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INVERSE Z-PINCH EXPERIMENT"

Introductiön:

The inverse Z-Pinch consists of. twó circular aluminum plates connected
by a solid Copper center conductor with ceramic insulator. The space
between thee: plates is :is-olated by acyl indrical lucite insülator. .

. .. - When the capacitor back is discharged a .current passes through the
sol'fd copper conductor and returns through the gas between the p 1 a tes
to,complete the current path. The current in the gas interacts with the
self-magnetic field produced by the current in the center conductor
:and produced a Lorentz force, or, equivalently, a m,agnetic pressure, which
is directed radially outward, so the cylindrical current sheêt moves away
.from the center insulator l$ke a magnetic piston. (Fj!gure 1). The
scheme of the circuit is given in Figure 2.

A 14.2 JlF capacitor bank is used, with a rise time of 7.5 Jlsec. and
the experiments are performed in both helium and argon with no preionization
and no applieq(¡axial magnetic field. Most tests are run at 11 .kV and
a magnetic prob~) is used to measure the time derivative of the azimutal
magnetic field in the plasma.

Experim~nta 1 Cons i dera ti ons :
..

An tests are run at 11 kV, corresponding to a peak current of
'15.3 kA and a peak magnetic field of 0.611 Wb/m2. The high voltage system
show;n in circuit 1 charges the capacitors C, and Cz. so when we pu$h
the key 1, the capacitor C, will discharge on the b side of the spark
gap k2. This discharge generates enough ionization to close ~!;:~:rtS)k2. This
causes the capacitor C, to discharge between the plates Pi and P2 to
comp 1 ete the current pa th.

. Wherefore, we can measure the plasma propagation by a magnetic
probe installed in the chamber. from the magnetic probe measurements
we can. determine the radial location of the current sheet (magnetic .
piston) a~ a function of ti~e for ~~rious fill pressures. One can also
determine the magnetic field, current, piston velocity, ion energy, and
plasma density in the current sheet.

The magnetic field probes consist. of a small coil inserted into
the vacuum chamber . From Maxwell's Equations the voltage induced on the
loop is

V (t ) = n ,taB.t at
where n is the number of turns and A is the area per turn~ Thi s signa 1 is
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:' . '. ;::":,,.~~,.,;' -'integrated by an RC integrator as shown in Figure 3 with the resila;:tãnt
,,_'d':~ ':"

signal given by

Vi nt ( t) = ~~ B ( t ) :éi0t~~jf*~~F"

where RC = T, the time constant of the integrator. Also, as discussed
in the reference material (article by G.C. Vlases) we can relate the
velocity of the current sheet to the fill pressure by

u =o

. 2. V 0 .;Jlo .k.f .,. 1 41.~ '.'j
t. 81f2p'

o

.where Uo is the current sheet velocity, V,;', the initial capacitor voltage,
and Po the initial fill mass density. 0

SUGGESTED AREAS OF INVESTIGATION

1 )

2)

Derive the equation which relates the current sheet velocity Uo to Po.

Experimentally verify the relation between Uo and Po for various
va i ues of capacitor voltage. .

Use different gases at the same fill pressure and compare u
for similar conditions. ' 0

3)

4) Examine the performaf)~7Qf the spark gap:;êwttêh asCi funcf;jon ofvoltage. - ''"'¡,..''t,

,--:'
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EXPERIMENT

Experiments in a cylidrical mågnetic shock tube

Ry G. C. VLASES
Guggenheim Aeronautical Laboratories, Ca.lifornia Institute of Technology

(Received 2 November 1962)

Experiments ha,V'e been ca,rred out in a, cylidrical magnetic shock tube on the
propa,ga,tion of a, shock wa,ve into a fluid containg a unifOl~m transverse magnetic
field. Cylindrical shock waves in the Mach numberrange from 20 to 100 lia ve been
produced which are very stable andreproducible. Theorypredicts basic dierences
between the case where the gas is initially highly conducting (pre-ionized) and
the case where a gas-ionizing shock propagates into a cold gas. Good agreeDlent
between theory and experiment has been obtained for the gas ionizing shocks.

