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Page 3, line 30: "indluded" should read "included"

Page 51, line T: should read "...sions on the time scale

in Fig. 26 and that, for convenience,

UL = 1. The recursion formula..."

Page 51, line 10: ¥...EMF{at point 1}," should read
", ..EMP(at point 1)."
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Page 127, iines 16 - 18 deiete and replace with "Assuming we know
U&l (that it is known remains to be seen),
we know B(x,, t { t < t,) Dbecause we
know B;, t, U, and the EMF(t). Actually,
we must know how to separate the time
range t, { t ¢ t, tfcom the complete EMFP
trace., Obviously, this can be done if one
knows U, and U,. We will discuss later,
how one obtains these quantities.”
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Page 128, line 10: "Paussig should read "Taussig®3"

Page 129, line 19: delete "." after t_., and insert "and
&

remain O for t > t, ."

Page 128, line 20: after "O" insert "and remains O"

Page 128, line 20: delete "To get U " and insert "The
determination of U; is slightly more
involved. PFor the case shown in Fig., C3,
it is clear that at t; the EMF observed
at the output of the pick-up probe will
be O. After t, the EMF will rise or
fall depending on the exact time variation
of B. In any case, the velocity of the
point at which the EMF departs from O
will be U; (it being understood that the
time here considered is greater than Tr).
In other cases it may be that the EMF never
falls to O except for t ) t,. In that

event one can..."

Page 128, line 25: after "in" insert "determining the various
time regions (e.g. see equation 20) and

for..."
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ABSTRACT

A coaxial electromagnetic shock tube has been used to
study ionizing shocks propagating through hydrogen. An experi-
ment is described which produced plane switch-cn ionizing
shecks., Studies were conducted covering the sub-Alfvenic,
trans-Alfvenic and super-Alfvenic regimes. Data is presented
that verifies the existence of switch-on fronts in all these
regimes, and demonstrates the significant effect of the ini-
tial electric field on the shock jump conditions, The results
substantiate the theory of normal ionizing shocks developed
by Taussig.

A simple physical criterion, modeled on the Chapman-
Souguet (C-J) hypothesis, is employed to choose from among
the several theoretically predicted ionizing waves propagating
at a given speed. This criterion has strong intuitive support
and results in a consistent picture of icnizing shock propa-
gation that is in general agreement with our experimental ob-
servations. The existence of a small homogeneous plasma sam-
ple, benind the ioni:zing shock wave and before the expansion
fan, is demonstrated. Previous failures to find large homo-
geneous plasma samples are shown to be consistent with the

theory of ionizing shock waves and the C-J hypothesis.
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1. INTRODUCTION

The present theory cf shock phenomena in fluids has its
roots in the middle of the nineteenth century. At that time,
Riemann and Earnshaw' 2 studied long wavelength, large ampli-
tude disturbances propagating in media described by non-line-
ar partial differential equations. Their studies lead to the
prediction that under certain circumstances very narrow regions
would form and propagate through a fluid. Across those regions
the macroscopic properties of the fluid were expected to ex-
hibit large scale changes. Those narrow spatial regions are
what we know tcday as shock waves.

At the turn of the century, Vielle® conducted the first
experimental study of shocks, but after his work interest un-
eplainably declined. Alnost no studies were conducted during
the next forty vears with the exception of those conducted by
Payman and his associates® in the "thirties.” The hiatus was
abruptly terminated by the onset of the Second World War. The
Allies early recognized how little was known about the prcblems
of detonation, explosion, trans-sonic flow, and super-sonic
flow, areas that are all intimately connected with the forma-
tion and propagation of shock froats,

During the war, Bleakney and his co-workers at Princeton
started research into those areas. As a result of their stud-
ies the diaphragm, gas driven, shock tube became the basic tool
cf the scientist working in high temperature gas dynamics, By
the early 1950's, Laporte at Michigan and Kantrowitz and his
co-workers at Cornell had sc refined the shock tube that they
reached the practical limit of its ability tc produce high
temperature gases. They concluded that the maximum tempera-
ture obtainable in the conventional gas driven shock tube would
be about 2 e.v.
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But, by this time, the controlied thermonuclear progranm

was under way and it called for laboratory analysis of dens

1]

gases at hundreds, and even thcocusands, of electron volts, By
1650 de Hoffman and Teller® had devaloped & theory of shock
in such immensely hot fluids. It was based on the molel of

]

an infinitely conducting fluid immersed in magnetic and eleciric
fields and it served as the starting point for many subsequent
theoretical studies.

In the early 1950's, Fowler et. al. developed a magneti-

cally driven shock tube that was to become the forerunner of
the coaxial electromagnetic shock tube.® Concurrently, the

= theory of de Hoffman and Teller was being expanded, dissected

j

i

= and reassembled., By 1959 the admissible solutions to “he

f% magneto-hydrodynamic {mhd) shock jump equations were well un-
= derstood and thoroughly explored. Questions of mhd shock wave
=

:

I
)

stability we2re being discussed and advances in understanding
were being made. Experimental studies, however, were rela-
tively crude and inconclusive., Most experiments involved

strong shock waves propagating into a cold gas and hence were
far from the mhd shock wave analyses based on an infinitely
conducting fluid., 1In 1359, an attempt was made to generalize
the original mhd shock theory so as to include the possibility
of a jump in conductivity across the shock front. This approach
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was taken by two Russians’s®,® who investigated the mathemati-
cal properties of a shock propagating into a gas whose conduc-
tivity was assumed zero and of such strength that the gas behind
could be assumed infinitely conducting. This model allows the
upstream gas to support an arbitrary electric field and gives
rise to the type of discontinuity that wiil occupy us in this
study - the ionizing shock. Other pioneering work in this

area was done by Gross and Kunkel®® and Helliwell and Pack™*,
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1G52, More recent studies will be described in the body

ru'l
)

of this report. With this introcduction we turn our attention
to the report ifselrf,

Chapter 2 is diwvided intc two parts. The first is devo-
ted to a concise exposition of the “classical”™ theory of mag-
neto-hydrocdynamic shocks, i.e. shocks aliowed in a gas whose
conductivity is infinite, while the second presents and explains
the most important features of the latest theory of ionizing
shocks.

Chapter 3 has five sections. The first two constitute
a complete report on the constructicn, operation and instru-
mentation of a coaxial electromagnetic shock tube. The third
explains reduction of the raw data to a form convenient for
comparison with theory. The fourth presents a proposal that
describes, simply and consistently, the behavior of icrnizing
shocks. The proposal is based on the theory develcoped in the
second section of Chap. 2 and on the data in the third section
of the third chapter. The reduced data is compared with the

proposal and conclusions are drawn in the fifth section.

Four appendices are included to present material men-
tioned, but not treated, in the text. The first two are sum-
maries of the theory of shaped-pulse capacitor banks and cur-
rent monitor probes., They have been included for comvleteness and
to simplify the reader's approach to each area. The third
(Appendix C) develcps a complete picture of the application
of coil probes to the measurement of magnetic fields in moving
media. The treatment is significant in that it points up the
danger of using an oversimplified view of such probes and fur-
ther, a general result is derived that is applicable to all
such instrumentation. Appendix D has been indluded to present
additional data obtained during these experiments. Some data
on ionizing shock formation time and ionizing shock thickness

is contained therein,
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2. HISTORY AND THEORY OF MAGNETO-HYDRODYNAMIC SHOCKS

2.1 '"Classical" Magneto-hydrodynamic Shocks

2.1.1 Theory

It is generally acknowledged that the first treatment

of magneto-hydrodynamic (mhd) shocks was the work of de Hoff-

man and Teller® in 1950, Howsver, their treatment was by

no means exhaustive, and it was not until the work of Bazer

in 1959 that a careful study was done of the

and Ericson *?
The work

admissible solutions to the shock jump equations,
of Bazer and Er.cson leaned most heavily on twc earlier papers.
an incisive study by Friedrichs ° of non-linear

The first was
He was the first to recognize the "switch-on" be-

wave motion,
class of shock jump solutions,
into the work of Bazer and Ericson, was a study

14 which amplified and extended

havior of one
lead directly
by Friedrichs and Kranzer
Friedrich's earlier analysis.

At the same time that these papers were being authored,

independent work was progressing in the same area. Between

1950 and 1959 important work was completed by List'S who de-
rived directly the non-relativistic mhd shock jump equations
(in contrast to the work of de Hoffman and Teller which was

done within a relativistic framework) and by Lunc:lqu:i.st"‘6 who

was the first to treat the non-linear, hyperbolic system of

partial differential equations that govern non-dissipative

magneto-hydrodynamic flow, Even as far back as 1949 and

1950758 there were studies showing the remarkable feature
that characterizes mhd flow, the existence of three distinct,

And the second, which
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directionally dependent, smali-disturbance propagation speeds.
However, these earlier studies evolved in connection with a
linearized approach to the mhd problem and so could not treat

shock phencmena.

To set the framework for subsequent discussions a nec-
essarily brief discussion of "classical" mhd shock theory will
be presented, Here the word "classical," far from meaning
old or well understood, is simply being used to distinguish
mhd shock studies done in infinitely conducting media from
the more recent work done on iocnizing shocks, where the pre-
shocked gas is considered to be completely non-conducting
(6 = 0), and only the post-shock gas is assumed to be in-~

finitely conducting.
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The appearance of shocks in any real fluid is bound up
with the non-~linear nature of the partial differential equa-
tions that govern the flow., In the study of infinitely con-
ducting media with all dissipative coefficients taken as zero,

i

-
e 'K'W’ﬁ L
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A

i

the equations form a system of eight scaiar partial differen-
tial equations coupling Maxwell's laws with the fluid equa-
tions that specify conservation of mass, momentum and energy.

i mpg%

The equations, often called the Lendquist equations,‘9 are: =

> s

_gfi-vx(vxa)=o (1)
t

(-§‘-+ VeU)p 4+ p%-V = 0 (2)
t

> > <> ->

(& + v-9)v + Lup(p,s) - v x HxH=0 (3)
ot P 'Y
~ >

(é% + V.9V)S = 0 (4)

> > - .
where H is the magnetic field, v 1is the fluid velocity

with respect to any fixed reference frame, p is the fluid

-5
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density: p 1is the fluid pressure congidered a c
of the two thermodynamic variables p and S (entropy),
and S 1is the fluid entrcpy.

Equation (1) is derived from Maxwell®s equations with
displacement currents neglected (a (é)a { {1 approximation)
and o (electrical conductivity) assumed infinite. Equation
{(2) is the well-known statement of mass conservation, Equa-
tion {3) is a statement of conservation of momentum in the
fluid, It is derived by assuming:

a) that V x E = 3 so that the QF X ; term in the
Lorentz force can be written as p(V x‘ﬁ) x H:

b) that the Debye shielding distance is so small in
comparison to any flow length that the kody force due to
interaction of the electric field 'ﬁ with any net charge
density can ke neglected;

c) that gradients are sufficiently gentle so that the
scalar pressure term dominates the viscous force term, and

d} that gravitational effects are neglected.

Equation { 4) states that the system is reversible and
adizbatic - entropy is conserved. This equation is derived
from the general energy conservation equaticn by neglecting
all dissipative effects, It is obvious that Eq. (4) simply
means that p and p are connected through the adiabatic
equation of state p = &{s)p?.

A system of equations such as just described would
seem at first sight to be so restrictive as to be inapplicable.
Just the contrary is the case, for one need only assume that
the particle distribution function in the f£luid is "local"
Maxwellian to prove that it is precisely thess equations
that will govern mhd fluid flow.r° The achievement of a "lo-

cal® Maxwellian distribution is obviously effected through
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collisicons and so the validity of the Lundquist system depends
on how fast and within what length scale an arbitrary distri-
bution is "Maxwellized." Petsheck and Kantrowitz X! have
discussed reasonable criteria for estimating the range of
temperature and electron density within which the Lundquist
equations are valid, They argue that the characteristic
length, L, of the flow field must satisfy two conditions:

i
i
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e

25
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pyy3x107t w2 (5a)

Ne

L >) 2/1® (5b)

where L is in centimeters, T 1is temperature in e,v, and
N_ is the electron number density in particles/cc., If 5a
and 5b are satisfied, the Lundquist eguatiocns can be assumed
to govern the behavior of the flow field. The inequalities
5(a) and 5(b) represent a dimensional analysis of the assump-~
tions used in deriving the Lundquist equations. For example,
if we assume o0 ») O we are actually requiring that the mag-
netic Reynolds number, Rm = uovL, be much greater than 1,
where L 1is, as before, the characteristic length of the
flow field and v is the characteristic fluid velocity.
Further, the isentropic assumption is equivalent to saying
that during the characteristic flow time, %, the amount of
heat added to the fluid via conduction is much less than the

thermal energy of the plasma. Thus, we require k -?2--%'- K pCpT
L

where Xk is the heat conduction co-efficient, and §> is the
heat capacity at constant pressure. In a similar fashion,

we require L »> Debye length to insure electrical neutraiity.
Then, using kinetic theory expressions for k, and o, 5(a)

and 5(b) can be constructed.
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If an attempt is made to construct a solution to the
system {1) through (4), subject to explicit boundary conditions
and using any sensible power series expansion, one finds that
there exist special surfaces, called characteristic surfaces,
on which one cannot specify initial data and still construct
3 solution, and across which there can exist jump discontinu-
ities in the derivatives cf the dependent variables. This is
a direct result of the hyperbolic nature of the system of equa-

tions!® 1In addition, as is well-known in ordinary gas dyna-
mics, there is a critical time (after the initiation of scme

compressive fluid disturbance) beyond which a unique continu-
ation of a smooth solution to a flow problem is impc:ssible.z2
After this time the situation is no longer described by the
Lundquist equations, and finite discontinuities or "jumps"
will appear in the dependent variables, This is the mathe-
matical origin of shock waves.

