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ABSTRACT

A study has been made of strong MHD shock waves in partially

ionized hydrogen. Dissipation due to slip between the ions and neutrals

with the effects of viscosity and heat conductivity have been included.

Charge exchange processes control viscosity and ion slip. For Alfven

Mach numbers below 2.5, the dominant mechanism is ion slip; for larger

Mach numbers, the viscosity is important. The measured light intensity

rise time and the electron temperature immediately behind the shock agree

with theory. Behind the shock, measured electron temperatures are low.

Electron temperatures are obtained by measuring the plasma soft x-radi-

ation using thin carbon foils as filters.
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1. Introduction

The magnetic annular shock tube (MAST) has been suggested pre-

viously1, 2 as a useful tool for producing high temperature ( - 100 ev) plas-

ma samples for study. Earlier work 3 . 4 has shown that the device does

operate as a shock tube in that there is a region behind the shock in which

the density and magnetic field are uniform and satisfy the conservation con-

ditions across the shock. In addition, the MAST has been used to study the

structure of high velocity shocks, (t 40 cm/pLs). The present paper dis-

cusses further work on both of these problems.

The observed shock thickness 5 has previously been found to be in

agreement with a theory for the structure of a shock wave in a collision-

free fully ionized plasma. The fact that the shock wave was proceeding into

un-ionized or at best partially ionized hydrogen was assumed to be unimpor-

tant because the energy dissipated in the shock was many times (t- 30) the

ionization energy of hydrogen. This assumption is probably invalid since

several dissipative mechanisms can be found in a partially ionized gas

which are capable of dissipating appreciably more than the ionization energy.

In gection 2 these mechanisms are discussed and compared with the experi-

mental results. Although the explanation of the experimental results is not

complete, the general scale of the thicknesses is of the right order of mag-

nitude. This suggests that the observed shock structure is probably related

to the gas being partially ionized and should not be compared to collision-

free shock theories.

Section 3 discusses attempts to determine the energy distribution in

the gas behind the shock wave. A soft (- 200 ev) x-ray detector has been

developed. Assuming a Maxwell electron distribution, the apparent elec-

tron temperature never exceeds 25 ev. In the times available, collisional

heating by the ions should give temperatures two or three times higher.

This discrepancy is at present unresolved. The possible explanation that

the thermal energy is lost to the walls is in disagreement with measurements
3.,5

of wall heat transfer.

2. Shock Thickness

Discussion

In the discussion of the structure of strong magnetohydrodynamic

shock waves in a partially ionized gas, the relevant collision cross sections

to be considered are those whose magnitude does not decrease rapidly at



high energy. For most simple gases, the ion-ion and neutral-neutral cross

sections are inversely proportional to the square of the energy for large

relative energy. Those which remain large at high energy are the neutral-

ion charge-exchange and the electron-neutral ionization cross sections.

Dissipation mechanisms can be constructed based on both of these processes

occurring in the presence of a magnetic field.

We consider btrong shock waves propagating into a partially ionized

gas containing a magnetic field in the plane of the shock front. If the ratio

of ion mean free path to gyro-radius is large, then the ion gas will essen-

tially be tied to the magnetic field and within the shock a relative velocity

will exist between the ion and neutral gases. Ionization or charge-exchange

taking place where this difference of velocities exists will result in a friction

force between the two gases.

The heavy particle distribution produced by such a mechanism is

non-Maxwellian. It is essentially a two-dimensional Maxwellian distribu-

tion in the plane normal to the magnetic field cut off at the velocity v max=

UI - U. , where U and U 2 are the gas velocities ahead and behind the shock

in shock fixed coordinates. If the charge-exchange and ionization cross

sections are large compared to any actual momentum collision cross section,

then complete Maxwellization of the ions will occur considerably behind the

shock. A ratio of specific heats, y, equal to two is appropriate to this inter-

mediate distribution and will be used in most of the subsequent calculations.

If the ratio of U I , to the Alfven speed ahead of the shock (B 1/4 7rp)

is two, which we will call the Alfven Mach number, M A , the Rankine-

Hugoniot relations give U U for y r 2. In this case, the particles

having v max in the final velocity distribution can just stand still in the
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stream, none can propagate upstream. For MA - 2 then viscosity effects

can play no role in a shock structure based on charge-exchange or ioniza-

tion. For MA > 2, some particles in the distribution will be able to travel

upstream and some effects of viscosity would be expected. For large MAt

these viscosity effects will become daminant.