1. Introduction

This paper cOlÌcerns an experimental investigation of the magneto-hydro-
dynamic analogy to a classical piston problem in ordiary gas dyna,mics and is an
extension of some previously reported work (Liepmann & VIa8es 1961). The expeii-
ment involves drivig a 'magnetic piston' into a field in the presence of a trans-
verse magnetic field. The fluid may either be conducting ahead of the shock or
may be made conducting by the passage of the shock.

The experimental geometry employed was first described by Anderson et al.
(1958), and was suggested indeperiden.tly by Liepmann. Current passes through a
solid copper centre conductor (figure 1) and returns in a hollow cylidrical arc

through the gas. The interaction of the Be field produced by the current in the
centre conductor with the returing current produces a Lorentz force, or, equiva-
lently, a magnetic pressure, "\vhich acts radia,lly outward in the manner. of a solid
cylindrcaI piston expanding with time and drives a shock wave hito the ambient
gas. The device may thus be termed a cylindrical magnetic shock tube. An axial
field BZo is established prior to the discharge. It is the interaction of. the wave

motion with the axial field that is of primary interest here.
There are several features inerent in tliis device wlich make it useful for

shock studies. The most important of these are the stabilty and repeatibilty
of the flow. Tlis gross stabilty,wlich makes the experients feasible, has been

extensively studied by Colgate & Furth (1960) and others and wil not be further

discussed. In addition, a great deal of theoretical work has been done on idealized
models of the flow and provides a gude for the interpretation of experimental
results. Other features include low wall losses and accessibilty of the advancing
front for measurements.

By varying Bzo aiid other parameters in the problem, the ratio of ion cyclotron
frequency wei to collsion frequency v can be carred through a "\vide range, making
possible an investigation of both the' collsioiiless shock' limit and the collsion-
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dominated cases as well as the transition from one to the other. Tlis paper deals
mainly with flows in which wCilv ~ 1.

In § 2 various theoretical models for the shock tube are discussed. § 3 describes
the experimental apparatus; anû§Tis-CöneJ wiLh Llie e:ipedmen-reStis
and conclusions.

2. Theoretical predictions of shock tube performance
It is assumed throughout that the conductivity in the arc is sufciently high

that the CUlTent runs in a relatively thi annular region, and tlie concept of a

localied 'magnetic piston' therefore has validity: This assumption is fairly
well justifed a poste1'iori by the experimental results. Single-fluid theory

(magnetohydrodynamics) is used except when it is clearly inadequate; recourse
is then taken to' a more elaborate descripti~n. .

The natue of the flow wil be seen to depend critically on whether or not the
fluid ahead of the shock is appreciably conducting. For that reason the theoretical

. discussion is divided mto two sections; the first describing the motion when the
fluid is intially lighIy conducting . throughout the chamber, and the second

describing flows in wlich a very strong shock propagates into an essentially

non-conducting ga,s. .
Most of the experiments reported here have been done without any attempt

at pre-ionization; There are two reasons, however, for discussing both theoretical
models here. First, experients are curently being carried out in which the gas

is rendered ligliy conducting before the main discharge, and preliminary results
indicate that the' everyhere ligliy conducting' theory is applicable, Se00ndly,

in the absence of attempt~d pre-ionization, the gas ahead of the shock may be-
come more or less conducting due to radiation and electron diffusion through the
shock front (McLean et al. 1960; Wiese, Berg -& Griem 1961; McLean, Kolb &
Griem 1961).

SIwck moving into a conducting fluid
The simplest theoretical model is a gross balance of rate-of-chauge of momen-.

tur against pressure, suggested by Rosenbluth, and described frequently as
. slioWplougIi theory. It is assumed that the piston moves into the fluid and

sweeps it up into a very thin, dense layer on the piston surface. For a cylindrcal
piston the equatioh of motion is (Greifinger & Cole 19~n) -

~ ( 2 dre) _ 9 r NO - J ( )dt .7Jrepo dt - ",7J~eUJinÐ Pmz' 1
,t-here rc is the piston radius, Po is the ambient gas density, and Pmrj and Pmz are
the magnetic pressures, B2/2p, of the aziuthal and axial fields. In tlis equation,
the radius of the inner conductor and the ambient gas pressure are assumed
negligible compared to the shock radius and magnetic pressure. For the case
B=o = 0 and I = 10 wt = 'V tlL, where 'V' andL are the initial condenser voltage and
average inductance öf a slightly damped RLC circuit, equation (1) possesses the
cOl1ica.I similarity solution rc = uot, where

fV~ /1, ìt .110 = lL2 87T2pof ' (2)
6-2



.~. .