The shock problem is immensely simplified as a result

of the conservation form of the differential equations that

govern the continuous flow, i.e, as we have seen in the Lund-
quist equations, each equation consists of the sum of deriva-
tives of functions involving the dependent variables, From

this fact it can be shown'® that across a shock the dependent
variables are related by a system of zlgebraic equations di-
rectly derivable from the original partial differential equa-
tions through any one of several equivalent approaches. One

18

may use a generalized Rankine-Hugoniot relation, or a simple

substitution technique first used by Friedrichs, ** or, finally,
the direct integration approach which treats the shock as an
infinitesimal discontinuity and requires integration from ‘:he
constant state ahead of the shock to the constant state be--
hind, 2 Each method gives the same set of algebraic jump

equations relating flow properties on one side of the shock
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to flcw properties on the other., If the set of jump equations
is viewed from the rest frame of the shock and, if it is
assumed that thc flow is one-dimensional (in the x-direction),
then all the dependent variables are functions only of x

11,1

1
l

ORI

an@d t, and the jump eqguations become:

H_= constant Al a
Hm u, - wa2 = Hmul - wal A2
LU, = p;u, =Em A3
PZUZ+ P, -rua‘;‘: = 91“12*"91 +uH:f R4
p,uw,-uHH = puw -upHH A5
m(-‘;zi l;_:+f£2j‘2‘2)+uﬂzg(H22uz-wa2) - m(;};_ %‘ . 012 .;. le) g
+ uH, (Hz u ~Hw )
m{s,(p,p) - S,Pspl}] 2 © A7

where the numerical subscript 1 (2) denctes the region
ahead of (behind) the wave, the flow velccity vector ¥ has
components (u,0,w) and the magnetic field vector -f’l has com-
ponents { H_, O,HZ). The geometcy is shown in Fig. 1. The

fact that the flow vector and the magnetic field ahead of and
behind the wave can be restricted to the x-z plane without any
consequent loss of generality is proved in Bazer and Ericsont?®

|
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To establish the basic situation with which we will be
concerned in all subsequent discussions, let us now require
that the fluid ahead of the shock be at rest in the laboratory
reference frame, and even more important, that Hzl = 0, It
is this latter restriction which gives rise to the designa-
tion ‘"normal" shock since, in this case, the shock front is
normal to the magnetic field ahead of it, By virtue of the
fact that the shock frame has been assumed in motion aiong
the x~-axis we get
LF -
0=u" =u +U oru =-U, and (6)
0= _LF
wl = wl (7)
where the superscript LF means that the quantity is to be
considered in the laboratory frame and Us is defined to be
the velocity of the sheck with respect to the laboratory
frame., With these substitutions Al-A6 beccme Al'-AGi:
H_= constant Al
< - — ]
sz > wa2 =0 A2
Pz = Py, = m A3’
wH?
z2
Paux” *+ Pyt > - pru ° + Py A4
PoUw, ~ HHH, , =0 As!
2 2 2
P u; + w Y P us
m(-L = + )+ ol (Hyu, - Bw) = m{———=+—) A6
Y=< P2 T ps <
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Assuming that we know ufg, pl,pl,ﬂkl, the system

Al'-A6! constitutes a set of 6 equations in the seven unknowns:

Us’Hxa’sz’uz’wa’pe and p,. The system, therefore, determines
a one-parameter family of solutions for the downstream states
in terms of some given upstream state. We note that A7 has

not been considered since it only serves to separate the en-

tropy increasing solutions from the entire set of solutions.

A ccmplete discussion of all the admissible solutions to Al'-A6!

(excluding stability considerations) is given in Bazer and
ricson® A review of some major features of the solutions
will be presented below. First, however, a fevr general re-

marks about mhd shocks are in order.

In striking contrast to the situation in ordinary gas
dynamics, the mhd jump equations admit two distinct kinds
of shocks, each of which propagates with a distinct velocity.
A plausibility argument that illustrates this behavior pro-
ceeds as follows., In conventional compressible fluid theory
a shock forms in the following way. Let an infiritesimal,
compressive pressure pulse be driven into a cold gas. The
disturbance propagates through the cold gas at the sound
speed, a,. The gas behini the pulse is at a slightly higher
temperature by virtue of {he pulse’s compressive nature, The
sound speed in the ccmpressed region is now a, > 2, since
the square of the sound speed depends solely and linearly on

the temperature. If a second compressive pressure pulse is later

initiated at the same boundary as the first it propagates
into the slighted heated gas at a_, > a, and, thexefore
catches up with the first disturbance. Similarly a third

pulse catches the first two, and a fourth, the preceding three.

In this way, a sharp spatial discontinuity is established in
the gas (i.e., a shock is formed). The ordinary gas dynamic
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equations yield only one small-disturbance propagation speed,
the sound speed, and hence only one kind of shock can be pro-
duced. The mhd equations, however yield three different, small
amplitude propagation speeds. They are generally denoted by

re = : erized
Ceoct’ Cintermediate = Pp @09 Cgjow: and they are charact

by the inequalities:

C

I\

a S-C (8)

slow fast

slow S- S.Cfast' (9)
In (8) and (9) a is the ordinary sound speed in the gas

and the "intermediate" wave speed, b_. often called the trans-
verse wave speed, is just the ordinary Alfven speed, b = -—‘-1071_2-‘- s
with |Hl rep*aced by the component of H in the propa- vP

gation direction n.

It is apparent that in the case in which the magnetic
field is parallel to the propagation direction, bn =Db. In
the same case, it can be shown there is a degeneracy that

requires ¢ to coincide with either a or b depending

on which offgzzse is larger:> The ratio a/b, then, becomes
an important parameter in mhd shock theory. From now on we
will restrict ourselves to the situation where a/b { 1,
since it is only in this case that the shock solutions admit
the important "switch-on" wave:? We will have more to say

about this later,

In exact analiogy with ordinary gas dynamics, a pressure
pul: : propagating at any of the three small-disturbance speeds
might be expected to form a shock and therefore we would ex-
pect to £ind three different shocks possible in any mhd fluid

flow., However, an "intermediate" or transverse smali-distur-

~12-




bance will not exhibit any steeperning tendency. An infini-
tesimal transverse pulse leaves both density and magnetic
field behind it unchanged. Hence, the propagation speed be-
hind the wave is identical to that in front and subsequent
pulses do not "catch" the initial disturbance. ZLarge ampli-
tude disturbances of the transverse variety can be propagated
without any change in shape. Only fast and slow pressure
pulses exhibit the kind of steepening behavior that character-
izes a pressure pulse propagating in an ordinary gas dynamic
situation, Thus, it is the fast and slow waves that give rise
to the two shock modes spoken of above, Known as the fast

and the slow shock, these modes derive their names, quite
obviously, frcm the fact that the former is formed by pressure
pulses traveling at the fastest of the three small distur-
bance speeds and the latter is formed from pressure pulses

traveling at the slowest of the three small-disturbance speeds.

We now turn our attention directly to Al'-Ad' Following

'I‘aussig33 we introduce the following dimensionless variables:

ja. a. w, 5_.
3 =4 1', 8. = -2, H =-— b, =-2, i=1,2 where
1 bo.: b R b 1 b i b
X1 xi xi xi
- Hp.
. = J:'-.H’ b.::_y-_ﬁ_anda‘=l___l_.
xi x zi " \jy =z iy
" Py Pi y P

Substituting into A1'-A6' the system is reduced to dimension-
less form. Solving for #, (assuming for convenience, that
v = g) we derive a fourth order equation for (u,)%,

1-ua 2
2

£

(

X

P 1 2
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Equation (1Q) obviously has four roots, one of which is

o am

: double:

e u,? =1, a double root; (11a)
k| u®=14,% and (11b)
= :" 2 _ ;‘ ~ 2 - e D 4 1 1
Z u® = 4(;1 3al ). {11c’
%g These are plotted in Fig. 2, With these solutions for
= U, in terms of the parameter 1u, (we have already assumed

:52': 5, fixed and < 1) we can go back toAl'-A6'and solve system-
= . . . . .
= atically for all the shock rroperties in region 2. This has
= s
been done by Bazer and Ericson. ?

i

%% The solution u,® = §,® represents the trivial "null"
%% solution to the jump equations, that is, all the shock proper-
& ties remain unchanged across the shock. Though trivial, the
T: null solution is by nc means urnimportant. In Fig. 2 it repre-
§§ sents the dividing line between regions of admissible and in-
= All solutions in the region 4, ) u,

admissible solutions,
are not physically realizable because they imply a negative
This can be seen immediately

But, expansive

i
K

entropy change across the shock.
from the fact that for T, > %,, p, < p,.
shocks are entropy decreasing shocks, and are therefore not
allowed. (For proof of this see Bazer and Ericson © where
it is also proved that only compressive shccks, P > Pi>
have S, > S5,). 1In addition, the null solution gives rise
to an important class of solutions in the theory of icnizing
shocks {see Sec. 2.2.1i).

The solution 522 = 1 1is reoresented by the straight

line BC in Fig. 2. Note that to the left of B there can be

e R

- ~14-




no solutions because p, < P, The line BT 1is the switch-
on solution that has already been mzntioned several times but
has not been discussed. The switch-on wave has three salient
features, First, if U,® = 1 is substituted in Al'-aA&’ and
if we solve for H__, we find that along BC, #0. A

direct result of thgs fact is that a current flowgathrough'the
shock and, using V x 8 = 3, the current density is of precisely
the magnitude necessary to produce the sz predicted. The quali-
tative behavior of Hz2 along BC is easy to predict, H,, is ini-
tially O at B, as it must be since B is on the nall
solution where properties are unchanged across the wave, It
rises to a maximum at some point along BC and falls to O

at point C., Beyond C(, sz is imaginary and therefore,

no solutions exist. Thus, across a switch-on shock there is

2 sudden appearance of a tangential magretic field and an
asscciated tangential fluid velocity, determined by A2'.

A magnetic, as well as a shear discontinuity, has beer switched-
on behind the shock. It is to be noted that only the switch-

on soiution {SW) exhibits this behavior. Since this shock

has no ordinary gas dynamic analog (a shear discontinuity

cannot be supported in ordinary fluid flow) it has been the
subject of intensive theoretical and experimental investiga-
tion,

The second feature of switch-on shocks is that the flcw
field behind the shock has a normal component rcelative to the
shock which is exactly the normal Alfven velocity, bn’ and
which remains unchanged as the shock speed increases. And
third, the switch-on shock divides the 32 - 31 diagram into
two distinct regions, the slow shock regicn ua, { 1, and the
fast shock region 52 > 1, where the designations “slow"

and "fast" conform to the definitions of Bazer and Ericson. 2
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The question of switch-on stability has not yet been
answered in full., It has been shown that the switch-on shock
has a unique structure “®but beyond that very little conclu-
sive work is available.

The solution u,2 = % (4,2 - 3%,%) has been plotted as
the curve C'ADCE», It has three distinct regions: ©0!'A, ADC,
and CE », O'A is inadmissible from entropy considerations,

ADC is classed as a slow gas shock solution and CE »x, a

fast gas shock solution. The adjective "gas" is used to in-
dicate that the solutions behave somewhat like classical gas
dynamic shocks in that no tangential magnetic field or velocity
is switched on. Though ».'ther of the admissible solutions
exhibit switch-on behavicr, nevertheless they have come in
for extensive review, particularly DC, Taniuti and Jeffrey19
report that DC 1is a non-evolutionary sclution, i.e., it is

a solution of the jump equations but it is not a solution

that is continuously dependent on infinitesimal changes in
boundary conditions, Gardner and Kruskal® conclude that it
is nct stable, while Petcheck and Kantrowitz 2* have argued

for the interpretation that DC is an extraneous soluticn,

All the arguments suffer from .ne following criticism,
if we must exclude DC, we may ask what happens in a piston
problem to slow,shocks that are driven at speeds just beyond
those corresponding to the point P, Must they jump toc a
switch-on type of discontinuity, even though the piston need
not be constrzined to rotate? Or, if not, what does happen?
The questions are unanswered, The regions AD and CEx are
well understoud. The former is evolutionary but has r-t yet
been shown to ke stable,”® The latter has been demonstrated
tc be both stable and evelutionary.!®

-16-
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2.1.2 Experiments

As early as 1G5. strong mhd shocks were being generated
in the labcratory, though they were not recognized nor studied
as such at the time,® The devices then used were known as
T-tubes for they consisted of a glass vessel in the form of
a T, Embedded in the head c¢f the T were two electrodes

28 1 v mer i T AR N 4 PAs

between which an intense electrical discharge was initiated.

[l

By bringing the return current path near the discharge {called
back-strapping) the current was driven by the Lorentz force

e

into the stem of the T forming a strong sheck wave in the

process., By 1957 Xolb,®® using the T-tube, had driven a deu-
terium plasma at approximately 15 cm/us, graphically demca-
strating the immense advantage the electromagnetic driver en-

AL COF R T AT OV A

joys over the conventional pressure driver, However, most
of the T-tube studies were coricerned with producing a hot
rplasma for use as a spectroscopic source and little work was
done in verifying mhd shock jump properties,

The first attempt tc verify, in any sense, the mhd junmp
equations was wmade by FPatrick in 195926 using a magnetic annu-—
lar shock tube {MAST). Since the operation of the Columbia

1L WANSES R BB TR G IR ALTR v 5 e

cozxial shock tube described in chapter 2 15 a close parallel
to the MAST, we n~ed only mention that the MAST provided
cleaner, more reproducible lalkweratory conditions for mhd shoek
formation than the T-tube,

In any laboratory situation it is c<rucial that there be
availaple an accurate thecretical anaiysiy¢ 0f the oparation
of laboratory devices, and the mhd shock prablem L5 noe excep-

tion. Without a theory of electrocmagnetic snock tube opera-~

17~
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ticn, it would ke a hopsless task to try to verify the shock
jump equaticns. For this reascon much work has been don=2 on
solving the shock formation problem in the context of a realis-
tic laboratory boundary value problem, The earliest t:heoreti-
cal model, advanced by Garwin and Rosenbluth in 1954, 27 was
the "snowplow" model, Still in use today as a good gualit.a-
tive description of the “magnetic" piston (see Sec. 3.1l.1 for
more discussion of this term), the theory described the dr:ive
current sheet as a "snowplow" pushing gas ahead of ic¢ and es-
tablishing 3 strong shock., In 1958, Wright and Black?® ex-
tended this model by including acceleration of the "snowplow"
and discussing the time that must elapse before steady condi-
conditions prevail in any electromagnetically driven shock
tube, Kemp and Petscheck?® further refined the shock tub:-
problasm, They allowed gas i< fiow through the snowplow by
coneidering a rarefaction fan that carried the drive current,
put, more i mportan t, they motivated thei. work with
veference to the experimental design of Patrick?® so that a
device and a theory were simultaneously available. The analy-
sis precicted that between the shock and the rarefaction fan
one should find, as one would hope, & regicn of uniform hot
plasma, i.e.,, precisely the uniform region behind the shock
that we have been calling region 2, Patrick’s initial work 2°
shiowed that reasonable agreement bhetvieen observed shock velo-
cities and those predicted by the Kemp and Petschek model
could be obtained. lLater work °9 showed marginal evidence of
tne formation of a homogeneous gas sample { hgs; behind a strong
mhd shock; and also some of the magnetic compression effects

that occur in the case ¢f non-normal fields.

-

The most recent attempts to verify the jump equations,
with only normal fields being imposed, have not been conclu-

sive. Heiser " shows evidence of switch-on.behavior but his
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figuraticn, the XKemp and Petschek model does not describe
shock tube behavior since neither hgs nor switch-on behavior
could be observed or produced in his experiment, 1In sum,
through January 1965, there has been no complete experimental
study of the "classical" mhd shock problem, let alone the

special normal case,

The most important reason for the lack of any definitive
experimental studiecs is thar the classical theory requires
that any mhd shock be formed in an aiready infinitiely conduct-
ing fluid. Since such a fluid is not readily available, the
question of producing one bacomes pertinent. One way tc do
so would be to take a cold non-—conducting gas {g = C), drive
a strong sheck through it and meke it infinitely conducting.
This approach lead:, guise naturally, to the study of th
ionizing shock, If we restrict ourselves, as above, to only
normal magnetic fislds we have normal ionizing shocks. Their

properties and their theory wiil now bLe presented.
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2.2 Normai Ionizing Shocks

2.2.1 Theory

The extension of "classical" mhd shock thecry to the
case where the fluid is assumed to have finite conductivity
is accomplished by the trivial addition of & Poynting vector
term to the energy jump equation.ll The consequences of the
addition cof this term, however, are anything but trivial,
Not cnly dces it produce a whole new class of possible soiu~
tions to the jump equations, but it also predicts phencmena

heretofore totally unexpected and unappreciated.