In the case where viscosity can play no role (MA 5 2) there is an

upper limit on the initial degree of ionization, if the mechanism of the shock

is to remain charge-exchange or ionization. This limit is the result of the

fact that there must be some mechanism by which information may be trans-

mitted ahead of the shock. If no particles can go forward, then a wave

propagation mechanism is required to carry information to the front of the

shock. Since the ion and neutral gases are relatively decoupled, it is
5

possible to propagate a transverse magnetchydrodynamic wave across the

field lines with a velocity equal to (B /4Tp 1 ) where p, is the ion density.

This wave will propagate ahead of the shock as long as the initial degree of

ionization is less than (1/MA ). Thus, for MA S 2, this requirement sets

a limit on the allowed initial degree of ionization. For MA > 2, particles

can propagate ahead and the condition is relaxed to a degree depending on

MA.

We will divide the further discussion into two parts, those cases

where the effects of viscosity may be neglected, and those cases where

viscosity must be included.

Low Alfven Mach Number Case

When viscous effects are neglected, conservation equations for total

mass, momentum and energy, summed over all the species, (ions, neutrals

and electrons) hold throughout the shock region.
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Mass PNUN + PiUi -PlUI

Momentum PN + Pi + Pe + PNUN 2 +PU 2 + B 2 /8i:P 1 U2+B/8

Energy 3PNUN3 P U3+.PiU + C +Cp

2 32
+ PiEiUi +UI B/47Tr- 1 p U 4UB/4 7r +pil EiUl

where p, U and p are the densities, velocities, and pressures of the various

species indicated by the subscripts N, i and e, for neutrals, ions, and

electrons. B is the magnetic field; E. is the ionization er.ergy per unit

mass, and C /R is the ratio of specific heat at constant pressure to the gasp

constant.

Tn addition to the above equations, the rates of change of the fluxes

of mass, momentum, and energy of two of the three species must be described.

For the neutrals these equations are

Neutral Mass d/dx(PNUN) - V - NiNm

Neutral Momentum d/dx(pNpU 2)- ' NN mi(V -U)
(NNUN CT R i N i i -N

NG. N Nm U
" e iN iUN

C
Neutral Energy d/dx(lPNUN -R PNUN) - T- NiNN(kTi +

+ m.U -kT -1miUkN - i-- NNN(m.UN+kT)
Ii N iN' -i e I uI N)

+V6 N N (kT -kT-j.UU).
Ne Ve Ne iN e-kN-imi(UN-Ui)Ui)

The electron density and flow velocity are given by the charge neutrality

condition (Ne = Ni) and the boundary condition of no current perpendicular

to the plane of the shock. And finally, the electron energy equation is
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dU.
Electron Energy d/dx(N kT U.) + N kT ---. ra---e e 6

e e e e Ne e Ne 2
N N N~TN+1 M(UN U )UN kT + +_VMNNC e i

(kT-kTe) - N.N aV- E.
e i N I e loniz

where NNo N . Ne and TN' T i , Te refer to the number densities and tempera-

tures of neutrals, ions, and electrons. The -- are cross sections averaged

with the appropriate velocity distributions where the subscripts i, CT, Ne,

C refer to cross sections for ionization, charge exchange, neutral electron

energy transfer, and Coulomb collisions, respectively. 6Ne is the fractional

energy transfer from neutrals to electrons per collision and me. m i refer

to the electron and ion or neutral mass. We have neglected joule heating of

electrons, heat conduction by electrons in the flow direction, and assumed

that the ions are strongly tied to the magnetic field lines, (Ui/UI = BI/B).

Experimental cross sections were used where possible. If these were not

available, theoretical estimates were used. 6,7,8

This system of equations was solved by machine integration after

starting values were calculated by linearization around the free stream con-

ditions ahead of the shock. The calculations were done for hydrogen and since

the dissociation mechanisms at these energies are not clearly understood,

the calculations were carried out for both molecular and atomic species.