.~ .' .

.4

1
. '~

.~

84; . G~ G. Vlq,es 'j
~md wi be called the characteritic snowplough velocity. For Bio =l Oit is found j
that the solution is again conical, Tc = uct, where Uc is related to ito and tó the. :~Alén speed in the ambient fluid bo byi

:;

(Ue)2 = _ (~)2 + ((~)4 + l)l . . (3l:l. ito 2uo. 2uo' . . . ';i
Clearly ucluo ~ 1 and the piston is retard~d by the axial field. . . . ...~i~.

. As was shown by Greifger & Cole, snowplough theory is eqiUvalent to the7
Newtonian lit il ordinary gasdynamics and thus cal be eÃpected to represent:~

the flow only m the case of very strong shocks. A shock wave is termed strong,
. when it propagates "\Vith a speed large compared to the speed of correspondñgl
inftesimal diturbances. In the present instance; the latter speedis the COIl-::¡
bin~d way? speed (; ;. ,J(a~+ b~) ~ bo for aolbo ~ 1. Thus, i~creas~g,the axial .fi~l~~I;
whie holdig the other parameters of the problei: fied is equivalent to raising'~
the generalied acoustic speed and hence to ~eakenig ths' shock. We thereforejl
expect a breakdoWn in the snowplough theory for suffciently high values of Bzo.::

An exact .solution for the cylidrical magnetiè shock. tube w~s found by Grei~~~

fuger & Cole (1961) using the ful magnetohydrodynamic equations, In thekJ
solution, the current was assumed to. rise liearIy and the conductivity was taken:i1. . (~¡
to be everyhere inte. The mai results of that solution, :which of corteA\
possesses conical simarity, are as follows. (i) Equation (3) predicts the speed:;
of the piston with remarkable accuracy even for very weak .shocks, but is very:i
madequate for predicting the velocity of any shocks. other than very strong-ones;i

. (ii) For a fied Uo the shock speed increases and' the piston speed decreases,;

(accordlg to equation (3)) as Bzoincreases, accompanied by a decrease in com-1
pressIon of the plasma across the shock, ('lhe rate of incre.ase of shock speed~

. with BZo is less than the rate of increase ofàcoustic speed with Bzo so that. th~
shock ,A1én l\fach number approaches 1.) (üi)The axial magnetic :feldi
increases in passing through the shock proportionately to the density increase~
a consequence' of flux conservation through a contour attached to the fluid. ;1

In the experients the glass chamber wall is surounded by coils which produc~'

the axial field. Durg the short time of the experiment, these coils appear- some-l

what to the advancmg wave motion as an inftely conducting cylider whicli

might be expected to inuence the electI'c and magnetic fields and hence thl
fluid motion. It is important to.note that in the case considered hereof a verY.

highly conducting fluid, there can be no æstubance (either electromagnetic oil
. fluid-mechanical) ahead of the shock (Whtham 1959); hence the wall has n6j:
effect uitil the fust shock reaches it. An effect does arise, liowevert from the toP¡

and bottom electrodes. Being lighly conductmg, they tend to anchor the B!t
field lieS and cause them to become convex near the electrodes as the shock pro4
pagates outward. Tlis effect has been minmied by extensive radial slottin#;'of the electrodes. . . :t

\Venow consider the situation \vhere the conductivity is appreciable throughoufi;
the chamber but not infinite. In this case two new effects appear, difusion o~;
the magnetic fields through the fluid, and ohmc heating. :~.¡

At the shock front the diUsion of the induced azimuthal current is countert 1
...ti

:1~!

~
.1t
.~
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balanced by the non-linear breaking effect familiar in shock motion, resulting
in a steady profile whose tlickness is determined by the transport coeffcients,
In these e:xperiments, the width is of order (pXT)-i since the magnetic diffusivityis t'he-lar-gestt-these-ÌR¥clve .

The structure of magnetohydrodynamic shocks has been studied by Marshall
(1955) and others. When the shock tlickness is governed by conductivity, two
types of profiles occur. For ligh field strengths, all the variables undergo tran-
sition in Ii length of order (,u0")-1; for sufciently low fields there exists a sharp
thermodynamic shock at the end of the magnetic field transition region. Thus
one sees a sharp Rankine-Hugoniot shock with a long tail'op. the low pressure
side. Ina cylindrical geometry, the jump conditions must be' appropriately modi-

fled if the thiclmess of the shock is not small compared to the radial position of
the shock.