By a normal ionizing shock we mean that we restrict our-
selves to the case of a normal magnetic field, a staticnary
fluid ahead of the shock in the laboratory frame, an =lectric
fi2ld only in the plane of the sheck (EX = Q0 everywhere)
and a theoretical model in which the gas upstream cf the shock
has ¢ = 0 2nd downstream 4 = », It then fecllows quite
sinply, that the jump eguations governing normal icnizing
shock areAl'-AS'with the addition of a texrm +EH o the
l=ft hand side of AG'., For cconvenierce we wiil =zewrite these

egquations as Bl1-B6 , with all guantities in the shock frame.

H = constant {Bi}
H,u,~HEw, =0 {B2)
p.U, = pu =m (B3)
LH 2
z2 _ .
»5'2‘122 t Py 2 =plu12"'pz (B4)

.. P = T s b ~ = T a2 aseai e c ‘“MW*I;W
B — —




pLUW, “Hxﬁza = Q
© u.2 + w,?
2 2 2 .- vy -
m(Y’l Fz i = )+ HHza(H22u2 x““) T B, =
2
: P u,
m(—- = + )
"/-l p 2

Using BZ and B6 reduces this system to Bl!-B5:, the

system that will be used from ncw on,.

Hx = constant
- a.
, 2
,h‘
Z—-
pu+p, +—2 =pu+op
-4 f) - - -
K I W - H -
Pl “Hz 22 C
D u €+ w2 . g 2
=3 2 2\ - - z
mL £ )+ B = m{ =4 i)
lpg 2 = ']-lp_ 2
It is to be noted that EY appears without subscript
1 or 2. This is a Jirect result c¢f the fact that EY is

the shock.
that has been assumed to be of the form

assumption that can be made with no loss of

constant acrcss
B5' is ths €£act
&, By 0., an
generality for, by rotating cne's coordinate system, the

can always be assured C everywhere

-
.

- - '“ prunad
anishing o X =
vaanishing of Ez (B,

has already been required).

The major 4 ture, in physical terms,

shock mocdel from the classical model is the abkility of the

iepar

Also implicit in the system Bl'-

of the ionizing

(B5)

(B6)
(Bi')
=
(B2') a
§§
) ;;
{BY1) o
=
(B5')
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upstream non-conducting gas to support a nonzero electric
field that is independent of flow velocity and magnetic field
in that region. Only in the region behind the shock where

0 = ©» must we require that ‘E = ;3 X ;. Since the upstream
electric field is aliowed to take on arkitrary values, we ex-
pect E, to appear as a parameter in any ionizing shock

theory. This is precisely the case.

The particular model chosen to describe ionizing shocks
was adopted because it permits the simplest theoretical treat-
raent. By a straightforward exercise in the use of the Gali-
lean transformation ‘g' = % + 3 xig one can easily rewrite
EY in the shock frame in terms of the downstream wvariables
{or, since EY is a parameter it might be more appropriate
to think in terms of relating the downstream variables to

EY). The relationship is

E, = u(uZsz - "’zﬂx)' (12)

If (12) is used in B5!' and if the dimensionless variables al-
ready introduced in 2.1.1 are supplemented by an additional
—————— , then B1'-B5' can be
Jup; b 2

ol

reduced exactly as Al'-A6' was redvced in Sec. 2.1.1. The

generaiization of {10) becomes

dimensionless variable E =

g2\ ?
2

(8,2 - §,2)[8.% - (432 - 35,2) ]+

- 3
2 /- ® 8

As before we have :2 as a function of u., =ut in addition

w2 now have E playing the role of a parameter. (As in Sec.

2.1 we fix, a priori, % { 1.)

-2o_

(5. E)(2+ 2= 0.
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Equation (13) was first derived and discussed in full
detail by Taussig, 3% although the actual problem was f£irst =
appreciated by Liubimov and Kulikovsky in 1§59, 7, &, 9 rnhe )
substance of Taussig's work will be presented here. There
are several important features that distinguish normal ioni-
zing shock solutions from classical mhd shock solutions, Most
can be described by referring to Fig. 3, reprinted, with
additions, from Taussig's report. The heavy black lines repre- s
sent the E = O solutions discussed in Sec. 2.1.1 and pre- i
sented in Fig. 2. For a given E > 0 the sclutions tc (13) L
are shown as the light curves in Fig. 3. Three features are
immediately apparent. First, the E > 0 solutions are bounded
by the E = O solutions and this is, in fact, %true for any

NV CY o VIR AN

e SRR T TR
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E > 0. second, if E is specified, there are ranges for EE
wnich no shock solutions are available, e.g., the rzgion i;
q, < El < g, contains no real solutions to Eg. (13}; and E?
alsc, the contours that describe the E » O solutions are éﬁ
separate and distinct as is evident from the figure., Third, §§

=

v
b

contours in ABC are closed curves while in O'AQO and E'RCE

o
g

v

they are open curves.

Not so evident is the fact, proved by Taussig, that all
solutions for E » O are nested within the ¥ = 0 boundary

e psig

in a way such thet, for any two values of E, denotad §1
and E_, if E, D E,, then the E_ contour must lie within

S

i B

the E. contour. Purther arguments can be advanced to prove
s g P

3
s

that not only are the E > O solutions nested, but there
exists a critical value of §, denoted by E*, such that
bevond EX there exists no solutions to {13) within regiorn

ABC., This means that s we increase £ -2 E* the closed con-
tours in ABC shrink to a pcint., In the same limit of

R -

£ > E%, g, > > and gq, * 0.

RO b
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Each contour for a particular E > 0 solution is divided
into several secticns which join continuously. The sections
are labeled K, G, and SW corresponding to the portion con-
sidered being closest to the null (N). gas (G) or switch-on
(sW) sclution of the E=0 case, respectively. This divi-
sion is far from arbitrary. It corresponds to distinct dif-
ferences in the jump properties across the shock. One deter-
mines the jump properties as before by going back tc the full
set of equations Bil°'-B5' and systematically solving for all
varizbles in regior 2, given u. and 32. Two important re-
sults of such a program must beomentioned:

1) unambiguous, switch-on behavior is extended to all

the E > O shock sclutions, and

2} the null branchl of any contour becomes a full-fledged

chock ir contrast to the "null shock” in the E = 0
theory, which is simply a mathematical result with
no physical signi ficance.
In regard to the first of these points ve note that switch-
on behavior is not oniy extended to slow and fast shocks but,

even more remarkabiy, to the expansive shocks in region Q'AD.

This brings us to another of the unexpected features of
normal ionizing shocks - the admissibility of expansive shocks

from ar: entropy viewpoint.

Cons:deration 0f the Hugoniot equatiocn for normal ioni-
zing shocks leads to the conclusion that in ABC all solutions

are entropy increasing, while in O0°A0 and LE!'BCE only the

3

n

‘e

r'.

i1n the direction of the

- P4

soiutions from the 'bracket” zoint

P

arrow 2re entrory increasing {sse ¥
at least a sub class of expansive shocks is admissible as
a shock solution while, as aiready notad in the classical

theory all expansive shocks are excluded.

g. 3}. Thus, as stated above,




The problem of stability and evolutionarity has not yet
been successfully attacked for the case of normal ionizing
shocks. Only transverse ionizing shocks (i.e., ionizing
shocks where H is parallel to the shock front) have been
shown to be evolutionary. This was done by C.K. Chu in 1964, 3%
Chu's discussion leads to a remarkable prediction. In order
for there to be a unigue structure to the transverse ionizing
snock the electric field upstream of the shock cannot be arbi-
trary, as has been assumed thrcughout this discussion, but
must be altered to some predictable value bv the emission of
an electromagnetic wave from the shock front, It has not been
established that this result is carried over intact to the
case of the normal ionizing shock but there is every indica-
tion that it is. Verificaticn of this point awaits further

experimental studies,

Though not complete, an interesting discussion can be
advanced to argue for the inadmissibility of ali E > 0 so-
lutions in the region u.) 1, for the case of the normal io-
nizing shcck., Returning to B4!, we solve for w, and sub-

stitute in (12) %to get;

Zz 2 2 uH, B2 2
= _ z _ = 22 X2 {11 2 _ ’
e {“z bxz) .__Ezrz.(dz 1). {14)

For ccnvenience, let us assume the geometry of Pig. 1. (The
arcument is ideantical for any coordinate system.) Kow p

we - I - :. 3 el Ce
and DS are always » O0; u, > 1 by hypothesis; and u, > O

Xz
for the geometry chosen, all of which implies that EY and sz
are always of the same sign. Bat this would seem impossible

-

for the following reason. Since E; is continuous across the
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shock we expect, if we believe 3 = d%, to have 3 parallel
to %. But this 3 will give rise to an sz in the -z
direction contrary tc the statement sz must be greater

than O. Taussig includes in his report a proof by C.K. Chu
that attempts to substantiate that these shocks have no struc-
ture and therefore probably do not exist., From such arguments
we are led to the possibility that only E = 0 solutions propa-
gate steadily for @, > 1. Since the method by which ionizing
shocks are initiated would seem to preclude the possibility of
having E = 0O ahead of the wave (see Sec. 3.1) the question
arises, how does the wave adjust tc the E = 0O reguirement.
Possibly the electromagnetic wave postulated by Chu is emitted
from the shcck with just sufficient strength to completely
cancel the nonzero electric field ahead of the shock. The
answer to this guestion can only be provided by experiment.

In the next chapter we will show preliminary evidence that
points to the existence of E > O solutions in apparent dis-

agreement with the above inadmissibility argument.

Tc ccmplete the theoretical basis for an experimental
study of normal ionixzing shocks in hydrogen, Taussig has ex-

tended his original work to include dissociation and ioniza-

*

2
= b4

tion across thie shock front. is work provides a computer
pregram whereby, if one specifies all upstream variables in-
cluding shock speed, gas composition, electric field and nor-
mal magnetic field, then the downstream state is determired,
complete with percentage dissociation, percentage ionization,
temperature, etc. 1In additicn, following Kemp and Petschek
exactly, he includes integration through the rarefaction fan
that follows the shovk. Thus, a complete theory of ionizing
shock properties including chemistry, and within the context

of a laboratcery situation, is availabie. For our work, such




B

a refined theory is not necessary. The effects of chemistry
serve only to modify slightly the non-chemistry calculations.
No new wave solutions result from inclusion of equilibrium
chemistry, and hence such effects will be imzortant only when
the downstream variables can be measured to within a few per-
cent, However, it is not appropriate to neglect the fact that
if one deals experimentally with hydrogen (as we do)}. and if
one ionizes the hydrogen, there is a transition from diatcmic

to monatomic gas. In such a transition, <y changes from

about 1.40 to 1.67. This effect was nct included in the theory

just presented. There, < was assumed ccnstant. If one dces
include the jump in <y in the jump Eq. B5', the form and
all the features of the solutions remain zs we have discussed
them - only the numbers change. All subseguent work in this
report is matched to the theory presented in this cunapter with
the added stipulation that there be a jump in <y, a&cross tne
shock, from 1.40 to 1.67.
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2,2.2 Experiments

From an experimental viewpoint, ionizing shock studies
must e preliminary to any studies of classical mhd shocks.,
This is a point that has been too often overlcoked., It is
only within the last two years that serious work has begun on
producing and understanding ionizing shocks., The first such
studies were repnrted in 1G63 and 1464 by Watson-Munro et al
at the University of Sydney in Australia.®®%,37,%® rThey con-
centrated on verifving the theoretical resulits of Gross and
Kunkel, '° which at that time was the only avalilable theoreti-
cal study of the jump properties of ionizing fronts., The
Sydrey group succeeded in verifying the wave speed predictions
of Kunkeli and Gross,

At abcut the same tiwe Vlases reported on ionizing
shocks prcduced 1n an inverse pinch experiment,®®:%¢ His
work, though mostly qualitative, was impcrtant in that he
recognlzed the escential difrerences between ionizing waves,
ordinary gas shocks and mhd shocks. In mid~1965 Patrick ...d
Pugh,41 reporting on their work with ionizing fronts, report
evidence of an N type ionizing front in a coaxial electro-
magnetao~ shock tube. However, their experiment was performed
with initial magnetic fields in the plane c¢f the shock £frent
rather than normal to it,

The works just discussed represent, to the author's
knowledge, all the experiments conducted specifically to studv
the mechanics of mhd@ ionizing shock fronts, All have been
mainly concerned with measaring wave sp2eds and mapping out de-
vice operation and none has been significantly extended beyond

that., In the next chapter an experiment is described for which

-28-
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Seonce £its a simple expisnation of ioni-~
zing shock behavior, The propesal that is advanced and veri-
fied 1s inductively constructed from the theory of ncormal
ionizing shocks just presented, from experimental evidence
obtained, and from analogy with classical gas 2ynamic phenc-
mena, We will see that the complete ringe of shock velocities
can ke mapped by a single curve that has strong intuitive
support, Further, the experiment verifies two of the most
unusual aspects of the ionizing shock front -~ the appearance
of the switch-on shock and the extension of the switch-on -

shock £o the slow shock regime,
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3. AN EXPERIMENT TO VERIFY THE THEORY
OF NORMAL IONIZING SHOCKS

3.1 Apparatus

3.1.0 ZIntroducticn

An experimental wverification of the normal icnizing
shock thecory presented in 2.2.1 requires a device capable of
generating an essentially one-dimensional shock, prcpagating
through hydrogen, whose velocity lies in the range 10° to
areater than 10”7 cm/sec. In this range a hydrogen plasma
can be produced with any desired degree of dissociation and/

or ionization,

Attempts to attain such experimental concitions have
been made with conventional pressure driven shock tubes, How-
ever, with these devices there i3 an upper limit of about
2 e,v., for the temperature that can be produced in the shocked
gas. A device that seems to hold great promis: as a research
tool in the area of strong ionizing shocks is the coaxial
electromagnetic shock tube. The basic principle of its op-
eration is simple. One discharges a large amount of current
from one electrode to an adjacent electrode, and the self-
induced magnetic field is used to propeil this current into a
cold, low-pressure gas region. The coaxial geometry reguires
that the discharge be across the annulus between cylinders
and so, 1f the returrn ground is carefully arranged, a toroi-
dal current flow configuration is formed, and all the self-
induced magnetic field ic confined within it, The Lorentz

force on the free-surface of the current flow propels that
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sur face down the region between the cylinders, This mechan-
ism is analogous to forcing a pisten into a cylinder ang,

like its mechanical counterpart, it scis up a shock that propa-
gates ahead of it. Since the "piston" can be driven very

fast, the chock that travels ahead of it can generate a very
high temperature plasma {see Fig. % ).