Results, Low Alfven Mach Number, Atomic Cross Sections

For this case the electron heating rate by elastic collisions with the ions

was taken from Ref. 9 and for atoms, cross sections were taken from Ref. 6,

assuming a fractional energy per collision of me/mA. This electron heating

rate allows little ionization within the shock and the shock structure is deter-

mined by the charge-exchange mechanism. Most of the ionization occurs in a

relaxation region behind the shock. Typical magnetic field and ionization profiles
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are shown in Fig. 1, for an initial degree of ionization of 0. 1, Alfven Mach

number of 2. 0, a shock speed of 4 x 10 7cm/sec. The shock thickness based

on the magnetic field rise varies inversely as the initial degree of ionization.

A thickness based on the light intensity rise (due to Bremsstrahlung) is, of

course, the thickness of the ionization relaxation zone and therefore, is inde-

perdent of the initial degree of ionization. The thickness based on the light in-

tensity agrees to within a factor of two with previously published measurements 3

(Fig. 2). The thickness based on the magnetic field rise can be made to agree

with the measured results 3 for an initial degree of ionization of 0. 1.

This explanation is deficient in several respects. (1) In the MAST

experiments, the initial degree of ionization is not carefully controlled and

yet the magnetic thickness is quite reproducible. (2) The gas is not dissocia-

ted ahead of the shock and ordinary dissociation mechanisms da not appear

to be fast enough to cause appreciable dissociation within the shock. (3) The

predicted separation between the magnetic field rise and the ionization rise

has not been observed. Recently, simultaneous measurements of magnetic

field, visible light and soft x-ray emission (see Section 3) have been made.

Preliminary results indicate that the magnetic field rise occurs very near

or only slightly (1 cm) ahead of the x-radiation and visible light.

Results, Low Alfven Mach Number, Molecular Cross Sections

In the molecular case, if the heat transfer to electrons is assumed,

as in the atomic case, to be due to elastic collisions with molecules and ions,

we again find that ionization occurs behind the magnetic field change. How-

ever, since the charge exchange cross section is smaller for molecules,

the calculated magnetic thickness is larger than the observed one at

all initial degrees of ionization. The thickness of the ionization rise
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SHOCK PROFILE
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Fig. I Magnetic field and ionization profiles are shown tar M A r 2 shocks
with both atomic and molecular cross sections used in the comn-
putat ions. For the molecular case, the electron heating rate is
augmented as discuissed in the text.
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Fig. 2 Theoretical shock thicknesses are compared with experiment for
both atomic and molecular cross sections. For the atomic case,
only the light intensity thickness is shown as the magnetic thickness
depends on the initial degree of ionization. The curves and points
shown are for MA = 2 for fhich the shock velocity scales with
pressure as U 1 = 253/(PI)a . (P, in microns; U1 in cm/jusec.)
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again agrees to within a factor of two with experiment.

Several additional calculations were done for the molecular cross

section case in which the electron heating rate was increased by a factor

ranging from 10 to 500 above that due to elastic collisions. In all of

these cases, a shock profile was obtained in which the major portion is

dominated by the ionization mechanism, (Fig. 1) and both the magnetic and

light intensity shock thicknesses are within a factor of two of each other and

bracket the experimental data 1
' 3(Fig. 2). In addition, both thicknesses are

relatively independent of the initial degree of ionization and of the amount of

increased electron heating, if the increase is greater than a factor of 10.

An increased electron heating rate cannot be attributed to the transfer

of energy from vibrational or rotational degrees of freedom of the molecule

since the electron temperature in the region of interest is greater than 10 ev,

and molecules with an internal energy corresponding to this temperature

would dissociate rapidly. Thus, at present the increased electron heating is

artificial, but may be due to several effects which have not been included in

the present calculations. Among these is heat transfer forward along

field lines by the electrons, since in the experiment, there was a small

component of axial bias field present. Further work to clarify these points

is in progress.

High Alfven Mach Number Theory

For Mach number greater than two, where the effects of viscosity

must be included, the calculations have been carried out with an additional

set of assumptions. For the low Alfven Mach number atomic cross section

cases, the ionization occurred behind the shock, for this reason, we have

assumed the degree of ionization constant in the high Mach number cases;
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further, we have assumed it to be small. The charge-exchange cross section

was assumed to be independent of energy and the viscosity was approximated

by the simple kinetic formula 1 = 3/4pXE where X is the mean free path for a

neutral to charge-exchange with an ion. The Prandtl number (C p/k), was

assumed to be . 75. The results, shown in Fig. 3, indicate a smooth trans-

ition between a shock structure dominated by the previously discussed

charge-exchange process near MA -- 2, to a structure dominated by charge-

exchange viscosity for high Mach numbers.

