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ABSTRACT

An experimental study of the structure of MHD switch-

on shock waves propagating into partially ionized hydrogen and

helium plasmas is described. The variation of electron and

ion temperatures through the shock front was studied as a

function of the level of preionization. When the shock

propagates into an almost fully ionized plasma, the electron

temperature rises well above the ion temperature due to

resistive heating of the electrons. At low preionization

levels however, the ion temperature rises above the electron

temperature. These results indicate that ion-neutral collisions

can pl?# a dominant role in the dissipation of energy in a shock

wave.

INTRODUCTION

MHD switch-'on shocks propagating parallel to a steady

magnetic field into a highly ionized plasma have been studied

experimentally with magnetic probes by Watson-Munro et al (1),

Kurtmullaev et al (2) and by Craig and Paul (3). In this paper

we add high resolution electron density and temperature

measurements, and ion temperature measurements to magnetic

field observations. We have also studied the structure of an

MHD shock as a function of the degree of pre-ionization and

have found that the ion temperature is dependent upon ion neutral

collisions and hence upon the degree of ionization ahead of the

shock.

EXPERIMENTAL

The experiments were undertaken in the cylindrical

SUPPER II shock tube (Brennan et al (4)) consisting of a

stainless steel vacuum vessel of length 1.7 m and diameter 0.21 M ;

embedded in an axial magnetic field BQ essentially constant in
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space and time. One end of the vessel was sealed with a

quartz end plate containing a central electrode of diameter

76 mm and length 76 mm connected via ignitrons to separate

{ capacitor banks for plasma preparation and shock launching.

The other end of the machine was sealed with a pyrex end

plate through which an axial magnetic probe could be inserted.

In one set of experiments, the tube was filled with

hydrogen at a pressure of 70 mTorr and another set of results

I'r' was obtained using helium at a pressure of 100 mTorr. In both

[v: cases, the gas was preionized by launching a normal ionizing

V shock into the gas using a damped sinusoidal current pulse of

ir peak amplitude 40 kA and period 30 ysec. The MHD shock was

^ launched at various times after preionization by discharging a

M- 68 nP 3 20 kV capacitor bank between the central electrode and

pv the tube wall. This produced a driving current of peak

jS amplitude 150 kA with a half-period of 32 usec, current flowing

|;; axially along the vessel axis to the shock front and radially

!# " through the shock front and rarefaction wave to the vessel wall.

Cv Electron density and temperature profiles were

p$_ determined from the intensity and spectrum of ruby laser

fp radiation scattered at 90° by the plasma. A 150 MW, 20 nsec

feK pulse from a Q-switched laser was focussed O.83 m from the

fe launching end of the tube and at a radius of 70 mm. The

sfz spectrum was resolved with a grating polychromator using fibre

S optic entrance and exit slits. The ion temperature was estimated

|V by measuring the Doppler broadening of the Hell line at 468.6 ran

p with a monochromator having an instrumental width of 0.015 ran.

r Hydrogen ion temperatures were estimated by introducing 10JS

f; helium into the filling gas. The shock velocity was obtained

from magnetic probe measurements. The small amplitude Alfve*n

speed VA in the preionized plasma was also measured with a

magnetic probe, by discharging a 1 kA peak, 0.5 MHz damped

sinusoidal current pulse between the central electrode and



3-

vessel wall. The preshock electron density was checked with

a COp (10.6 um) laser interferometer.

MHD SHOCKS IN HYDROGEN

Although the drive current in this series of experiments

was sinusoidal, the wave front, as measured with magnetic probess
rapidly developed into a steep shock (Watson-Munro et al (1)).

The only radial variation in shock velocity was a drop in

velocity of 1055̂  2 cm from the wall. A well defined separation

of piston and shock was observed (Pig. la) at high Alfv€n Mach

Nos. The switched-on azimuthal field b Q 2 (between the shock

front and piston) at a radius r = 70 mm is plotted in Pig. lb

as a function of Alfven Mach No. MA1. These results are in

accordance with theoretical predictions> e.g. Craig and Paul (3)

for a fully ionized gas and our own estimates corrected for a

martially ionized gas. Note that for high shock speeds (MA1 > 2)

the switch-on field drops to zero and a pure gas shock is

expected to propagate ahead of the driving piston.