The experimental apparatus consists of:

1.) a one meter long, seven-centimeter mean diameter
coaxial shock tube with a one~centimeter annulus;

2.) a sclenoidal magne{ capable of generating longitu-
dinal &.c., magnetic fields from 500 gauss to 13.8
kilogauss;

NI

a 40,000 joule capacitor bank designed to deliver

w

a trzpezoidal, 1l4us pulse of 150,000 amperes into
.2 ohm load;

4,) an aiz-~gap switch for switching the bank into the
shock tube;

5.) instrumentation to measure shock speeds, induced
magnetic fields, and electric fields:

6.) control circuitry for firing the shock tube and
timing the diagnostic devices,

3.1.1 The Shock Tube

The shock tuke is basically a simple device consisting of
a three inch i.d, stainless steel cylinder, one meter long.
An inner aluminum cylinder of 2% inches o.d. is mounted co-
axial with the stainless outer one., ¢Cne end 2f the inner
cylinder is provided withk a copper knife-edge so that a pre~
ferred breakdown path is provided when the capacitor dbank
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voltage is applied bhetween the i
The knife-edge is mounted on a % inch copper rod that feeds
through a pilexi-glass end piece to one end of the air-gap

switch (see Fig.5 ). The air-gap switch then connects to

the high voltage side of che capacitor bank,

The krife-edge is positicned on the inner conductor so
that after assembly inside the solenoidal magnet it is ir a homo-
genous region of the magnetic field (zee Fig.€ ). In addi-
tion, to provide a weli-defined boundary, from which the
shock wave is launched, a flat glass plate is positioned just
behind the knife edge (see Fig. 7 }. It was found necessary
to insulate the copper feed, and the last G inches of the
inner cylinder, lest the discharge be initiated there instead
of at the knife edge. Those areas were wound with thin ny-
lar strips and teflon tape, epoxied to the metal to insure

2 homogeneous seai.

To provide an exparimental situation where one can vary
the pressure of the pre-shocked gas in the shock tube a Cen-
co type YMF 20, 20 1/s diffusion pump, backed by a Welch 2
CFM fore-pump is attached to the shock tube. This system
gives a base pressure of approximately 1l0p of mercury in the
working region, This relatively high base pressure would
seem to indicate a slzable leak in the system, but leak test-
in¢g with a mass-spectrometer proved otherwise. The glass
backup plate behind the knife edge sc throttles pump-out that
although a base pressure of 5 X 10 > mm of mercury is obtained
near the pump-out port, the vacuum system cannot reduce, in
any reascnable time, the base pressure in the working area,
Tne base pressure near the pump-out port is measured by a
Jeeco Cold Cathode Discharge Gauge while the pressure in the

working region is monitored by a Veeco Thermocouple Gauge
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€. Tne tnermocouplie
gauge is particularly useful because the system is generally
filled with cold hydrogen to about 200y of mercury, and the

thermocouple gauge can measure this quite easily.

The working length of the shock tube is approximately
75 centimeters longy, and consists of that portion of the
shock tube that is in a relatively homogeneous region of the

longitudinal magnetic field (see Fig. 6 ).

3.1.2 The Magnetic Field

The magnetic field is provided by 36, 1.1" wide water-
ccoled, copper pancakes pctted in epoxy. Designed by the
Matterhorn thermonuclear group at Princeton University, these
coils are structurally able to withstand peak fields of 50
kilogauss. They produce fields homogeneous to t _16% over
the central 25 cm inches, and ¥ 1% over the central 33 cms.
£ computer program, written at Columbia, was used to calculate
the field produced. Fig. (6 ) shows the computer calcula-
tion of the axial and radial fields as a function of magnet
length. Knife-edge position and shock tube working length
are also indicated. The axial field was measured using a
halil probe gauss-meter and agreement with the theoretical
field strength was at least as good as the gauss meter accu-

racy of * 14,

The magnet is powered by a 200 kilowatt, three-phase,
rectifier with less than 1% peak to peak ripple. The recti-
fier was designed for 10-second operation at 300% overload
and in this mode of operation can deliver 2200 amperes,

This enables the magnet to provide longitudinal field continu-
ously variable from about 500 gauss to almost 13.8 kilogauss,
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3.1.3 The Capacitor Bank

A shaped-pulse, 40,000 joule capacitor bank provides the
energy to drive the "magnetic" piston in the shock tube. The
bank consists of a total of 18 capacitors arranged in four
parallel impedance meshes. Each mesh is equivaient tc a ca-
pacitor and 21 series inductor. This particular configuration,
called a Guillemin Type C network, was chosen because of de-
sign simplicity, ease of assembly and shaped-pulse capapility.
Fig. (8 )} is a schematic of the bank, and gives all the per-
tinent design facts. When charged to 50,000 volts, the bank
is designed to deliver a 1.0 us rize-time pulse of 150,000
amperes into a matched lcad of .2 ohms for approximately 14
microseconds. However, any external inductance in the load
padly dearades the ideal pulse shepe. In practice we get a
pulse shape more nearly sinusoidal. Figure ( 9 ) is a typi-
cal current pulse trace. Appendix (A) has been inciuded to
present a more detailed discussion of the theory behind all
shaped-pulse capacitor banks, and to explain the motivation

behind the Type C network.

The capacitor bank is charged to its operating voltage
by a Del Electronics (TC series) 80kV, 5ma power supply.
This power supply has been provided with automatic shLicoffs
to prevent overcharging the 50kV capacitors, and equipped
with a special dump tank that will discharge the fully charged

bark in uvnder 10 seconds,

The capacitor bank is housed inside a sturdy, shielded,
solid wooden enclosure (Fig. 10). The output end of the bank
is a parallel plate transmission line whose high-voltage side

is connected to an air gap switch.
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3.1.%4 Air-Gap Switch

The air-gap switch separates the capacitor bank from
the %“ copper feed-through attached to the knife-edge on the
inner cylinder of the shock tube. The switch is most easily
described by referring to Fig. (1% j. The solid brass ancde
attached to *)ie charged caracitor bank is a flattered hemi-
sphere adjusted to a distance, d, from the stairless steel
cathode that is sufficient to hclé off the capacitor bank
voltage., 1t is important to note that some d.c. path must
be established from cathode to ground or z2lse the bank vol-
tage divides across both switch and shock tutke; making it
difficult to fire the switch. This can be accomplished ei-
ther by connecting a large {~10 Megohm} resistor between
cathode ard ground or by pre-ionization in the shock tube,
The latter method is the one presently being employed because
it serves a dual purpose. Discussion of this is deferred

unti il later.

The switch is fired by establishing a secondary break-
down between the isolated teaser electrode and the cathode.
The shock fcrmed at this secondary breakdowa carries ions
and electrons to the anode and establishes a iow impedance
path between anode and cathode. The capacitor bank volitage
now aprears at the knife-edge onr tae inner conductor and elec-

trical breakdcwn occurs there as desired.

The teaser circuit consists of a 10 kilcvolt:; ,125 uf
capacitor charged by a 30 kilovolt, 5 ma supply througl a
charging resistor., A 25 kilovolt ignition switch holds the

voltage until firing is desired. When the switch is to be
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fired, a 1500 volt pulse is supplied through the pulse trans-
former between ignitor and cathods cf the ignitrcn, The ig-
nitron breaks down, the teaser rises to 10 kilovolts, the
teaser breaks down to the cathode, and the znode then breaks
down to the cathode. Figure ( 12 ) shows the air-gap switch

in normal operating position,

Probakly thz most important and most difficult technical
aspect of coaxial shcck tube technology is to insure that af-
ter one fires the capacitor bank the discharge at the knife-
edge on the inner conductor is uniform around the entire
knife-edge. Only then can one produce the "magnetic” piston
geometry which is the key tc the production of strong ioni-

zing shocks.

The method finally decided upon in this experiment was
utilization cf the strong, external, icngitudinal magnetic
field, and r.f. pre--ionization confined to the immediate
neighborhood of the knife-edge.

3.1.5 Pre-ionization: Circuitry and Technique

A 30 Mc/sec, 150 watt, push-pull, tuned grid. tuned-plate
oscillator was designed and built to couple symmetrically to
the region arcund the knife-edge. Figure { 12 ) gives the
oscillator schematic and a detail of the coupling arrangement,
Localized breakdown was initiated in hydrogen at a pressure
of 200 microns of mercury by imposing 2 longitudainal magnetic
field of greater thar about B0O0 gauss, and then pulsing the
oscillatoxr into operatior at about 1000 volts and 100 ma.
After r.f. brezkdown occurs the oscillator level is reduced

to approximately 300 volts and 1C to 15 ma. The application




of the longitudinal magnetic field {i.e., the crossed-fleld
configuration) was found necessary in producing uniform r.f,
breakdown. Once uniform r.f. breakdown has been chtained,
the main bank discharge can be initiated and it breaks down
uniformly around the knife-edge.

Recz2lling the need for a a.c. path from air gap switch
cathn?> to ground {Sec. 3.1.4}, it is obvicus tbat the pre-

ionizer performs this service admirably,

3.1.6 Control Circuitry

The entirs experiment is contgoiled from a single panel
where one push button can fire the entire apparatus and ini-
tiate a1l necessary timing circuits. The basic timing cir-
cuit is a Pegram Electronics Labcratory Dual-Delay Module
which is, simply, a variable positive or nsgative squere
pulse generator. Each unit triggers only from a negative
going pulse, and this feature enables one to set up ary num-
ber of separate pulses of either polarity., Por example, trig-
ger one unit and obtain z positive square pulse of duration
T seconds. Peed this into the trigger of the second unit,
and since this second unit only triggers on negative going
pulses it will not trigger until the trailing edge of the
first puise arrives. Thus the second unit dc=2s not fire un-
til T seccnds after the first; at which time it prouuces
a.: tndependent pulse cf either polarity with any pre-set du-
ration, Series operation in this manner with several modules
thus allows the establishment of a well-defined time base with
pulses at any given point after t = ¢, The t =G pnint

is established from a simple plocking coscillator pulser which
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provides a negative signai sufficient to trigger the first
dual-delay module. Aassociated with the timing circuit are
two high voltage pulsers. One is a fixed duration, transis-
torized pulser capable of delivering a .2 microsecond, 60C
voit pulse into 30 feet of open circuited 50 ohm cable. The
cther is a chyratron <ircuit which discharges a 1500 volt capa-
citor into the 1:1 transformer in the air-gap switch circuit
{Fig. 15;.

3.1.7 Operation

The operation of the shock tube consists cf leaking ul-
tra-pure hydrogen into the annulus through a variable leak
(see Fig. 5 ) until the decired operating pressure is obtained
as monitored on the thermocouple gauge {(Fig. 3 }. The mag-
netic field is then set at the desired value and pre-ioniza-
tion established about the knife-edge. It has been observed
that for reproduceable op=ration of the shock tube it is
necessary that once pre-ionization has been effected, the
power level into the r.,f. oscillator be reduced to a minimunm
consistent with uniform pre-ionization {usvally this is of
the order of 3-5 watts plate _.ower, whereas breakdown usually
requires about 150 watts).

The capacitor bank is charged to the voltage that will
ive the desired drive current anid the shock tube is then
ready for firing. The firing sequence is initiated by a push
button (n the biocking oscillator circuit that produces a
negative pulse., This pulse fires the first dval-delay mcdule,
The output from this modui=2 then triggers 3ll the oscillo-
scope time bases soO that a common time tase 1s established,

This first pulse also fires a second module whose output




triggers the 600 vclt, fixed duration, high voltage pulser.
Its 600 volt pulse is delivered to the the thryztrcn pulser,
triggers it, and the thryatron ocutput triggers the ignitron
in the teaser cicscuit of the air-gap switch. The air-gap
switch fires and the bank is discharged through the shock
tube. After firing the system is flushed and made ready for
another shot. The entire timing sequence is indicated in Fig.
(1% ).

LT
"o .

it o N 1 e 1

¢
1

Ul Tl W skl S s g

R AN LB AN R A oo o0 st s




3.2 Shock Tube Instrumentation

3.2.0 Introduction

Shock tube instrumentation consists of; 1) a simple
magnetic pickup coil for measuring total drive current de-
livered by the capacitor bkank; 2) photomultipliers and asso-
ciated circuitry for monitoring the velocity of the luminous
ionizing front; 3) magaetic field prcbes for detecting the
self-induced field in and behind the ionizing front; and
}) electric field probes for measuring the electric field
ahead of and behind the shock.

3.2.1 Current Mcnitoring Loop

The instantaneous current being delivered by the capa-
citor bank is determined by integrating the EMF (t) observed
betweer the terminals of a coil due to the change in flux

produced by the time-varyirg current.

A single, square loop, carefully shielded, is positioned
along the main feed into the shock tube. 1Its terminals are
connected to a 50 ohm cable which is terminated 1 a 50 ohm,
10:1 attenuator. The output -oltage is fed into a Tektronix,
Type "O' Operational Amplifier plug-in unit operating as an

. integrating circuit. The output of the operatioszal integrater

: is I(t) and is displayed directly on the scope. Figs., (15)
and (16) show the loop, its construction, its position on the
main current feed and the circuit used to measure I(t). The

theory of thle probe is presented in Appendix B,
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3.2.2 Photomultipliers and Associated Circuitry

Photomultipliers are used to monitor the iight output
from the shock tube at severzi different ports along the
shock tube length, Light is delivered to a photomultiplier
through a fiber optic light pipe., The light pipe is connected
to a reflector mounted above a 1/16" hole drilled through
the shock tube wall, Port details are shown in Fig. (17b).
Figure (17a) shows a p' tomultiplier port in relation to the
entire shock tube assembly.

RCA 931A photomultipliers were used with standard re-
sistive divider networks to provide voltage to the 10 stages.
The last few stages are provided with parallel capacitors to
enhance the pulse response of the tubkes,

The cutput of each photomultiplier is connected to an
emitter-fellower circuit which is capable of driving the ter-
minated 50 ohm cable that brings the signal to an oscillo-

scope. Figure (18 ) is the complete photomultiplier circuit.

3.2.3 Magnetic Field Probes

The thecry of ionizing shocks distinguishes three regions
of interest differentiated by the value of the Alfvénic Mach
Number, M_,. In the sub-Alfvénic region (M.a < 1) and the
trans-Alfvénic region (1 S_Ma { ~ 2 ) the drive current di-
vides between the shock front and the current carrying rare-
factior. fan, In the super-Alfvénic region (Ma > ~2) the
drive current may or may not be completely confined tc the
raresfaction fan, depending upon whether or not all the E >0
solutions are inadmissible. Thercsfore, the sub—Alfvénic and
trans-Alfvénic regions will exhibit switch-on behavior while

/ . . s
for a super-Alfvenic wave we have no definite theoretical pre-
Giction,

[ s T

o canoRilEean o ML - e

[

AR e S 5 LU WA IR it L wrdi




It is apparent that wmeasurement of the seli-induced
magnetic field holds the key to determination of switch-on
like ionizing shocks. In the ewitch-on regime the magnetic
field profile rises through the shock, remains constant in

the post-shock gas, and then rises to a final value through

e B

the rarefaction fan. In the super-Rlfvenic region, the mag-
netic field profile can give the dramatic evidence of separa-
tion of shock front and drive current that is necessary to

support or disprove the argument about inadmissibility.

A complete theory of the measurement of self-induced
magnetic fields in plasmas will be deferred to the next chap-
ter and to an appendix. The probe is designed to utilize
Faraday's law and hence, it consists of a number of turns of
carefully insulated wire wound into a coil of known dimen-
sions, The EMF generated by the sweeping of the magnetic
field past the probe is monitored on an oscilloscope and is
directly related to the magnetic field profile.

Since in cylindrical geometry the self-inducec field
is confined to the azimr-thal or 6 direction, the probe must
be inserted so that its surface lies in the p-z plane (see
Figs., 19 and 27). Figures 19 and 20 are, respectively, a
schematic of the probe and probe circuit; and a photograph of
an actual B8 probe (so-called from here on because it de-
tects the magnetic field in the © direction).