Diffusion of the field into the plasma also occurs at the plasma-vacuum inter-
face (piston) and there the difusion depth grows continuously as tl siiice there
is no counteracting mechanim. However, from considerations of' conservation
of mass it is clear that the separation between the shock and the piston grows as
t, so the shock should separate cleanly from the diusing piston for suffciently
large t.

The effect of Ohmic heating is to produce a non-constant-velocity wave system,
that is, to destroy thè conical simarity. For example, if one imagies that most
ofthe heatiiig occurs near the centre durg the intial stages ofthe dischargewlien
the conductivity is liely to be quite low, then conditions are approximated for
the classical blast wave solution where the velocity decays as Ifr. Therefore, the
(leviation from constant velocityexperiinentally dete:tied may provide a
measure of the relative importance of heating and magnetic pushing.

Propagation of shock waves into a non-conducting fluid
III this section we choose as a model a shock propagating into a non-conducting
Huid in which thereIs an axial field Bzo.The shock is assumed to be suffciently
strong that the gas becomes highly conducting a short ditance behid it. The

essential point is that now the field must be continuous through the shock
. and' hence the jump conditions are the ordiary Ranke-Hugoniot relations
. (Burgers 1957). This does not mean there is no effect of 

the field on the flow, for
hody forces arise in the region of the piston tendig to retard the piston and thus
produce a slower shock rather than the faster shock produced by the field when

t he fluid is everywhere highly conducting. However, the shocks are strong shocks
since their strength depends on the ordinary Mach number. Thus, a snowplough
theory remains valid for predicting the shock motion.

For the caSe of no wall, equation (3) is again valid for describing the piston path
and the flow remains conicaL.

In contrast to th,e model discussed above; the effect of a conducting wall .
around the chamber is now important, since electrom,agnetic disturbances can
propagate ahead of the shock because the damping mechanism is absent.
Consider the idealized problem of a highly conducting, thin, hollow, cylindrical

¡'¡ston advancing with velocity ii into a vacuum region surrounded by a fixed,
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. .

highly conducting cylidrcal ,vall (e.g. a coil producing the Bz. field), There is
initially a uniform field in the vacuum region. Solution of Maxwell's equations,
wil,h bO~fl-¡ include putting (E-uB) equal to zero 011 both
the piston and the wall, shows that the flux is conserved in the annular region

between the pistón and wall as the piston advances. Thus the fieId in front of the
piston is compressed from its original value Bzo to the value Bzo(~:- (r ct R)2),
where 9'c and R are the piston arid wall radi, respectively.

To apply these results to the present experiment one must reconcile two

questions. First, the coils do not close on themselves but are connected to an
external circuit. However, the drving capacitors are short cù'cuited during the
passage of the shock across the chamber. Secondly, . 

there are gaps betweeii

adjacent coils so that some of the field 'leaks out' instead of being compressed
between the piston and the wall; the eJ.lleriments show that ttbout 25 % of the
flux is sÇ)lost (see §4).

Therefore we apply this idealied model to our experient and equation (1)becomes d ( d . ) (l(t)2 B2 1_ 2 ~ _ -L tt Zò (4)
dt x dt - R2pO 41T2 RÕX2 ,u( 1- X2)2 '

where x = retR. For iet) '" tand Bzo == 0 the solution is again re = uot. For

Bzo =l 0, however, the piston slòws down 
as it appi;oaches the wal, even for a

linearly rising curent. That is, conical simarity is destroyed in tils ca.se by

the presence of the conductig wall. The situation is now analogous to flow over
a convex body rather than a cone (Liepmann & VIases 1961).

In summary, we see that the flow pattern is quite dierent when the shock
advances into a non-conducting fluid rather than into one wluch is a good con-
ductor. In the former case the shock speed increases but its strength drops; in .
the latter, the shock travels more slowly but remains relatively strong.

In the foregoing discussion of expected shock tube performance the existence
of an idealized fluid with scalar conductivity has been assumed. In fact, of
course, the fluid is composed of electrons, ions, and neutrals, and tils wi become.
important in understandIig some of the experimental results. In paricular,
the detailed mechanism by wluch the curent and 

field interact and a shock is

produced depends on three-fli.ud effects and is not completely 
understood at the

present time.