3. Conditions Behind Shock

Previous measurements 3 justify use of the conservation conditions to

determine conditions behind the shock. The conservation conditions, how-

ever, do not determine the distribution of energy between electrons and ions.

In order to try to determine this, the soft x-ray emission was measured.

Soft X-Ray _.Dtector

The soft x-radiation emission from the plasma has been measured at

photon energies between 200 and 270 ev. This was done with calibrated

detectors which employ thin (-10 4A) carbon foils as soft x-ray filters. (Fig.4)

The detector consists of a thin carbon foil which is opaque to ultraviolet and

visible radiation, a plastic scintillator to convert the x-radiation to visible

radiation and a photomultiplier to measure the visible radiation emitted by

the scintillator. The carbon foils were made with a pyrolysis process. This

apparatus consists of a platinum strip 2. 5 cm wide, 10 cm long, and 2x10 3

cm thick in a chamber filled with a (3:1) mixture of argon and methyl iodide.

The total gas pressure was 20 cm Hg. The platinum strip is heated by a

40 ampere current for 5 minutes, and during this time, carbon is deposited

on the strip. After 5 minutes, the current is turned off which quickly cools
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PLASMA X-RAY DETECTOR

FREELY SUPPORTED

C"8011 FILM

Fig. 4 Soft x-ray detector with a response time less than 10-8 seconds.



the strip and facilitates the removal of the carbon foil from the platinum

strip. Any small holes in the foil are covered with a solution of alcohol and

carbon black. The detectors were calibrated by using an x-ray source which

consisted of a tungsten filament and a carbon target. When the voltage between

the filament and target was held slightly above 300 volts, the major portion

of the soft x-ray emission from the target is line radiation near 44A. The

radiation as a function of filament current from this x-ray tube was measured

with a Geiger Mueller tube, and this source was used to obtain a direct

calibration of the soft x-ray detector at 44A. This x-ray source was also

used to measure the carbon foil thickness, by measuring the attenuation of

this beam due to the introduction of the foils in the beam. The foil thickness

together with the overall calibration of the soft x-ray detector at 44A was

used to obtain a response of these detectors as a function of wavelength

between 43A and IOA.

The radiation intensity from an equilibrium plasma decreases ex-

ponentially with an increase in frequency in this spectral range. Hence,

the wavelength at which maximum photocurrent is produced is both a function

of the plasma electron temperature and the carbon foil thickness. Therefore,

two detectors with different foil thickness will have their maximum sensi-

tivities at different wavelengths. Two detectors with foil thicknesses such

that the product, pt, (the thickness times the absorption coefficient of carbon

at 43A) was 0. 60 and 0. 87, were used to obtain the data shown on Fig. 5.

An oscillogram of the voltage output of a soft x-ray detector is shown

in Fig. 5. This oscillogram was obtained by terminating the output of the

detector with an integrating circuit with an integrating time equal to 5x10 g8

seconds. This integration was necessary because the duration of the output
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SOFT X-RAY MEASUREMENTS
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Fig. 5 Measured electron temperatures behind two shocks from two x-ray
detectors. Squares for foils where pt - 0. 6; circles pt = 0. 86;
data is plotted versus laboratory time after shock arrival. Top
data was obtained from faster shock when equilibrium temperature
equaled 65 ev; the bottom run for 35 ev. The error bars on the
computed electron temperature curves represent the range in
electron temperature profiles due to the uncertainty in measuring
shock speed (10%). The oscillogram shows the integrated output
of a soft x-ray detector. The minimum measurable x-ray flux
corresponds to a 14 ev electron temperature.
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signal from the photomultiplier in the x-ray detector due to a single photo-

electron was 5xl0 9sec. The x-ray flux could be measured by cuunting the

number of these pulses on an oscillogram, except when the intensity of x-rays

from the plasma was sufficiently high to make an accurate count on an oscil-

logram difficult. In this case, the integrated signal could be used to give an

accurate time averaged value. The integration time of 5xl0 8seconds was

chosen to be of the same order as the time required for the electron distri-

bution to Maxwellize out to 270 volts for the densities of interest. This time,

16 3. 7for electron densities equal to 10 /cm , is approximately 10' sec.