The pulse transformer is used so that both ends of the
probe may float. 1If one end were grounded hreakdown might
ocexr from the inner cylinder to the probe. The relatively
large size of the probe and the square shape are the result
of the probe theory presented in Appendix C.
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3.2.4 Electric Field Probes

As discussed in Chapter 2, the radial electric field
ahead cof the shock is an important parameter in the theory
of ionizing waves, Attempts were made to measure this eiec-
tric field both ahead of and behind the shock front, Limited
success was obtained in the latter case using a probe very
similar to the B® probe. The idea is tc insert two rare
wires into the conducting flow and measure the potential dif-
ference between them., Ideally this is possible because in
the shoclx front and post-shock gas the conductivity is very
high and therefore, in the presence of an electric field the
probe will draw a small amount of current and act, essentially,

as a voltmeter,

The probe construction is shown in Fig, 21. The exter-
nal circuitry is identical to the B6® prob: {i.e., the Can~
non connector goes to a 5:1 pulse transformer and than into

a length of 50 ohm cable terminated at an oscilloscope).

Measurement of the electric field ahead of ths shcck
front, i.e., in the cold, pre-~shock gas, was attempted by
connecting a very high impedance voltage divider between in-
ner and outer conductor and trying to measure the potential
drop between them., As simple as this may souné, the problems
are very complex. First, the voltage divicder must be a very
high impedance one to preclude any loading of the shcck tube.
Second, since, before breakdown, the tectal bank voltzage appears
between the cylinders, the ‘roltage divider :ust be able to
withstand upwards of 50,000 vwolts and alsc «duce this 50,000
volts to manageable preportions. (The d:.vider must divide a
few hundred to one, at least,) Third, s:ince the .oxinwm ex-

~mected ~lectric field after bkrcecakdown is only of the ordar of a
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fev tens of volts per centimeter, the divider, from the second
ccnsideracvion, reduces this to a very low level., Fourth,
noise considerations require that all measurements be done

in a screen rcoom 20 tc 30 feet from the sheck tube. Hence,
the voltage divider must feed a cathode-follower which can
drive terminated 50 ohm cable withcocut too much rise time

degradation or loss of signal strength.

However, even after reccgnizing the problems, the actual
measurement indicates what appears to be an excessively large
potential in comparison with predictions from the theorv and
from results of bare wire probes. The source of this disparity

is, as yet, not understood.
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3.3 Data and Error Analysis

3.3.0 Introduction

For a given axial magnetic field and pre-shock pressure,
comparison with the theory presented in 2.2.1 requires the si-
multaneous measurement, at a specific distance from the knife-
edge, of the shock velocity; the instantaneous total current
delivered to the shock tube; the self-induced magnetic field,
in the 6 direction, both behind the shock and behind the
rarefaction fan that follows the shock; the length of the
homogeneous gas sample between the shock and rarefaction fan;
and the electric ficld ahead of and/or behind the shock.

The first two of these guantities are separately measured.
The next three are all determined from By measurements ( see
Sec, 3.2.3), and the last is obtained from the electric field

probe (see Sec. 3.2.%).
3.3.1 Shock Velocity Measurement

Photomultiplier outputs were monitored at the 20, 25,
35, 50 and 75 centimeter ports along the shock tube length.
For a specific initial pressure, longitudinal field, and
capacitor kank voltage, the outputs were reccrded on Polaroid
film and analyzed in the following manner. The pheotomulti-
plier trace at each port was magnified and projected, using
an overhead proiector with pre-set magnification, onto a
single sheet of graph paper. In this way all five ports could
be presented on a single time base for easy examination. The

time of arrival of the first luminous front at each pcrt was
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measured and recorded, Time zero was determined by projecting
the current trace ontc the same display and using the instant
when current first began to flow as the t = 0 point, For
each set of initial conditions the shcck tube was fired an
averaye of 12 times. The arrival times at each port were
tabulated and plotted on an x-t diagram and a curve was
fitted to -he data. The slope of the curve at any point gives
the average shock velocity at that point. Figure 22 is one
such typical x~t diagram, Data is best fitted by the heavy
straight line drawn through the points, while the two dotted
lines indicate the "steepest” and "least steep" curves that
can be sensibly drawn through the data. The shock velocity is
calaculated as 6.70 x 10% ¥10% cm/sec, and the error is
assigned by measuring the slope of the two dotted curves. This
is the procedure that was followed in each series of shots and
results similar to Fig. 22 were always obtained, i.e, between
20 and 75 centimeters the shock front was propagating steadily,
(Though we are not sure the luminous front is coincident with
the shock front, the fact that the velocity of the luminous
front is steady enables us to use that velocity as the shock
velocity.) In all cases the error was no more than * i2%

and no less than * 8%. For ease in subsequent caiculations,

+ 10% has been accorded each velocity measurement. Figure 23(a)
is a typical set 9of phoctomultiplier traces for a given set of
conditions. Figure 23(b) shows a set of traces projected,

with the current trace, onto a common time base.

Table I gives the experimentally measured shock velocity
for the series of runs used as a basis for this experimental
study. Note that the series covers the sub-Alfvenic, trans-
Alfvenic, and super-Alfveric regions, The ordinary sonic
Mach number, M, has been included tc give some perspective to
the numbers.
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3.3.2 Instantaneous Current Measurement

The instantaneous current monitored by the current moni-
toring loop (see Sec. 3.2.1) is displayed on an oscilloscope
face and recorded on Polaroid film, As mentioned above, it
is projected onto the common time base used for the shock velo-
city study. This serves a dual purpose, Not only does it
immediately provide a time zerc point for shock arrival mea-
surements, but further one can easily determine the total
amount of current flowing through the shock tube at the time
the shock reaches any specific point., 3ince all magnetic
probe studies (see Sec. 3.3.3) were conducted at the 45 centi-
meter point, all the current calculations, now to be discussed,
give the total current through the shock tube feor that instant

when the shock had traversed 45 centimeters.

From the x-t diagram for a specific run (consisting
of an average of 12 shots) the most probable arrival time of
the shock at 45 centimeters is determined, Using this time
the amplitude of each individual current trace, ait that time;
is tabulated and averaged. With the known coanversion factor
discussed in Appendix B, the average instantaneous current
flowing through the shock tube is determined,

Table II gives the instaintaneous current measured for
the runs listed in Table I. The error associated with each
measurement is a compromise »..ween the square root of the
sum of the squares of the inGividual errors involved in read-
ing a value for I(t) from a 1ingle scope trace of finite
thickness, and a standard@ deviation analysis, based on the aver-
age of all the shots, which gives a somewhat more precise
value, The need for comuromising lies in recognizing that

the current measurement ultimately depends on exactly how the
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probe isg sitting at a given time, how well the capacitor bank
voltage can be set and reset from shot to shot, and other con-

ditions not amenable to conventicnal error and analysis.

Figure 9 shows a typical current trace obtained from the
capacitor kank. Cne mijht argue that its shape leaves much
to be desired, since it is not the desired square current
pulse. In fact, however, the ultimate criterior for any cur-
rent pulse shapc in an electromagnetic shock tube is whether
or not it gives steady shock propagation., Since this criter-
ion is experimentally well established in our device little

effort was made to improve the pulse shape.

3.3.3 Measurement of Switch-on and
Drive Macnetic Field

In this section we turn our attention to the problem of
measuring and mapping the self-induced magnetic field produceu
by the instantaneous cur:i:nt flowing through the electromag-
netic shock tube., The field has two distinct components, each
of which must be measured., The first is the "switch-on" field
discussed in detail in Sec. 2.2.1. It is the magnetic £field,
preiicted from an analysis of the ionizing shock jump condi-
tions, that appears, in the 8 direction, diractly behind
the shock and results from some fraction of the total instan-
taneous current f£flowing through the shock itself. The second
is the "drive" magnetic field that results because the remain-
der of the instantaneous current must flow through a simple,
centered rarefaction fan, i.e. an expansive wave, traveling
behind the shock. The rarefaction fan is not an intimate
part of the problem of sclving the jump equations, but rather

it arises from the initial and boundary value probiem associ-
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ated with the coaxial electromagnetic shock tube. The rare-
faction fan is needed tc slow the gas down behind the shock

s0 that it meets the boundary restriction of zero normal velo-
vity at the end wall, (Actually, from a mathematical viewpoint
one can have either zero normal velocity or a perfect vacuum
at the end wall, but the former is probably the more realis-

tic.)

The mecharics of coupling the simple, centered rarefac-
tion fan to the shock jump problem and to the koundary condi-
tions imposed by the device are best exg’ 23ined in Ref. 29 and
33. The fcrmer treats the problem for “classical" mhd shocks
in a coaxial electromagnetic shock tube and the latter extends
the analysis to the normal ionizing shock situation. Hsre it
will be sufficient to note that across a rarefaccion fan all
flpuid variables change continuously, as opposed to a shock
wave where one assumes a finite jump in the fluid variables.
The 1 ading edge of the rarefaction fan propagates into the
gas b:hind the shock at the characteristic velocity associated
with that gas. If one plots one of the variables behind the
shock, e.g. pressure, at a given time, as a function cf dis-
tance, the profile appears as in Fig. 24(a). The x-t dia-
gram for such a situwation is shown in 24(b), the relation be-
tweer 24%{a) and 24(b) being obvious. In the same situation
we may ask for the current and magnetic field distribution
through shock and rarefaction fan. The qualitative features
associated with each of these quantities is shown in Fig. 25,
{b) and (c). Figure 25(a) is an x-t diagram showing a shock
cf finite thickness and relates 25(b and c) to a specific shock
tube situation, Note that the total current divides between
the shock and the rarefacticr fan and that no current flows

in region 1 -head of the shock, or in region 2 behind
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the shock, or in region 4 behind the rarefaction fan. As a
result, the magnetic field in the az.imuthal direction rises
from zero in region 1 to a constant value in region 2, the
switch-on field, hereafter denoted by Be(sw), and then rises

again through the rarefaction fan, region 3, toc a final vailue,

the so-called drive field value, hereafter denoted by Be(Drive).

It is this behavior of B, that we will try and verify by
analyzing the output of a By probe (see Ssec. 3.2.3) located
at the 45 centimeter positioun.

In Appendix C a detaziled analysis of the method used in
obtaining B8 from the ckserved EMF is presented, We will
use the results of that analysis for the specific probes dis-
cussed in Sec. 3.2.3. However, a few wecrds of introduction
are in order. The essence of the discussion in Appendix C
is that a large area probe can be effectively utilized for
the point measurement of magnetic fields in moving media, for
the case in which the field variation is known in twc spatial
directions and unknown in the third. For an infinitely large
probe {effectively, large compared to any spatial changes in
the magnetic field) the probe is equivalent to a single length
of conductor along a direction of known field variation. If
a magnetic fieid is moving across the probe, the potential
difference, or the EMF, betwsen the ends of the conductor is
(? x'g)L where V is the velocity of the moving field with
respect to the probe, B is the magnetic field and 1 1is

the length of the ccnductor. The EMF is, then, proportional

E

to B directly and not to - as is often mistakenlily adduced
from a cursory examination o%tFaraday’s law, For a £finite
sized probe the determination of % from the observed EMF
involves the use of a simple recursion formuia developed in
Appendix O, Eq. Cl%., An example of the use of that egquaticn

will now be reviewed.




Assume the geometry depicted in Fig., Cl, Apperndix C,
and assume that the EMF (t)] observed between the terminals
a and b of the probe is the heavy curve drawn in Fig. 2€.
For a given shock velocity U and a probe dimension, m, in

the x direction, a recursion time, T, is defined: 71_ =

Y
a

a8

Assume U and m such that T coincides with five 4divi- -
sions on the timne scale in Fig. 26. The recursion formuia
says one must do the follewing., PFor 0 t S T BG is idgen-
tical to the EMF. For 7_ { t £_21r, and in particalar for
point 6, BG.=[EMF (at point 6) + EMF (at pcint 1}], where
the proportionality constant is determined from the probe di-
mensions and the shock velocity. Fer 21r {t S_}Tr, and in
particular for point 11, Ba==[EMF {at point 11) + EMF (at
point 6) + EMF {(at point 1}]. 1In this way, B, is mapped out
point by point directly from the EMF observed. The circled
points plotted above the EMF curve represent the BB derived
rom the EMF for times t ) T.. The complete By map con-
sists of the EMF trace from O - T and continues smoothly

through the circled points. The EMFP shown was constructed

TR SN

to produce a B such as would be produced by the electro-

magnetic shock iube and shows all the features we have dis-

cussed. To convert the Be, derived as a function of iadbora-

tory time, to BB as a function of its own spatial coordinate

one need only multiply the times observed by the shock velocity

U, One further point must be mentioned. From a purist's point

of view, use of the recursion formula thrcugh the rarefaction :
fan is not justified. Why it is not is explained fully in ’

Appendix T, However, for any of the experiments performed here

the correcticn to the recursion formuia is guite smalil so that
in all actual cases, described below, as well as the exz=mle
just discussed, the recursion formulia was used to calculate

Be(SW) and Be(Drive). The advantage in che method just out-
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ined is that, in principle, since it only involves counting,
ol L 5

he friéguehcy bandwidth of the measuring system is infinite,
velop from time integration of the EMF,

We now direct ourselves to the actual experimental situ-
ation. The probe used to detect the self-induced magnetic
field consists of tén turns of carefully wound Formvar wire,
The ‘entiré ¢oil is inserted in the annulus of the shock tube
and the output is coupled through a nominally 5:1 pulse trans-
former to a terminated 50 ohm cable {see Fig, 19). The exact
probe geometry, size and position is shown in Fig. 27

7.
Equation €15 of AppendiX C states that the proportion-
ality factor between ‘BB and the EMF 1is just = where U
is thé shock vélocity and 4 1is the probe dimensgén in the
radial direction, Thz derivation, however, assumes ho varia-
tion of By in that direction., In the coaxial electromagnetic
shock tube the field obviously varies as 3- and this ¢can be
simply intréduced into Eq. C15 by zepiacing 4 by {(4n gszméan
{see Fig 25). The proportidnality constant then becomes?
<1/U(4n Efspmean and for the probe shown in Fig, 27 we get

-1/u(.00163). Eguation C15 for such a one turn: probe becomés;

3 : \ rwebers =1 * 5
B (%5, g pr tl] = ———— 3 EWF (15)
8 mean m2 u{.00163)

w?eré 58{A5’<9ﬁean’ £) = the self—iﬁﬂacgd magnetic figl& in
the 8 directidn at time, t, at the axial position %5 centi-
meters from the knife-edge, and at the radial position, Praan
from the -shock tube centér line,

* The summation term has beén left purposely vague. Refer
to Appendix C, Eg. Cl5 for its complete form,
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For a ten turn probe and a pulse transformer whose trans-
former ratio is exactly 1:5.2, the relationship hetween the
EMF observed across the terminated 50 ohm cable, called

eout in Fig, 19, and 39(45: Pmean’ t) becomes:
. 2
B.(45, p t) = —222 _ e or
6\ '7* Pmean’ u(.00163) 2 out
-webers.  3,19(102)
(45 Preqre 8" e) = 3AO) e, (26)
s

This is the formula used in all subsequent calculations,

For each shock tube firing the output of the _Be ‘?rdbe
was monitored at the 45 centimeter point., The polaroid record
was projected onto graph paper just as were the current and
photomultiplier tracers, Each trace was reduced using the
analysis described above. ?he values of BQ(SW), and
Be(Drive), and the length of the homogenecus gas sample were
recorde?, All shots at the same set of initial conditions,
comprising a run, as listed in Tableées I and II, were.thén<tabu~
lated and averaged tc give an average BBCSW), Bé(DriVé),
and homogeneous gas sample length., The results are listed
in Table III, The table is self-explanatory except for the
last column, labeled X_/X_ . At any time, t, after t = 0,
Xe represents the distance from thée knife-~edge of the leading
edge cf the rarefaction fan; while xs represents the dis-
tance from the knife-edge to the shock front (see Fig. 25{a) ).
As is obvicus from Fig. 25 {a) both X, and X depend linearly
cn t and therefcre the ratio Xéfxg is time independent
and represents a convenient way of spécifying the length of
the homcgenecus gas samplie (hgs). At any axial position aleng
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X, - X =x(1-—=). (17)

The error associated with each of the measurements tabu-
lated in Table III will now be discussed in detail, Figures

28, 29 and 30 show three different, but representative, Be %
traces., The top trace in each figure is the actual EMF E

obtained for the conditions noted, while the bottom trace

represents an enlargement of the actual EMF and the BS
derived from that EMF(cf with Fig. 26). The three derived

B

g S show distinct similarities and distinct differences,
For convenience, we will refer to them as Types 28, 29 and
30; respectively, All types show a characteristic oscilla-
tory structure, -albeit in 28, that structure is more pro-

nounced than in the o thers. Types 28 and 29 both

i, Tt il ettt sablob s

show a distinct 2-level structure, exactly as we expect for
a switch-on shock followed by a rarefaction fan {cf Fig. 26).