3. Experimental apparatus and technques
Basic discha1'ge chamber

A schematic view of the discharge chamber and the circuitry is shown in figue i.
The chamber is approximately 4 in. 

long and 6t in. inside diameter; the diameter

of the centre teflon insulator is 156 in. The main discharge current is supplied by
two 15 t¿F capacitors in parallel and the quarter cycle ofthe discharge is 4-5 ¡isec.
Most tests are run at 12 k V, corresponding to a pe~k current of 123 kA.

The axial magnetic fiéld is produced by discharging a 1000 ¡iF bank at up to
4kV through a four-coil system of the type described by Barker (1949). It
reaches its peak value (up to 12 kG) in 940 ¡isec and is .then short-circmted. In
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this arrangement of coils the' 
spacing and relative currents in the inner and outer

coil paÎrs are chosen to give maxium field unformity in a short cylidrcal.
1 t:gi~ee-use-te-ld-is.sed, eirtAn!'ive.-lÆILdial slotting of the top and bottom
circular stainless-steel electrodes is necessary to permit establishment of a
uniform field. With slotted electrodes the uniformity is better than 5 % over
most of the chamber.

~ ~
Glass

sÍotted
1

i

tB3.

electrode
-.

Sh~
Piston

I J
( ,Bg

I
J= ..

) t-i ;

~l "- Brass tube' .'

"- Tefon tube

Ta pump '- Copper rod

:-~ Capacitor bank

~ ~
~probe

~
Axal.
field
coils

~

~.

~.

L-.Igrtröns

FIGURE 1. Schematic diagram of apparatus.

1 nstrumentat.ion

On each :fing the condenser-bank voltage is monitored as a ftuiction of time with
a capacitance-type völtage divider for use as a time reference.

It seemed desirable at the outset of theinvestigåtion to develop instrtenta,tion .

which would detect directly the exitence of a sharp 
pressure pulse in the fluid

so that questions concernig the relative positions of light fronts, current fronts,
and shock waves could be clarified. To tlis end pressure probes employig
harium titanate crystals on the front (discharge end) of the pro be were constructed,
The crystal and conducting parts of the probe are shielded from the dicharge
by eii casing them in glass, This creates matcling problems due to the differing
acoustical impedances of the glass and clJ'stal so that the probes detect the
Ú.l'rival of a pulse but do not produce a faithful pressure-time history. The initial
\'oltage output caused by a shock striking the probe has been crudely calibrated
as a function of Mach number and initial pressure in a conventional shock tube.
The rise time attainable depends primarily on the crystal thickness only and
i,; 0.2 ¡.sec for the 1 mm crystals used here. Probes in wlich the crystal is
mounted at the rear of a long rod leading out of the discha,rge chamber were
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lÚed a-:n:ik-lEÌisearoed-.uthe--eJel~ rise time (of the order of
l¡¿sec at. best) caused by wave dispersion in the rod.

Time derivatives of magnetic fields (Be, Bz) are measured with small search
coils (1 mm inner diameter, 10 turns) encased in a Pyrex envelope inserted radially
into the discharge. For suffciently high cC?nductivities, a glass stieldis known to d;

have a deleterious effect on probe response (Ca,mac et al. 1961; Lovberg '1959). j
However, for the moderate conductivities encountered in the present experiment, (
the probes give an accurate'measurement ofth~ fields in the plasma (Lovberg "i
1959; Dippel & Teckenburg 1959). As a check on possible electrostatic effects, a;
grounded centre tap probe (Dippel & Teckenburg 1959) used in connexion with :;
a diferentialpreampli:fer was used on several runs and yielded results identical .~to the single-coil probes.' .~

A single-frame Kerr-cell camera made by Electro Optical Instruments, Inc" j
is used to take pictures through the side of the chamber at given times after the .j
onset of the discharge. Exposure times are all either /0 or /0 ¡iSec. '.

