separation was vhserved

in both argon and helium shocks, propagating intoe a

bias field, in the C-J regime; but was not observed [or

shocks propagating into werc or small magnetic fields.
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NOMENCLATURE

MES units are used throughout the thesis except
where otherwise specified.

Only the more commonly used symbols appear in this
1ist. The page (or Figure) listed with each symbol
indicates the page (or Figure) in which the symbol
first appears, or is best defined. Where a symbol is
used to denote different quantities in different parts
of the thesgis (only a Tew symbols are used in this way,
e.g., the symbol ’R'), no confusion sheould be caused,

as the quantity is defined hefore its usage.

Page

g vector current density 3
? vector magnetic induction 3
Rm magnetic Reynolds number 5
U permeability 5
o) electrical conductivity 5
u Ffluid velocity, laboratory coordinates 5
B electric field 11
r density ratio, usually DB/pl 10
B magnetiec induction ratio, usually BQ/B1 10
ELAB electric field ahead of shock, laboratory

coordinates iz



a

density il
pressure 14
internal energy 14
flow velocity in shock coordinates i5
. also Fig.2.1
shock velocity, laboratory coordinates Fig.2.1
enthalpy per unit mass 15
gas constant = k/Mw 17
Boltzmann constant 17
molecular weight 17
rth ionization fraction 18
exvitation energy per rth ionized ion 18
total ionization energy per rth ionized
ion 18
rth partition function 18
reduction of ionization potential 18
temperature 17
defined in (2-19) 21
masgss of the electron 18
viscosity 23
heat conductivity 273
magnetic viscosity 23
gasdynamic sound speed (isentropie, unless
otherwise stated}) 28



slow magneto-acoustic speed 28
fast magneto-acoustic speed 28
Alfven speed 31
magnetic speed 31
small disturbance speed 34
entropy 37
ion gyration radius 39
electron gyration radius 390
ion-ion collision relaxation time 39
electron-electron collision relaxation time 39
electron Hall parameter 39
ion Hall parameter 39
mass number of atom 39
number density of electrons 39
number density of ions 39
ionic charge 39
magnetic Mach number ql/bl hé
momentum flux into ghock Lo
magnetic pressure BE/QU L7
pure gas value of [-strong shock limit Ly
drive field corresponding to total drive 49
current also Fig.2.L4
total field at 'magnetic piston' L9

also Fig.2.4

ratio 9f BD/Bl

50



RC

o
b=

T
[y}

o
3

"

E’U

2

current density (per unit ymwidth)

shock Jjump J

expansion J

total J

Debye radius

ionization potential of the hyvdrogen atom
shock tube dynamic impedance

inductance per unit length

shock tube dinter-electrode gap

shocle tube width

electric field observed at input terminals
of shock tube

ohlmic resistance of current sheet

flow velocity in laboratory coordinates
1/e decay time

Newtonian impact pressure

total gas pressure, sum of P and P

N

total pressure., sum of PG and PB

flow wvelocity in bow shock coordinates

resultant total pressure on the stagnation
point of the pressure probe = PTOBWPB?

magneiic induction observed by coil =B,

77
77
77
81
92
92
92
ol

105

107




subscript p

subscript 1

subscript 2

subscript 3

subscript O

subscript 03

D

Nyrre Maprr
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post shock quantity transformed to
bow shock coordinates ol

ambient guantity ok

post shock quantity in shock
coordinates oL

post bow shock quantity in bow shock

coordinates 9L
stagnation quantity 98
post bow shock stagnation quantity 98
ratio P2/PB2 96
ratio PNR/Pga 96
pressure ratio 96

ratio of state 3 and state 2
densities 96

ratio of state 3 and state 2

pressures 96
sonic Mach number ql/a 115
refractivity of gas ii7
wavelength 117
change in optical path 117
fractional fringe shift 119
Cauchy coefficients 118

electron number density, equivalent
to ng 119

number density of neutral argon,
and singly ionized argon,
respectively 119
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N

HeT? NHeII number density of meutral helium

and singly ionized helium

respectively 119
td characteristic flux diffusion time 107
™ hydromagnetic 151
ELABl same as ELAB 155
6 angle of inclination of shock

front from the wvertical 189
9, normal component of flow wvelocity

into the inclined shock = ¢; cos ] 190
i fraction of current carried by

ions to the cathode 184
gt angle of inclination of the
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