Type 29 has an unambiguous switch-on regime while the switch=

on region in 28 is apsarent, but not &s dramatic, In 30

the switch-on region is not well formed, Weé believe the slope

change in the trace is diffusion of the magnetic fieid through

R

)

the region between the shock and rarefaction fan. The dotted
lines in each figure represent the average value of the switch-
on and drive magnetic field for that shot. At the present

time, it is believed that the oscillatory structure of the

traces not part of the physicds, but rather the result of

A e

!

the electrical characteristics of the probe circuit., In fact, 5

an investigation of the circuit points to the pulse trans-~
former as the element in the system responsible for the oscil-

lations, To see why this is believed to be the case consider
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Fig, 31i. The heavy line represénts an actual EMF obtained
in a typical shot, The dotted curve represents the magneticd
ficld vvtained from the EMF, We note the oscillatory struc-
ture, If, now, we Craw a smooth, monotonit¢: curve (the dashed
curve) through the derived By and ré-derive the EMF that
would give this dashed curve, we get the dashed EMF curve:
It is apparent that some of the structure necessary to smooth
out the oscillations in the Bg derived from the expsrimental
EMF has been suppressed, The pulse transformer's response;
in fact, does fall off significantly at the frequencies repre-
sented by the suppressed structure and for this reason the
oscillatory behavior of the derived magnetic field is not
thought to be indicat.ve of actual magnetic field structure
in the plasma.

For a given series of shots the error in the measure-
ment of an averade BQ(SW} or Be{briVé}, or Xé/xg is a
combination of two factors, The first is the natural scatter
that would be obtained in any experiment. Thus, even if alil
the BQ(SW)'S locked like 29 we would -expact to see a varia-
tion in the measured level from shot tc shot, This kind of
variation Zan be accouanted for by a calculatiorn of the standard
deviation of the average—meaSuremeﬁt6 The second SOurce of
error is the error associated with the assignment of some -
value to an individual se(sw} or Bg(Driﬁé} when it is of
the type 28 or 30. If the oscillatory Structure is large;
there is a large error in each individual measurement. 3ince
in any seriés of shots there weré several of eéach of fﬁe three
different types of trace, it was impossible; a priori, to ééé
tablish either error as the dominant one, Hence; the §6116§in§
rule was followed. All the individual average 38 values
{switch-on and drive) were tabulated for a given series and
each individual value was accorded its own error to account
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= £or the oscillatory structure. A final average value was cal- 3

culated, A standard deviation analysis was performed for this
average value and an error obtained. Further, the square root E
of the sum of the squares of the individual uncertainties was

i

computed and compared with the standard deviation, The larger

il

of thesSe two values was taken as the error in the derived Ee.
In the final computation of the error we must also take into

account the uncertainty in the shock velocity since it appears

in the final reduction of the EMF to By {see Eq. 16).

The assignment of an error to the xefxs measurement
was done only on the | .sis of a standard deviation analysis,
ExXamination of Figs., 28 and 30 shows that it is difficult to
assign a specific uncertainty to each individual measurement
of the hgs., And, since for all the cases just discussed the
standard deviation error turned out to be the largest, our
neglect to perform an error analysis on the individual errors
is justified, In addition, the length of each hgs was so
small that the natural scatteér resulted in a large percentage
error in the computed value of XE/XS. This is apparent in
thée tabulated values presented in Table III and this fact
relegates the parameter XE/XS to a somewhat secondary role
in the expéerimental study.

3.3.4 Electric Field Measurements

As already noted in 3.2.4, only limited success was ob-
tained in the measurement of the electric field behind the
shock and almost no success in the measurement of the electric
field ahead of the shock. The major problems encountered were
inductive pick-up due to the large currents and short times of
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the experiment, and to ncise generated by the air-gap switch
and firing circuitry. Similar problems have been encountered
by other investigators, %2

Various methods were employed t6 eliminate the noise
on the probes, all without significant success. A new approach
is being investigated at the present time. For the purposes
of this study, however, measurements of the electrié field
must be considered as unavailable,
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3.4 Comparison with Theory

The theory of ionizing shocks, presented in 2.2.1 leaves
One question completely unanswered. In its simplest form, the
question is; for any given ionizing shock velocity, subject to
the boundary conditions imposed by an electromagnetic shock
tube, is there a unique set of downstream variables consistent
with ionizing shock theory? If we refer to Fig, 3 the gques-
tion can be rephrased, For the electromagnetic shock tube; is
there a unique locus of points over the range 0 < §,{ » that
describes the propagation of ionizing shocks?

An affirmative answer will help resolve the puzzling
question posed by the multiple contours charzcterizing ioni=
zing shock theory, i.e. which E > O solution, if any, is
appropriate to a given shock velocity. This question was
hinted at; indirectly, in a discussion of the stability and
evolutionarity of the <lassical, slow mhd shock (see page 20}.
A single locus of sclutions provides a natiural path of Pehavior
for all ionizing shocks. And, because of the genéeral nature
of ionizing shock theory, the possibility of such a locus has
broad implications in the many physical situations in which
ionizing shocks occur. For example, pinch and inverse pinch
experiments are two areas cf current investigation where ioni-
zing shocks play an important role,

It will now be shown that the experimental results rre-
sented in 3.3 fit one such locus, and in addition, the locus
has a distinct physical basis desply rooted in the theory of
classical gas dynamics.

The relation of ionizing shocks to classical mhd shocks
is analogGus to the relationship between detonation - deflagra-
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tion phencmena and ordinary gas dynami¢ shcck phenomena, In
detonation - deflagrztion theory, the internal energy of the
gas behind a reaction front {the detonation - deflagration
analog of a shock] is different from that of thé gas ahead of
the reaction front, This difference in c¢hemical composition
across the front gives rise to the well known and well veri-
fied Chapman~Jouguet hypothesis.®?® The hypothesis states that
the entropy of the downstream gas assumes a statiohary value,
in particuldr, a maximum (minimum) for an expansive {[compressive)
reaction; the gas behind the reaction front moves with the
small disturbance speed in that gas; and the vélocity of the
reaction front with respéc* to the upstream gas also assumes
{compressive) reaction. Further, the theory does allow &x-
pansivé reactions, since this is precisely what is msant by

a deflagration. In ionizing shock theory we havée séen that
the enefgy equai:ifjn has an eiectric fiélé cbnti‘i!iﬁtién aaaea
flagration theory. The efféct of this aaélt;enjis, éf'éanrsé,
the theory deéeveloped by Taussig.

In the context of this dizcussion We expans o4r outline
c£ that theory to inciude the folliowing featurss, The locus

of 211 end pdints of the E » & <contours has remarkable proop=
erties. For any end point of any coatour, ‘aac_;g proves:

{a} that the entropy Of the dounstreas gas asspmes a
stationary value,

{b} that the velociiy of the downstream gas is precisely
the slow disturbance speed in that gas; and
{c} that the shock velocity also assumes a stationary

value.
ThesSe statements lead to the conclusion that the iocus of ail
contour end points is a locus of Chapman-Jouguet points; with

-
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the following exception;

The class of end points labled gz
{Fig., 3) correspond to maximum entropy and maximum shock velo-
city points whereas the Chapman-Jouguet point in an analogcus

Yeaction would have minima for both quantities. The other
classés of end points, the gq,, q,, and g4 classes, satisfy

all the Chapman=Jouguet restrictions,

_ In Fig. 3 the dotted Curves represent the locus of the
E D O contour end points. In region ABC, E* is the maximum
The class of
gz end p6ints alil lie t0 the rzght“ of E* while the gq=

end points all lie to its "left.

value of the electric field discussed in 2.2.1.

From the foregoing discussion, it would be natural to
propose that the most probable path of ionizing shock propa=
gation is along the locus of contour end points, starting at

%, = 0 and following the locus through point A and point E¥

to point C, From C we 4o n6t expect the path #06 back track

to B and folicw the dashed curve from B » =, for this, again,

5

poses the difficulty that for 1 ¢ £,{ 2 there will be muil-

tipis solution points. More likely, there is a transition

» 2 the

£rom point C £o thé upper 16cus; while for ©

s

path foliows the upper end=point locus eXactly,

suggést an alternative path which

- — P O I - — ; . ™. = [
is & slight &=53ification of this end poiat proposal. The
=z ‘-Jad-; — - = = a— = — Z - -~ - - - = . - m -
f:rst objection 1is that, fnr the contours characierizsd oY

8, » 1, the g, class of end points aré 3ll entropy decreasing

ansd therefore inadmissibie as shock scgiutions,

o
fromx Pig. 3 which shows the entropy increasing solutions; for

This is apparent

, all to the “right™ of g_, beyond the “bracket™ point. This
leads us to the suggestion that for 5% > 1, the locus paral-
Zels the end point locus, bui stays below it, and connects
the “bracket® points on each contour. These are points of
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no entropy change across the shock and therefore are éntropy
minima with respect to all other admissible soélutions on a

contour. The second objection is that for the g, and q_
¢lasses of end points there is no uniform region of hot gas
behind che shock, i.e. Xefxszﬁis But, experiméntally
Xe!Xs has been measured and thereforé the coénjecruré is that,
just as in the u, > 1 situation, the locus of solutions is
a path just off the énd point locus and paralleling it. It
is well to note that the proposal of off-end point béhavior
is not unreasonable. In earlyv détonation-deflagration studies,
attempts to verify the Chapman-Jouquét hypothesis indicated
definite off end point béhavior. This was later attributed to
the fact that the sound speed calculation used in the theory
was for a single species gas and not for a miiture of species
as occurs in any detonatidn process. When multiple speciés
gases were considered the off end point behavior was explained.
A similar situation is prcbably Fesponsible for such behavior
in ionizing shock studies.

2 basic aim of this report is the verification of the
proposal that thére is a unique locus of solution points
to the normal ionizing shock theory and that the locus is
oné that parallels the contcur end point locus. In so
doing weé will demonsiraté unambigucus separation cf the shock
current from the drive current and the existence of a small,
but distiguishatle, uniform hot plasma sample. This switch-~
on behavior of the ionizing front will be shown to extend
to slow and fast shocks as predicted by the nor:al ionizing
shock theory.

Table IV is a comparison betweern experimental results
and the result of restricting the normai ionizing shock
theory to the proposal of off end point Iocus b:- iavior. The

“General Statistics”™ section is self-explanatory. The éx-

RIS

A

sl

;!gmu!gggq.mu;“np‘njgmgmummugpummmnmnpm.mmumv'numg»mml\llHiﬂm;lmnmmmu"'l'w'!!'llltmmlllm,illlwlll|!!ll'll!l~'-'wlll uulll?l_uﬂﬂ«mlllllw'!\lillumu|\t|||||mmm|\umuwmmmumuuw

E
5
£

L

s

i

e

i
L




Y

— e ogommnosoememes mmawssme

retical tabulation will be discussed now. Theoretical values
were obtained as follows, For each run, #l - 11, the output
of a computer program (designed %to give all downstream var-
iables for a given set of upstream variables and including

a jump in vv) was plotted over the entire range of the elec-
tric field, i.e. from E=0 to the value of E at which

a contour end point was reached. In reality, the exact
contour end point can only be obtained with extraordinary
labor or extraordinary luck since the program employs a
successive approximation method. Hence, the electric field
was actually swept from O, not to the end point, but to
within 1/2% of the end point, sufficient accuracy for our
purposes. In addition, since the experimental error in the

 shock velocity was + 10%, each run was supplemented by

programs covexing + 10% around the central value. In this
way the error in the theoretical values could be included
in the analysis. Note that each theoretical value in the
table is followed hy two error figures. The upper one

corresponds to M, + 10% and the lower to M, - 10%4. Tn
some cases both errors are of the same sign. This will be

explained later on.

For the first seven runs (runs #8 - 11 will be examined
separately), the following procedure was used to obtain
theoretical values and theoretical errors. At the computer
program end point, as opposed to the exact end point. Xe/Xs
(theoretical) and xe/xs (experimental) were compared. 1In
all cases, they were within 3%, in most less than 1%. The
values of By{sw EG(Drive), I(t), and Xe/Xs were then
read from the plots, at the computer end point, and recocrded
with their respective errorss. Since we propose that opera-
tion is, indeed, off end point we are within rightg in using
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as we did the computer program end point. And; in addition,
as was verified in several cases, between computer end point

UL bt Mk TR s Bt ik )

and actual end point none of the variables vary significantly.
In several cases, one example being BS(SW) in run #6, both
errors are negative. This simply means that, at this value

Hisl

of M_, Be(sw) theoryl is a relative maximum. Varying the

i b

shock velocity # 10% around the value gives smaller switch-
n fields. The reasoning is exactly the same for two positive

errors, only here thé main value i§ a relative minimum (see
run #8, BS(SW) theory). When the errors are of opposite

R e R T R R B R R S L

bt b

sign but of different magnitude it means that the main re-
sult is close to a stationary value. ’

In the first seven runs, agreement, though crude; is
reasonably good. In only one run (run #i) is there more
than cne value that is beyond the range of experimental and
theoretical error. In addition, i» runs #l, 2, 4, and 5

bisidin i sl

a variation of less than 3% in the off end point position
brings all values within experimental erro::. A disparity
of 3% is not unreasonable when viewed in the context of the
early detonation-deflagration studies where a 5% error was
common. In run # a 12% shift in end point is needed to
bring BG(SW) into agreement and a 31% shift is needed for
Bg(SW), run #3. These last two points are distictly out of
line, For runs #b and #7,.88(DriVéJ,"in each case, is out-

side the bouncs of experimental error. Variatiom in the
end point position cannot account for the,efférwéﬁaﬁﬁhééeigi
two individual measurements must be viewed with sgégiéioﬁ; -

Runs #8 and #9 are borderline runs, In &ach case
M_,and M, - 10% are trans-Alfvenic, but M, + 10%° is supér=

ebeien bl A i

Alfvenic, and in the super-Alfvenic region the magnitudgsf
of the downstream variables are quite different from the
magniitudes in the trans-Alfvenic region. This is immediately
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apparent from the errors assigned to the theoretical values
Ior the runs, The enormous rande available for the switch-
on fields makes the measurement almost pointless unless the
shock velocity error can be reduced to less than 5%. In

any event it is comforting that the measured values of
Be{SW), in both czases, lie above the main theoretical value,
as they must if they are to fit the theory ir any sense. The
drive fields on the other hand are not within the experimental
error and variation of the end point position cannot bring
them into line. In the total picture runs #8 and #0 must be
viewed #s suggestive, at best. Only the BS(Drive} measure-
ment does not agree with experiment, but even so until the
shock velocity error can »e reduced the range of switch-on

error and xe/xs error will remain disconcertingly large.