A' run' is accomplished by :fst discharging the Bz capacitor bank into th~ :feld
coil ,and then :frig the main bank after à suitable delay. A' set' of experiments "

in a given gas at' a particular intial pressure and condenser voltage consists of '
pressure, Be, Bz, and the Kerr-cell records for six radial probe stations and :fve ~'
or more values of intial axial field Bzo' Two probes were used; a pressure trans- .~
ducel' aüd a search coil, each lyig in the chamber mid-plane and separated ~
aziuthally by 60°.

The results presented below deal primarily with sets of experiments in argon ::
and helium at 100 and 500,u Hg initial pressure with all other parameters ~

_d :fed. Although most of 
the experiments were done 

without pre-ionization, some;

preliminary experiments with pre~ionization wil be described.)
~

~

4. Experiental results and interpretations -,
Experiments withoiit pre-ionization..,

In tlis section, emphasis is placed on three sets of experiments wlich ilustrate";

most of the important features. .
Table 1 presents some of the relevant parameters. The equilbrium temperature'r

belind the shock (T2Cqj is calcula,ted from Rankine-Hugoniot relations ånd.~
equilibrium thermodynamics using the observed shock speeds for Bzo'= 0 ~ndf
serves as a rough estimate of conditions behind the shock, It is possible, of course~;;
that thermodynamic equilbrium is not established suffciently quickly to make,-
the calculation strictly applicable. (Extrapolation òf the results of Petschek~

& Byron 1957 iiidicates that equiibrium would be reached (in argon) in a time"
between -l and 1 psec. The electric field wil tend to keep the electrons hotter.
enhancing the ionization rate but tending to 

prevent the establishment of true;

thermodynamic equilibrium.) The eqiulibrium degree ofIonization behid the.
shock (ClzcqJ is based on Tzcii.' and P2 and is defined as the number of electrons per
origina,l neutral particle. 'lhe electrical conductivity is obtained from Spitzer':;
(1956) result for fuly ionized gases. The diffusion depth oe of the driving fiehl
Bo into the gas iii the time required to traverse the chamber Rjiió is also listi'd,. .
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from which it is seen that the' piston' is somewhat cWuse, and a clean sepl:a.Lioll
of the shock and piston is not to be expected.

In scanning table 1, one should noté that a major effect of the axial field is to
decrease the shock strength and hence to produce less conductivity and conse-
quently greater departures from the idealized modeL.

The state of the plasma is such that, except in a few extreme cases, we¡lv -c 1;

that is, the condition for a 'collsionless shock' is not fuled.

Relative f1'ont positions

Typical (1', t)-diagrams are shown in figures 2, 3 and 4. The legend needs a little
further clarification. Circles ¡'epresent the arnval of a sharp. pressure pulse.

Triangles indicate the arrival at a given radius of a peak in the function BO(1'i' t),
which for sharp )?eaks (ideal flow) correspond closely to the maximum current
density jz; i.e. to the arrival of 

the magnetic piston at the distance 1'i, The symbols

labelled ., Bz null'. refer to the null in Bz(ri' t) wlich occurs when compression
of the axial field at a given radius is complete. Tms, accordig to the theoretical .
discussion given above, should correspond closely to the shock position. Finally
the solid circles represent the radius of the luminous front, Where deviations
from cylindrical symmetry were observed, the positions of tne left- and right-
hand sides of the front are both shown.

These figures illustrate the relative positions of the various fi'onts. In helium
at 500 ¡t the shock precedes the piston as one eJ.-pects. This is true both with and
without the axial field. The separation between the fronts changes little with
field stre::gth, indicating a non-magnetohydrodynamic shock flow, For no field
the light front is with the shock, wlile it lags slightly when a field is applied.
:Figure 3 ilustratés a' result which at fist appears somewhat anomalous. For
Bzo = 0 the piston appears to be slightly ahead of the shock, while fOl' Bzo = 4950
the' piston' is defitely ahead of the shock. It should be recalled tllat the' piston'

is really a relatively tlick annular region in wmch volume currents flow, rather
tha,n a curent sheet at a well-defied location (see figures 10 and 11 below). Thus,
the shock is located near the rear of the current-carrg regiori in argon (figure 3)
and near the front in helium (figure 2). Figue 4 shows tha.t a simiar tendency for
the piston to precede the shock occurs in argon at 100 tt, although it is not pro-
noÙnèed. It is also clear that the light front tends to stay near the shock wave
in all cases. .