Soft X-Ray Results

The soft x-ray measurements can be used to obtain an estimate of

the electron temperature. The intensity of the free-bound and free-free

radiation from the plasma was computed assuming a Maxwell distribution

for the electrons. The electron density was obtained by measuring the

intensity of the continuum radiation in .he visible. The electron density and

calculated soft x-ray emission were used to convert the measured soft x-

radiation results to electron temperature measurements.

Some of the results of the soft x-ray measurements which yield the

electron temperature are shown in Figs. 5 and 6. The shock velocity was

measured over a distance of 45 cm upstream of the point where the soft

x-ray measurements were made. This information was used to compute

the equilibrium conditions behind the shock as a function of laboratory time

at the x-ray port. The calculated equilibrium temperatures based on these

measurements are shown on Fig. 5. The computed electron temperature

profiles behind the shock shown are calculated from initial values given by

the charge exchange ionization1 shock theory and proceed to equilibrium by
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Fig. 6 Summary of measured electron temperatures versus shock speed
for a given initial condition. The equilibrium temperature is
based on the Rankine -l-ugoniot shock conditions.
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proton-electron collisions. Both the equilibrium temperature and electron

temperature profiles are sensitive functions of the shock velocity. The error

bars on the electron temperature profiles shown in Fig. 5 indicate the possi-

ble error in estimating the electron temperature due to the 10% uncertainty

in the measured shock velocities. The electron temperatures shown in Fig.

5 are in some agreement with the theoretical value immediately behind the

shock, but are substantially below the calculated values during the test time.

The soft x-ray signals also give a measure of the test time or the length of

the homogeneous gas sample which is in agreement with the previous results.

The electron temperature corresponding to the maximum x-ray

signal during the test time as a function of shock speed for a fixed set of

initial conditions is shown in Fig. 6. In addition, the computed equilibrium

temperature based on the shock speed is shown. The minimum value of the

equilibrium temperature due to the uncertainty in shock speed measurement

(10%) is also shown. It can be seen by inspecting Fig. 6 that the measured

electron temperatures are substantially below the calculated equilibrium

temperatures for the whole range of shock velocities achieved in the recent

MAST experiments.

The apparent discrepancy between the electron temperature inferred

from the x-radiation and the calculated electron temperature has several

p:ssible explanations. Two possibilities are discussed below:

First, the electrons might lose their energy to the MAST walls.

The time resolved heat transfer to the side wall was measured by Camac.

These results showed that less than 10% of the plasma thermal energy was

lost to the side walls during the test time. The heat transfer was measured

with a fast infrared bolometer, which used an infrared sensitive cell to

-17-



measure the back surface temperature of a carbon foil placed on the wall of

the MAST. Recently, some measurements of the heat flux to one of these

gauges was made when the gauge was mounted at a 1 5 angle to the wall with

the leading edge of the gauge in contact with the wall. With the gauge at an

angle, a much larger heat flux was measured, a flux which corresponds to the

computed flow enthalpy in the plasma. These results show that the plasma

energy created by the shock is not lost to the walls.

Second, for equilibrium temperatures between 40 and 70 ev, the

electron distribution must be Maxwellian to energies between 4 and 5 times

the average equilibrium energy to give equilibrium x-radiation between 40A

and 100A. One would expect this equilibrium to be established in a short

time (10" sec). However, if a mechanism exists which depletes the tail of

the distribution, one may make large errors in estimating the average

electron energy by measuring radiation at these wavelengths.

At the present time, we do not understand the disagreement between

the x-ray measurement of the electron temperature and the expected values

based on the measured shock speeds and relaxation time between ions and

electrons.

ConcludinL Remarks

The results of the theoretical analysis show that ionization and

charge-exchange processes can dominate the structure of a MHD shock

propagating into partially ionized hydrogen. The soft x-ray emission from

the plasma created by these shocks in a MAST has been measured. The

measurements indicate that the electron temperature immediately behind

the shock is approximately equal to ZO ev (which is in rough agreement with

the theory). Further behind the shock, the measured x-ray flux is much
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lower than the expected value based on electron-ion relaxation towards
equilibrium.
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