Runs #10 and #l1 are both super-Alfvenic runs. We can-
not go immediatelv to the contour end points for our theore-
tical values because, as we have seen, they are entropy de-
creasing points. We must first find the "bracket" points
where the entropy begins to go positive. However, in the
computér program developed for the determination of thecre-
tical values, we have used a jump in <Yy across the shock
front and it is not apparent how to calculate the entropy
jump for such a situation. All that can be proved from
examination of the steady stata shock theory is that, even
if <y Jjumps across the shock, the q, class of end points
is azlways entropy decreasing. The exact numerical value
cannot be simply computed., The best that can bz done is to
return to the steady state theory where 7 does not jump
and find the value of E at which the bracket point occurs.
With this as & guide, a guess can be made as to where the
bracket point cccurs for the case where v Jjumps. In fact,
this procedure is perfectly acceptable because the numerical
values of the downstream variables do not differ by more
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than .1% between the case where Yy is constant across th
shock and the case where v is assumed to jump across th

shock.,

For the runs under consideration it turns out that the
bracket point in each case is no more than .5% from the
contour end point. Using the value of B appropriate to
the bracket point the thzoretical values for BS(SW),
Be(Drive), Xe/Xs , and I(t) are listed in their respective

columns.

Agreement betwsen theory and experiment in run #10 is
fair. Bgy(Drive) and I{(t) are within the error bounds while
Xe/xs and BS(SW) are not. However, a shift of 6% in the
bracket point will bring all quantities into agreement. In
run #1 BgEW ) and I{t) are beyond the bounds of the
assigned errors, while Be(Drive) and xe/xs are well
within the tabulated uncertainties. A shift of 7% in the
bracket pc. -t will make BS(SW} consistent with the other
results, but such a shift merely accentuates thé disparity
in I(t). We are therefore forced to view run #l1 as some=
what anomalous.
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3.5 Conclusions

Using a co-aXial electromagnetic shock tube we have
been able to propagate, record, and analyze steady, plane
switch-on ionizing shocks in the sub-Alfvenic, trans-Alfvenic
and super-Alfveénic regimes. The results are in confirmation
of the thesry of normal ionizing shocks. The experimental
existence of the super-Alfvenic switch-on front is strong
evidencé that a recent argument suggesting that such shocks

have no structure may be in error.

We have presented a proposal, modeled on the Chapman-
Jouquet theory of detonations, to describe the behavior of
such ionizing shocks, It has been shown that the data ob-
tained is in tentative agreement with such a theory, except
for the region in the immediate vicinity of the transition

point from trans—-Alfvenic to super-Alfvenic propagation.

Existence of a small, but definite, homogeneous gas
sample has been demonstrated and shown to fit into the pro-
posed scheme.

In conclusion, the experiment described in this report,
gives new insight intc the behavior of an important class
of magnetohydrodynamic¢c phenomena - the nérmal ionizing shock
front.

No attempt was made .0 propagate expansive (sub-sonic)
ionizing shocks even though their existence is predicted by
the theory. It is well known, from conventional shock
studies, that such shocks do not produce significant ioniza-
tion of the post-shock gas and thus, they would not be
covered by the icnizing shock theory. T  theory cannot be
expected to explain phenomena in this veioucity range.
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FIG. 4 THE MAGNETIC PISTON IN CO-AXIAL GEOMETRY .
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1, ) Cannon nnector

2. 10 Turn Probe-Epoxy Coated
3. Vacuum Feed Thru

4. Epoxy Seal

5. Glass Sleeve

6. Twisted Pair

FiG. 20 B@ PROBE: CONSTRUCTION
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FIG. 21

R x

i, Cannon Connector
2. Bare Wire Probe
3. Vazuum Feed Thru
k. Floating Braided Shield
5. Glass Sleeve

ELECTRIC FIELD PROBE:
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t = SHOCK FRONT ARRIVAL TIME IN u SEC.

FIG. 22

INITIAL CONDITIONS :
Bg = 4000 GAUSS
Fo = 200 MICRONS
= /7

BANK VOLTAGE = 20KV. 4

7

g 7
7/
/
Ue=6.70 x 10® cm/sec £ 10%
1t 1 L 1
20 25 35 50 75

X =cm. FROM KNIFE EDGE

X-t DIAGRAM FOR DETERMINATION OF
SHOCK VELOCITY .




PHOTOMULTIPLIER POSITION

i

20¢cm

-~ INTENSITY

EXPERIMENTAL
CONDITIONS

25cm

0
"

200 MICRONS

1000 GAUSS

[+
»
-

L1]

S Ccm
54x10 sec

[~
-
"

Mg = 2.8 3Sc=

50 ¢cm

ety |NTENSITY

{a)

(b) CURRENT AND PHOTCMULTIPLIERS PROJECTED ON A
COMMCN TIME BASE

FIG.23 ANALYSIS OF PHOTOMULTIPLIER DATA
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RAREFACTION
FAN

SHOTK FRONT

H
I ©
| -

{a} X-t DIAGRAM FOR ELECTROMAGNETIC SHOCK TUBE

T 1 ' b
— j+— RARETACTION i
| FAN [ ]
—f SHOCK
| i | :.—' FRONT
FY L
' l
®!|oll ® | ®
I\ il
_ X
———
{b) CURRENT DISTRIBUTION THROUGH SHOCK AND
RAREFACTION FAN AT t,
b le— RAREFACTION P
R j FAN —| Jo—SHOCK
L] le— HOMOGENEOUS —+f | FRONT
* | GAS SAMPLE |
|1 ! |
88 (orive) | Bg (sw? } ]
| l i il
®l e ® i RY 0 .
41 | N by

(c) SWITCH -ON AND DRIVE MAGNETIC FIELD AT TIME ¢,

FiG. 25
...9?'_

g isnraou




RAREFACTION FAN

40 - SHOCK l
- WIDTH

M
‘;\/

- - @ © 0 0 © ©
2 ° \_
S’m,, . - _,! ) 88 (DRIVE)
O © 0 0 @
x
g - © B:; (SW)
& "
© 20
a
< o n
=
S i
ul 2
oV 1. !Ii!%!Ja[{JJL! .
2 6 7 | e | 617 g t
2?? 31.{ 41,'

FIG.26 SAMPLE EMF & Bg DERIVED FROM IT
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b M) Rt o

- SHOCK TUBE
\ QUTER WALL

St SR MDA L s et U B e bl i

KNIFE +—%— 45 cm .'. m——s]
EDGE
SHOCK ;
TUBE
iNNER
WALL :
P, =1.282 inches |
P, =1.344 inches
PMEAN = 0334 melers.
P?.
&n N = .0488
{n (f—z-) P = . 00163 meters
Pt MEAN
m= .0i208 meters
FIG.27 SINGLE TURN Be PROBE GEOMETRY.
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7. Appendices

7.1 APPENDIX A

ANALYSIS OF THE CAPACITOR-INDUCTOR BANK
WHEN GSED AS A SQUARE-PULSE CURRENT GENERATOR

To gmerate an MHD shock wave in a co-axial shock tube,

[

t is desirable to have a source of electrical energy capable
of producing a square, high-current pulse of 10-2C pusec dura-
tion.

The simplest arrangement consists of capacitors and in-
ductors arranged iz a low-pass filter geometry (FPig. Al).

This set-up simulates an open-ended transmission iine

)

with an input-impedance of /

Y

and a characteristic discharge

0

time T = 2n/IC.

To see hcw this design is related to the desired square-
pulse shape, we £ irst investigate the transient proper-
ties of transmission lines and the properties of the puls2-
forming networks derived from them.

The usual approach to this problem is from the Laplace
transform viewpoint,

Consider first the circuit in Pig.A2. Xirchoff's Law
requires that at any time after the switch, S, 1is closed

XY r 3 o I B - \
i{t;2,+ & dL + 45 =G . (A1)

ks i 0 g

W
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3
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Loz

Multiplying (1) by e~ P Y and M
o

s’
Q
ot
£
m

e
1"
ot

0

t N

wf
Z. [ «f idt e P%atr = o. (a2)
o

oo
[filt)ePE 4+ r i(t)ePtat + L
N o} o CN

po-o]
Defining: i{p) = [ i(t)e—ptdt, we get
o

-

i(p)Ry + 1(p)zy(p) + Flg [ Jiat ePfac=o. (&3}
o]

From Goidman, Transf, Calc, and Eiec. Trans., Prentice-Hall,
Inc., 13949, pg. 61, we have

>t -1, +,
I J fat e Ptae = BE(s: 4 £ {0}
o < .
where
oo . _ t
F(s) = [ f(tje tat
t
£1(t) = [ £(elae.,

We now have (3) in the form

Lo
-+
N

4
}.
4
ot

Seune?
™)

_—~—

3
I

!

b]

(o)
.
o~
t
(5]

+ . - -

where g{o'} is the charge on the capacitor CH pefore the

switch is closed. Since - qlo*) = —‘fJﬁ = dinitial potential
C,.

drop across the capaciter we can write (4) as

: 1 ; VR vo
(RL T ZN + C ‘D)l(p) = - -:D_ = ":3"‘ {"‘3.’
N‘
where V0 = ‘VN .

b

LA R b




and ZN is the network impedance (wnich wiil be a function,

as yet unknown, of the Laplace paramcter ©p).

47

Let us now require that the discharge current-pulse shape

be a single square-pulse of duration T and magnitude I, i.e.,

QPIPTPRNEN

i(t) =1 0le 1

i(t) £€0; 1<t< .

i
(@]

From the definition of the Laplace transform for i(t)

we get
i(p) = F(1-eF").
Substituting this expression into (5) and solving for (ZN L)
CnP
Vo
. vl +e 7]
ZN +4- -_—-C - = R_L - (A6)
] N (1 -e7P7)
which can be put into the form v %}
( (zx> -2)e
1 L
7+ - = R |coth BL + (A7)
N & L i 2 PT -g“l’
N° e?d - e
2
by multiplying (6) through by e 2 in the num _ator and de-
nominator,

- -_ D
If we now choose VO = aIRL then
1 _
Zy + ‘C;;E = R, coth %'- (a8)

which is just the Laplace impedanc= function for an cpen-ended

-110~
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iossless transmission line of characteristic impedance Zo = RL’

and one way transmission time 0 = %.

Thus if we want a square voltage (or current) pulse of dura-
tion T developed across the resistor RL we can replace

1 , - . : . -
ZN + E§§ by an cpen-ended transmission line with ZO RL'
Utilizing this result we return to {5) and substitute

2, + =i = ZO coth p6j ‘hereby hoping to investigate the effects

N Chp

of a transmission line discharging through a resistor where
Zo may or may not match RL.
From {(5) we solve now for i(p) and get

\
o

i(p) = . (a9)
p(RL + 2 coth pd)

Expanding the expression,

’ -27‘\6 \ i— 7 ~ 2
vV (l-e °F /L - \ - R\
o / 1- _© RL'e-Qpﬁ + /éo L e-ﬂpﬁ_

N

A
... | (ALO)

P(Z, + Ry) i \Zo + Ry Qg + Ry :

-

i(p) =

and inverting this (from tables)

v - 2
i(t) = g2 ] 1-U(t-28) - [-————R-—Ii][n(t-ets)—u(t-aa)] +

. -
% * Ry,

. (a11) 3
o RL ~ ‘::‘
[ 2[U(t-28)-U(t-66)] - ... 3
Z t Ry, %
where u(at) = 1 for At > 0 3
E
u(at) = 0 for At { 0 anu At = (t-nb), ;g
3
%
-311- § |
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AT N T

A

we get contributions tc i(t) from only the

) - PN Lo »»
&\JL n = b
L

o
first two terms of (11) and

y -
1~U(t-26fl (a12)

_o°
2RL , :

which is a simple rectangular pulse of duration T = 26, Mis-

i(t) =

matching the load gives rise to contributions from succeeding
terms in (1i) and therefcre, effectively, we get reflections
at the load (see Glascoe and Lebacqz, Pulse Generators, McGraw-
Hill, 1948, p. 178).

Recognizing the advantages inrherent in the transmission

iine approach we inquire if we can design a line to generate a
20 usec pulse, For T = 20 usec, b = %-: transmission time =
10 pusec. For a representative signal velocity on the line of

500 ft/usec we would need a line of length L = 500 ft/usec

X 10 usec = 5000 ft, an unweildy laboratory dimersion.

t i1s apparent that we can only shorten the line length
needed if we use a lumped-parameter network, where we get high-
voltage stability and can use large circuit parameters, In
this process we will lose our precision square pulse charac-
teristic and the departure from "sguareness" will be larger
the more we make our network depart from the distributed para-
meter model,

Our discussion will now be centered upon analyzing the
network of Fig, Al If we connect our "bank" to a battery we
have Fig, A3,

Solving this for the mesh curreats, we get n di. ference
transform equations, the general one (except first and last)

being of the form:

i__ (p) . i, (P)
- IR o (p+ 2 1 (p) - =R, (A13)
Cp Cp Cp

-112-~




The general solution to this eguation is
e 4 pe7T® (aik)

where A and B are arbitrary constants, Substitution back

i(p)=a

into (13) yields the condition

cosh & = 1 + (%?)pg . (A15)

If ve solve for A and B by considering the first and last
mesh, we can der.ve the input impedance transform for the net-

work which is

v
N sini ) o
Zi(p}n) = ——— = L ['Dlnn_(“ + 1)9 -l]o (Al@)
pi,(p) Cp sinh (n@)
If we now include a resister R; = /I in the circuit of
"

Fig, C between the battery and the first inductor we will have
the general case of a lumped-parameter iine tarminated in a
matching impedance. The input impedance transforn for such

a circuit is simpl 'L, and we get immediatel;
DLy /E'+ Zi(psn) K * 4

from the form of (16) that in this case

V/P
. N
Halp) = 1 h ( 1)e
’ L, 1 ¢sin n + 1
JC + Cp [ sinti né 1]
{ BT}
- CVN
wIC + [ ]
But from cosh 0 = 1 + (I£)p? we have
2
p = --—-—-2- sinh —g— {Al‘?’)

v il 2

-113-
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and subst:tuting this into (17} w~» get the general current
transform through a ma.ched load conn<cted to a lumped para-

meter transmission line,

LI

= CV sinh n6 i
N — . o ) . (a1g)
sinh(n + 1)6 + (2 sinh z - 1) sinh né

v

When inverted this gives i {t) as the desired result. Hocw-
ever, in general, this is difficult to do and usualily requires

machine calculations. When n =5 and R, = .% this has

L
been done and is discussed by Glascoe and Lebacgz, op., cit.
p. 183, alcng with escilloscope traces showing the square

character of the charging pulse,

Although n = 5 does not give a particularly good pulse
shape the principle when extended to larger n will give in-
creasingly better results, £ now, instead of restricting the
bank geometry to the low pass filter form, one looks for sys-
tems that give overall better performance in terms of rise-
time and flatness, one finds that the Type C Guillemin network
strikes zn excellent balance between performance, simplicity
and ease of assembly. Without belaboring the point (all the
details can be found in Glascce and Lebacqz), it is sufficient
to note that the capacitors in the four meshes are nct identi-
cal. As Fig. ( g ) shows, c > C,>C, > C,. Physically
this means that when a switch between bank and load is "closed"
most cf the energy in C_, discharges immediately, giving a
sharp rise to the pulse, then C,, C,, and C, are used to

provide the flat-top and hich current capacity,

~114-
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7.2 APPENDIX B

- THEORY OF OPERATION OF THE CURRENT MONITOR PROBE

In the cylindrical geometry shown in Fig. (i ) we have

from Ampere's Law (using m.k.s. units),

<> —>
52 .t = I{y) | (B1)
»c
Cylindrical symmetry implies
B( ) ,
Lo
or a I(t) \
B(p,t) = L2 -2 x 1077 I(t) { B3]
2mp P

The EMF(t) generated in the loop due to the time variation
of B(p,t) is

d —
EMF{t) = - — | B(p,t)-aa . (BY)
dt
loop
From (3)
ar(t; P2 z
. .. oy r o1
EMF(t) = - {e x10°7) j =4dp [ d=z .
dt P, P z.
Whence
. ! A . - ’ . ,
EMF{t) = - 988 {2 % 1677)in P2 (z, - 2,) . (B3}
Gt P - )
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From Fig., (16)

[4 P
2 -1.25C¢; 4in %= .22
P P
z -2 = 10"2 meters.
Therefore
EMF(t) = - 8L (2 x 10-7){.22)(10"2) . {B6)
dt

At the input to the cperational integrator (6) is reduced by
a factcr of 10 due to the 10:1 attenuator.
Therefore

e;n{t) = - &L (L4k)1077° {B7)
) dt
The output of the integratocr is

. t
eouel™) = - k—t_ilc J e (t)at (B8)

where Ri is the input resistance to the integrator and Cf

is the feedback capacitance around the operational amplifier.