Other parameters are compared in Table 1 with

theoretical predictions based on the shock jump equations

(Kemp and Petschek (5)). In this table b ^ is the azimuthal

drive field at r = 70 nun at x = 0 (the launching electrode)

xp is the distance to th-i piston and xg is the distance to the

shock front.

TABLE 1

0.58 T SHOCK

I.'.

Parameter

be4/Bo
MA1

b62/Bo

Theory

O.56

1.1

0.52

Expt .I;-': '

0.56 ± .05

1.14 + .05

0.50 ± .05
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TABLE 1 (cont'd)

Parameter

b64/Bo

MA1

be2/BQ

Xp/Xg

0.2 T

Theory

1.45

1.48

1.2

.77

SHOCK

Expt.

1.45

1.48

1.11

.65

+ .05

+ .05

± .05

± .04

Density, temperature and bQ field profiles are

shown in Figs. 2a, 2b for steady fields B = 0.2 Tesla

(MA1 =1.5) and O.58 Tesla (MA1 = 1.15). In both cases,

the shock was launched at t * 160 us after preionization. At

this time, the electron temperature at a radius r = 70 mm was

1.2 ± 0.1 eV corresponding to a percentage ionization

50 ± 30? (determined from the Saha equation).

The results for the MA1 =1.5 shock can be compared

with the theoretical profiles shown in Pig. 3. These profiles

have been computed using a one dimensional, two fluid model

of the MHD switch-on shock (Bickerton et al (6)) in which

it is assumed that electrons are heated ohmically, ions are

heated by viscous dissipation, there is no energy transfer

between ions and electrons and the pre-shock gas is fully

ionized. The high electron temperature observed for this shock

indicates that ohmic heating is the dominant dissipation

mechanism, but in order to obtain a reasonable fit to the

experimental data, it is necessary to assume a value of

resistivity 5 times the Spitzer (7) value. Enhanced

resistivity has the effect of damping the whistler wave ahead

of the shock and reduces the shock width without altering he
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final electron or ion temperatures. Even with enhanced

resistivity, it is not possible to obtain an adequate fit

to the experimental data and it would appear that the

neutral component in the upstream plasma has an influence

on the shock structure. The presence of neutrals will

elevate the ion temperature due to ion-neutral collisions

and will reduce the electron temperature due to electron

energy loss by ionization of neutrals. Ion-neutral collisions

also play an important role in the damping of whistler waves

(8). The effect of ion-neutral collisions on the plasma

resistivity has been estimated by Cowling (10) using a three-

fluid model of the plasma. The Cowling resistivity yields a

value 1.5 times the Spitzer value for the conditions upstream

of the M., = 1.5 shock if the percentage ionization is taken

as 50$ and 3 times the Spitzer value if the percentage

ionization is taken as 20%.

The MA1 -1.15 shock is characterized by a high ion

temperature, a result which cannot reasonably be explained in

terms of the two fluid model. In this case the ohmic power

input to electrons is small due to the slow rise in b« and

the resultant low electron temperature produces a low rate of

ionization. As shown in (9), ion-neutral collisions can

result in heating of the heavy particles so the high ion

temperature observed is consistent with the presence of a

large neutral component.

If the effects of electron-neutral collisions are

neglected, the resistivity transverse to the field is given

by

n/n0 = l + (l - D2/K± K

where I is the degree of ionization, K^ the ratio of collision

frequency of an ion with neutrals to the ion cyclotron
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frequency, K the ratio of collision frequency of an electron

with ions to the electron cyclotron frequency, and n Q is the

Spitzer resistivity.