A possible explanation of the piston 'preceding' the shock can be given as
follows. Because they carry most of the current, the electrons are the primary
recipients of the Lorentz force acting on the gas. Thus they tend to move away
fl'll the ions wmch are pulled along belind them by the electrostatic force
arising from the charge separation which occurs, As the ions are heavier, they
are more effective in transferring energy to the neutra,ls a,nd the principal
'~hock' disturbance is associated with the ions, The separation "\vhich can be

maintained between electrons and ions depends in part on the relative ease with
which the electrons and ions can move through the neutrals, as well as on the
fll'duct of the Debye length times the :Mach number, (Since the electron con-
('ciitration varies by several orders of magnitude iii passing through the shock
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region, the Debye length is diffcult to determine even approximately.) Now
the electron-atom collsion cross-sections for helium and argon are quite dierent
in t.he-.n.e~ge of 1-3eV which is characteristic of these experients.

The electron-atom cross-section for argon as a function oI--il-a-sa

very pronounced dip at 1 eV (Ramsauer effect) to a value less than l that of

B.o T2e.. 0"2 Òc

Experiment (G) bo/uo (OK) a2eq. (mho/m) (cm)

Argon, 100 ¡., 12 kV; 0
~"21ito = 1-95 cml¡.sec; 1,350

. lJ:Io = 60 2,750 0-86 ~ 30,000 Doubly ionied 13,000 1-6

4,125 1.29
5,500 1.72

Argon, 500 ¡b, 12 kV; 0

~"l

ibo = 1.30 cm/¡.ec; . 1,650
j'llo = 40 3,300 0.69 ~ 23,000 Nearly double 8,750 2.3

4,950 1.04
6,600 1-38

Helium, 100 ¡., 12 kV; 0 o 1
Uo = 3.47 cml¡isec; 680 0.38

.Mo = 34 1,350 0.75 . 21,900 0.68 8,000 1,5

2,050 1.14
2,700 1.53

Helium, 500 It, 12 kV; 0
~'411Uo = 2-32 cmftisec; 1,100

lVo = 22-7 2,200 0.82 19,500 0-25 7,000 2-0

3,300 1.22
4,350 1-61

. TABLE 1

helium, whose eÏectron-atom cross-section is approximately independent of
energy in this range (Massey & Burhop 1952). It then increases rapidly, becoming
equal to that of helium at around 4eV. From table 1 it is séen that the charac-
teristic temperature in argon at 500 It for no axial field is about 2 e V. The presence
of a field slows the shock (see' 

below) and moves 
the temperature towards 1 eV,

where the cross-section is the smallest; this is precisely where the largest sepa-
ration of the fronts occurs. The experients in argon at 100 ti correspond to a
cross-section intermediate between that of the experiments in helium at 500 It,
where the piston lags as in a normal shock-piston flow, and argon at 500 It.
As seen in figure 4, the relative positions of the fronts in this case are consistent

'with the above reasoning.
While the foregoing explanation is certainly an over-simplification of a com-

plicated phenomenoii, it appears clear that the Ramsauer effect plays an im-
portant role_ A great deal of 

work remains to be done before the process whereby
a magnetic piston drives a gas and produces a shock wave is tlioroughly uricler-
~tood.
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Kerr-cell photog1Yplis

¡jeveral interesting features :of Llie fl\)w-e-sh-uwn-g~iate-)-aJl4&-
(pIate 2). As is evident, the light front is straighter and more clearly defied
at high initial pressures. In argon, with no axial. field applied, small offshoot.s'

or flares ofluminosity are present which disa,ppear when even a slight initial field 
is

used. In general, the effect of the presence of the axial field is to enhance thci
stabilty of the luminous front.

A slight tendency was noted, particularly in a.rgon without an applied B:
field, for the radius of the cylindrical light front art a given time to be slightly
greater at the cathode than at the anode. Most of the lumiosity is due to linc
radiation fi..om excited states and thus the light front cori'esponds closely to tIie
ionization f:ont and shock,. as is apparent from figures 2-4. The tilting is believed
to be due to a te~ldency of the ions to migrate toward thecathöde and in so dOÍlig
to drift slowly outward; the effect disappears in the presence of an 

axial field.

Some curvature of the light front near the electrodes due to the anchoring of
the field lines is observed, but the effect is quite small.