For R, = 10*Q and Cf = ,001.f (values appropriate for in-

tegration of approximately 10 u.s pulses) we get

— 1 _ 31/ ; 1) 's)
e ut(t) = To== f 53.44,10 dat
= .44 x 107° 1(t) { Q)
- - 1 ~ =6 — [
Therefore: I(t) = "y X i07% e . = 227 x 19 € ut

or finally,

2.27 x 10°5(2EBELES; .

I{t)(amperes) it out

(volts)
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7.3 APPENDIX C

MEASUREMENT OF MAGNETIC FIELDS IN MOVING MEDIA

A fundamental physical guantity in many plasma studies
is the self-induced magnetic field produced by plasma currents.
The proper interpretaticn of the voltage generated in a simple
coil probe by a magnetic field contained in a plasma which is
moving with respect to the prcbe is often complex. An impor-
tant physical example, the use of magnetic field probes in 2n

electromagnetically driven shock tube, is examined here.

in a shock produced plasma with ¢ »> O the magnetic
field is assumed to ke frozen in the moving hot gas and the
problem of mapping the magnetic field's structure is reduced
to the problem of correctly interpreting the effects produced
by a magnetic field sweeping past a stationary menitoring in-
strument. The central idea tehind the measurement is Faraday's
Law, i.e. to measure the EMF induced 1n a coil of known dimen-
sions due to the changing magnetic f:eid., Once obtained, this
EMF must be related to the magnetic field structure in tir:
plasma. However, the re ation of the cbserved EMF (which is
a functicn of time} to the actual magnetic field requires

careful analysis of Faraday's Law in mcving media.

There is a general tendency to oversimplify the problem

by incorrectly reasoning that since Faraday's Law predicts an

EMF propertional to Eg straightforward integration of the

EMF will yieid ¢(t) Gtard hence B(t), since the area of the

pick-up coil is fixed., The foliowing discussion should help
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temper this tendency by showing specifically under what con-

ditions such time integration is valid.

Consider a magnetic field frozen intc a high conductivity

=)

piasma which is moving with a constant velocity U

in
inate sys-

€L

+ x direction with respect to the laboratery coor
tem. A prime on any quantity means that quantity is tc ke con-
sidered in the frame fixed in the moving plasma while unprimed
guantities refer to the lab frame. Let the magnetic field be
directed in the + z' direction {or, what is eguivalent, the
+ z direction since the relative motion between the frames is

only in the x direction;} and let it be a function of x!

cnly. 2

Consider a one turn rectangular coil of x dimension =
and y dimension 4, (i.e. Area = im}) at 2z = ¢ with one leg
at x = 0 {call this the left leg} and the other at x =n

(call this the right leg). This situation is depicted in Fig.
Cl.

As the magnetic field B{x'} moves across the coil there
will be an EMF generated between the probe coil ends, a argd

b. How can we relate this observed EMF to B{x!')?

In the unprimed frame we have from Faraday's Law

EMP{t) = - = [ R - 3

dt

o~
)
st

which, applied to the coil geometry depicted in Fig. Cl implies,

¢
j B8

;
"
ct
ey 8}

oy

d
— x,t} @ x dy {c2)
at )
x=0 y=U

aa

The integrand in iC2) is a function of both x and £ {unorimed}
g X : A 33 ;

T —

because of the relative motion of the twe referesnce frames,

L T

-121-~

W




N

sy 4 IR . T

| S R .

Since B(x,t) is independent of y we get,

g X=m
EMF(t) = - £ — [ B(x,t) dx (c3)
dt x=0

and since the limits of integration in (C3) are time indepen-

dent, we can write

X=m

EMF(t) = - [ OB (x,t)dx (ck)
x=0 ot
We now inquire as to tt t £ oB (x,t). Transform OB t)
e quire o the nature of == (x,t). ransfor EE(X’

into the primed frame via the Galilean transformaticn ((%)2<< 1):

®x! = x ~ Ut (cha)
t! = t (c5b)

Then . N
a _ 5 5}{‘ + o at ! - a -u a (C6)

ot  ox! 3t  dt! ot  ot' dx!
and we note for later use that,

3 3 ax' 3 3¢ 3

— = + = (C7)
ox  Ox' dx ottt ox ox!
! H
since ox! _ 1 and ii_ = 0.
X ox
Equation (C#} now becomes
N ™ 3B(x') OB{x!')
EMF{t) = -2 | I - =) gx (c8)

x=0 ot’ ox?
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But by the original frozen flux assumption®* -S;T—_ = C¢. Using =
this and noting that S .3 we get. =
ox!  Ix =

m dB =

EMF(t) = -U L [ [- =] ax (¢9) B

4=0 ox gg

]

Integration gives =
je

EMF(t) = ~U ¢ [B(O,t) -Blm,t)] (c10) %f%

=

AREEGLY

Equaticn (Cl0) chows, immediately, that even for this idealized
case the EMF(t) is not, in general, proportional to the time
derivative of B, but is rather proportional to the difference
between the fieid at the left and the field at the right hand
side of the coil, It is only in the appropriate small probe
limit that one can validly approximate (CQ) by a time deriva-
tive of B. &n exact discussion of this is deferred until
later.

We now inquire as to how Eq. (19) can be used to map
ocut the magnetic field in the plasma., The key to this lies
in noting that,since B 1is a function 2f x' only, the field
maintains its profile in moving across the coil,

Thus, the field at time %, that exists at x = 0 will

be at x = m at

t, = t; +.’§ (c11)

* The physical conditions required for frozen flux in shock
produced plasmas have been examined by A. Kantrowitz, AVCO
AERL RR 141 Oct. 1962, Alsc, 15th Solvay Conf, Belgium 1962,
Essentially, the magnetic Reynolds number should be large
compared to one.
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For simplicity assume that t = 0 when B(x') just
impinges on the left leg of the probe. Then,

for 0t (=
U
EMF(t ) = -U 4B{O,t,) (c12)

since B(m,t,) = O until ¢t, = % when B(x') first reaches

«

For —{ tx <=,

EMF(tZ) = =U ‘C[B(Osta) "B(mgtz)] (C13)

But from (Cil)

B(m,t,) = B{O,t, - -‘3) = B(O,t,) .

Therefore,

EMF{t,) = -U ¢[B(0,t,) -B(O,t,)] (Cc14)

But, from (C12)

-U 4 B(O,t,) = EMF(t,) whence we
get

EMF(t,) + EMF(t,) = -U 4 B(O,t,).

n
Generalizing, Y. EMF (ti)

L (c15)

i=
B( O: tn) =
-UL

where ti is related to t, by

t; =t i - 1)(%? i=1, ...n (c16)
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and O<t1<-2— .

Equation (Cl15) allows us to map out B(0,t) for all times
t > 0. 1In practice, the EMF(t) and U are observed experi-
mentally, while m and 4 are known dimensions of the probe.

Before discussing the refinements of the above theory
necessary for the interpretation of magnstic probes in 3itu-
ations where B = B(x',t!'), let us return to the question of
whether one is ever justified in simply integrating the EMF(t)
to get B(0,t). Assume that B(x') rises from an initial
value of ©C to some cocnstant value B, over some distance
measured in its own frame. If 3B is essentially constant
over the probe width we may approiimate Eg. (C9) by,

3B, | ™ .
+ UL(S;- {.f ax}
Xx=0 0

EMF{ t)

= + ULm(éE

x=0 (ci7)

where A 1is the area of the coil.
But we have already seen that

-0 — = = whence

EMF{t) = -a = (0, t) (c1€)

t

or B(0,t) -%j EMF(t) at (c19)
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z :
The error involved in the approximation (Cl7) is O ié—gl m? :
-~ x
< ma
where lé—;l is the maximum value of the absolute value

X max
of the second spatial derivative of B, and wm 1s, as before,

the probe width., Thus the small probe limit is only gustified

when ? {1 where a is the distance ovar which °B has .
a

a significant value. ox* -
The above discussion has centered on the situation where

one can transform from the lab frame to a reference frame in B

which the magnetic field *s a function of x! only. 1in a A

magnetically-driven sho=i. tube, however, there is a region in

which the magnetic field is distributed throughout a rarefaction

fan and consequently there is no reference frame in which B

is totally time independent. An analysis will jillustrate how

one can recover B(x,t), when we have a time dependence in

the filuid frame, This is done for the special, but important,

case of a rarefaction fan which is a simple centered wave.

The x-t diagram for an electromagnetically-driven
shock tube is shown in Fig. C2, where region O is the cold
upstream gas; region 1 the shock heated gas where B 1is a con-
stant = B,: region 2 is the simple centered rarefaction wave
where B = B{%); region 3 is the constant state behind the
wave where B 1s again constant = Bmax: where x;, and
X; + m are the left and right hand sides of the pick-up probe,
respectively; and where U, U; and U, are, respectively, the
shock velocity, the velocity of the leading edge of the rare-
faction wave, and the velocity of the trailing edge of the

rarefaction wave.

Up to time t,, {see Fig. C3) the probe sees a magnetic
field of the time independent variety discasseé above, and

hence the above analysis applies applies up to t:. After
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t,, however, the probe experiences the time-varying field in
the rarefaction wave and we must, therefcre, re-examine the
effects produced.

Referring to Fig, C3, which is a detail of Fig., C2, we
see that for

t, <t t;

the left hand side of the probe is in the rarefaction faa while
the right hand side is still in the time-independent region,
Thus, the right-hand side generates a voltage = UB;4 while

the left-hand side generates a voltage = Uy, B(xi,t)b where

U, { Uy, { Uz is the velocity of the characteristic cutting

x; at time t, < t { t,. The EMF actually observed is the
difference between these two vcltages since each generates

the same polarity vcltage anéd, therefore, we have

EMP(t; < t { tz) = Uy, B(x,,t) ¢ -UB,(m,t)L (c20).

Assuming we know Uil, we know B(xz,tl { e tz) because
we know B,,{, and U. That U, is, in fact, known remains
to be discussed.

=

Continuing to the region t, { t { t_. and realizing
that B = B(%} we see that B(x,, t, { t { t;) 1is transpor-
ted to (x, + m) and appears there for t_, { t { t,. Krowing
B(x, +m, t,<{ t{t,; wecalculate B{x,, t, { t< t,} as
follows:

EMP(t, £ { t )} = Uy (t) B(x;,t)L - u_ (t) 3(x,+m,t)2 (c21)
- 2

where U_ (i = 1,2) means the characteristic velocity in

i .. . -
the rarefaction wave at time t at position X s {Note:
X, T x;, +mj.
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But,

B(xl + m, t2 < t < ts) = B(Xl, t}_ < t'< tz)

where B(x,, t, { t' { t,) represents the aiready calculated
value of B at x, and at time t, { t' { t, that is con-

vected to x, + m at time t2 < t ( t.. Consequently, we
get

EMF(t, Lt t) = u, (t) B(x,,t)t -U, (t) B(x,,t:  tr  t3)
3 2

(c22).

In this way B(x,,t) is calculated for all t ) t,.

There remains for us to examine how cne determines Ux.‘
Taussig?> has shown that for any reasonable situation in an *
electromagnetically-driven shock tube U~ decreases almost

i
linearly between U, and U,. If weknow U, and U, we
linearly interpolate at any t between U, ard U, and gat
Uki at that time. To determine U, 2and U, we note that
for the situation depicted, the field starts at O and even-
tually for t ) t, reaches a constant value B__ . Therefore,
eyond t_  there is no EMF generated across the nrobe.

In the lab we see the EMF rise tc a maximum and then
fall to 0 at ¢t,. If one measures the velocity of this point
at which the EMF goss to O one has measured U,. To get U,
map B(x,,t} wusing (Cl13) for t > & until the point is
reached where B, begins to depart from its constant value,
This is the point that corresponds to the lsading edge of the
rarefaction fan and the velocity of this point is U.. Thus

one gets U, and U, for use in measuring B for all t.
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7.4 APPENDIX D

SHOCK WIDTH AND SHOCK FORMATION STUDY

As a by-product of the study described in the text, we
present here two interesting results,

The first concerns an estimate of the width of the ioni-
zing shock front and rarefaction fan. From analysis of the
B6 data, we conclude that in all cases the shock width is of
the order of 2 cm,, while the rarefaction fan is of the order
of 4 - 5 cm, From the data of Table IV, we can derive that
the hgs is of the order of 2 - 3 cn,

The second result involves a study of ionizing shock for-
mation time. From gas dynamics, it has been shown®* that the
stronger the shock is, i.e. the higher the ratio of shock speed
to sound speed, the more rapidly it forms; i.e., it takes fewer
mean collision times to reach a steady stata, We would expect
to observe this same general feature in ionizing shocks, and
this is, indeed, the case. Fig. D1l shows a composite study
of three different shocks, ranging from weak (Ma > .2) to
strong (Ma = 2.3). It should be noted that heire the relevant
ratio is wave speed to 2lfven speed. The strong shock is well-
formed by 20 cm., while the weak shock is barely formed at 35 cm,
The intermediate case is not formed at 20 cm, but is well-formed
at 35 cm, This result should bring attention to the fact that
ionizing shock streu.yin plays an important role in shock for-

mation time in electromagnetic shock tube technology.
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