The input power to ions and neutrals due to ion-

neutral collisions is (n - nrt)j and the input power to
2electrons due to ion-electrons collisions is n i where j is

the current density. These results imply that the initial

heating rate of the electrons should be approximately twice

that of the ions for the M A 1 = 1 , 5 shock, but for the M A 1 =

1.15 shock the initial ion heating rate should be four times

the electron heating rate. The experimental observations are

consistent with these estimates.

MHD SHOCKS IN HELIUM

A second series of experiments was performed using

helium to test the effects of varying degrees of ionization

in the upstream plasma. The time after plasma preparation at

which the shock was launched was varied to give 60%s 30/5 and 10$

ionization for an initial filling pressure 100 mTorr and a

steady field B Q = 0.25 Tesla.

s| The results obtained showed that although the

fc equilibrium post shock conditions are fairly insensitive to

Iv the ionization level ahead of the shock, the shock structure

Is is highly dependent on the level of preionization.

iv Results for 60% and 102 ionization are given in

I, Figs. 4a and 4b. In both cases the shock speed was

£';, 0.9 ± 0.1 x 10^ m/s corresponding to an Alfvgn Mach No. 1.5.

|fj At the 60% level of preionization, the temperature and density

||-; of electrons rise rapidly (̂  300 nsec rise time) with a slow,

|$J minimal rise in ion temperature. This behaviour is similar to

&§ ' that of the Mfl, =1.5 shock in hydrogen. In contrast, the ion



liv temperature of the 10% preionization level shock rises

i;// ahead of the radial current sheet and the electron temperature

I, . rises very slowly to equilibrate with the ion temperature in

,<; the post shock regime. T e and T i are approximately equal

•̂  "for the 30% preionization level.

f: :] Two-fluid shock profiles computed for the 60%

|.;:'-:- preionization level require an increase of a factor of 15 in

\%- the Spitzer resistivity to damp the whistler oscillations and

i/ reduce the shock thickness to the values observed. The

f̂ " enhanced resistivity can only be partially explained in terms

I :, of ion-neutral collisions, since the Cowling resistivity is

\yt- only a factor of 2 higher than the Spitzer resistivity for

f.'-." the upstream conditions in the 60% preionized plasma. However.

I - the observed ion and electron temperatures are consistent with

Iff} the Cowling resistivity which predicts an initial ion heating

jv rate 0.4 times the initial electron heating rate for the 60%

''%' • preionized shock and 11 times the initial electron heating

:K rate for the 1055 preionized shock.

it CONCLUSION

:>;;• Experimental studies of the MHD switch-on shock

S; propagating in a partially ionized plasma have shown that

;]; • ion-neutral collisions can result in an efficient conversion

of directed kinetic energy into ion thermal energy. Simple

estimates of the relative heating rates of ions and electrons

;| are in reasonable agreement with the resistivity calculated

g;;; from a three-fluid model of the plasma. Better agreement

|v,; with the observed shock structures can be expected from a

three fluid description of the switch-on shock., taking into

account the effects of ionization of neutral particles through

the shock structure.

• T " •••'',
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X Metres

Fig. la x-t diagram of shock
front and piston in hydrogen,
Bo - 0.2 Tesla. Note reflec-
tion of shock front from end
wall.

Fig. 1b Switch-on transverse
field b02 vs Alfven Mach No.
MA1 f° r various values of
steady axial field Bo.
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Fig. 2a. Electron density (ne), electron temperature (Te), ion
temperature (Ti) and transverse field (be) profiles for
the M A 1 =1.5 shock in hydrogen; Bo = 0.2 T, percentage
ionization ahead of the shock is 50 ± 30%.
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Fig. 2b Shock profiles in hydrogen, B Q = 0.53 T (MA1 = 1.15)
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3 TheoreticaJ. shock profiles, assuming a two fluid plasma
model with, resistivity enhanced by a factor of 5.
B = Q.2 T, M A 1 = 1.5, shock speed 1.4 x 10 m/s.
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Fig. 4a. Shock profxles in helium, M
60%.

= 1.5, preionxzation level
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Fig. 4b Shock profiles in helium, M A 1 » 1.5, preionization level
10%.