Shock prope1.ties'

Figues 7-9 ilustrate the influence of axial field stterigth on the motion of the
shock and piston. In each case, the shock is slowed by the axial field. Thi fact
in itself is failIyconclusive evidence that the shock is an ordiar one propagatÍlig
into an essentially non-cönducting fluid, as discussed in § 2 above. 

The increasing

deviation from conical sinarity as the field increases indicates furher that
the effect of the conducting wall (coils) is being felt. Note that although the
shock slows down in fairly good agreement witli sno"\-plough theory, the velocity
of the piston follows a pecular behaviour as described above. An approximate
solution to equation (4) has been obtained by expanding iii a power series to
find the behaviour near the origiIi, and by equatig the inertial term to zero to
fid the behaviour near the wall (x = 1). The results are plotted as a dotted liiìe
on figue 8, from which it is seen that equation (4) closely predicts the shockmotion. .

As the shock slows, the pressure jump must drop, Calibration of the pressure
probes in an ordiary shock tube shows that the outputis roughly proportional

to the reflected shock pressure jump. For strong ßhocks, tils is proportional to
the square of the shock Mach number, so that output falls rapidly as the shock
speed drops. Comparison of figue 10 with figures 7.and 9 shows. this to be experi:mentally-verified.. .

Plots of rBo are given in figues 10 and 12 for a typical set of 
runs. The circles

indicate the position of the shock at a given time. The slope of these curves is all
indication of the piston cUlTent, js = (r¡¿)-i'd(rBf))/ôr.' (The curves were not

differentiated because of the inherent inaccuracy arising from measuring thc
field at only six radial stations.) As can be seen, the current front travels al the
way to the wall for no axial field, but is effectively stopped by the presence of an
initial field a.iid diffuses toward the wall through the cold gas as time progresses.
It is clear that the field acts to limit compression of the gas.
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In conclusion, these experiments without pre-ionization indicate that an
ordia.ry shock propagates into a relatively non-conducting fluid at a rat.e
governed by the speed of the magnetic piston, whose motion i§ retarded by the
presence of an axial field. The shock is associated mainly with the ions, which
appear to be driven electrostatically by the electrons.. .

~
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FIGURE 10. Varation of pressure probe output .with radius. Argon: 0, N Bro = 0;
8.. ~ Bro = 1650; 8, ~ Bro = 3300; . "i, '" Bro = 4950; 63, ~ Boo = 6600. Helium:
0, ~ Ero = 0; 8., ~ Bro = HOO; 8, ~ Ero = 2200; "i, ~ Boo =.3300; 63. '" Ero = 4350.

Experiments with pre-ionization
In .order to produce a true magnetohydrodynamic shock of tlickness small
compared to chamber dimensions, an equilbrium condutivity ahead of the shock
of the order of 1 04 mho 1m is required. Shock heating seems to be the most diect
way of accomplishing this in these experiments. The simplest scheme is simply

to examine the shock motion emanating from the second half-cycle of the main
discharge. Tliis has been done, and preliminary e2i'"eriments indicate that the
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shock is speeded. up by t.he presence of the field, i.e. the wave is actually a mag-
netohydrodynamic shock wave. The diffculty with tils procedure is twöfold:
(1) the state of the fluid and the magnetic field into wliich the second shock
propagates is not precisely known since it follows the fist so quickly; and (2) at
the present time the instrumentation severely limits the accuracy of measure~

iieii L:: uii-th-snd-shWffeli-tl~~1-es..epte
inverse pinches fired at an arbitrary delay Vvith respect to each other, the fist

one providig a high equibrium cond\ictivity throughout the chamber, and the
second one being the subject of investigation. Furher results wil be reported as
they become a vaIlable.
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FIGUR 11. Typical r B 0 profiles in argon.
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FIGURE 12, Typical rBo profies in argon.
Bzo = 4125; bo/uo = 1,29.
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Plate 2

..;;. ¡

(a) B.o= 0

. ¡ ....:

..... '.

:~J \;

. .'

(b)B.o= 4950 G

FIG~ 6. Kerr-cell photographs in argon taken through top electrode (anode) at .ap-
proximtely 4'5 ¡isec. after discharge. Exposure time 0-05 ¡.sec, Initial voltage 12 kV.
Initial pressure 500 ¡.. Note the high degree of symmetry. (Extraneous light on the left
side of thë photos arises fi'om reflections.)
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