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ALFVfN WAVE REFLECTIONS AND PROPAGATION MODES 

Alan W. DeSilva, William S. Cooper III, and John M. Wilcox 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

February 2, 1961 

ABSTRACT 

Torsional hydromagnetic waves are generated in a cylindrical 

hydrogen plasma. The device that generates the plasma is described. 

Spectroscopic observation of Stark-broadened ·Balmer lines gives the ion 

density as a function of time and indicates that the plasma is highly ionized. 

Reflections of the hydromagnetic waves are observed from high- and low-

impedance boundaries, and from a plasma -neutral gas interface. The 

phases of the reflected waves are found to agree with theory. The driving 

current that generates the waves is analyzed in terms of Newcomb's princi-

pal modes. The measured radial distribution of the wave magnetic field is 

in fair agreement with this analysis. Two different types of measurement 

suggest that the decaying plasma is electrically isolated from the (conducting) 

walls. 
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/ ' * ALFVEN WAVE REFLECTIONS AND PROPAGATION MODES 

Alan W. DeSilva, William S. Cooper III, and John M. Wilcox 

Lawrence Radiadon Laboratory 
University of California 

Berkeley, California 

February 2, 1961 

INTRODUCTION 

This paper reports an extension of previous experimental work 

'with AHve'n waves. 
1 

We consider hydromagnetic waves propagating in a 

cylindrical plasma in a uniform axial magnetic field, as shown in Fig. 1. The 

copper tube is filled with highly ionized plasma by an electrically driven 

switch-on ionizing wave {by a process which will be described). After the tube 

is filled with plasma a hydromagnetic wave is induced by a radial current flow 

from the small molybdenum electrode (at the left of Fig. 1) to the copper tube. 

The force produced by this radial current together with the static axial mag-

netic field displaces the plasma in the az-imuthal (8) direction, and a trans-

verse wave is propagated in the axiaJ direction, along magnetic field lines. 

The transient magnetic field which is associated with the wave is also in the 

azimuthal direction. 

THEORY 

The problem of torsional hydromagnetic waves propagating in a 

2-6 
cylindrical plasma has been treated by a number of authors. We shall 

follow Newcomb
3 

and include finite conductivity. Azimuthal symmetry 1s 

assumed {see discussion on Generation of Waves), and we will look for 

solutions to the equations in which the various field quantities have the form 

* Work done under the auspices of the U.S. Atomic Energy Commission. 
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F t ) · i(pz- wt) · 1 "th · "d 1 t. · v· a·r1"at1"on, ~r e , 1. e., are p ane -.waves w1 s1nuso1 a 1me propa-

gating only in the z direction. Displacement current, viscosity, and plasma 

7 . f < 6 . I f h. pressure are neglected. The wave requency 3Xl0 rad1ans sec or t 1s 

experiment) is assumed low with respect to the ion cyclotron frequency 

{typkally 1.5Xl0
8 

radians/s:ec for this experiment). We use rationalized MKS 

units in this discussion. We begin with the linearized form of Maxwell's 

equations, Ohm 1 slaw, and Newton's second law of motion: 

\1 x!: = f.Lo 1., 
Bb 

\1 x ~ == - a·~, 
j 

E +vxB =:: 
- ;;:o u' 

av -p :=jxB, 
Oat - -0 

(2) 

( 3) 

( 4) 

where b is oscillating magnetic field associated with the wave, J.. is the cur

rent density associated with the wave, E is the wave electric field, v is the -
plasma velocity, ;§

0 
is the static axial magnetic field supplied by external 

coUs, p0 is the plasma mass density, u is the plasma conductivity~ and tJ.o 

is the permeability of free space. 
-iwt 

Introducing the e dependence and solving 

· Eqs. ( 1) to (4) for the wave magnetic field~ yields 

1 
\1 X \1 X b = 0. --

( 5) 

This can be simplified to give 

a 
2 .. b ab 2 2 2 . 

\1 b z+_::
2 

-ia\1 b-\1 z +~bfO 
z az v2- , a z 

( 6) 

._. 

.. 

•. 
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where we have intr~'duced the Alfv~n velocity, 
1/2 

V = B
0

/(fJ.
0

p) , and the 
B· 

dimensionless parameter, a.= w/<fJ.
0
av2

); z is defined by z = -B? 
..;. 

. 0 

·The component of Eq. ( 6) which is perpendicular to z is 

2 a bl.. , 2 
. ~-- o.la. 'il bl r, 2 

oz 

ab 
z 

- 'il 1fZ (7) 

where 'ill is the perpendicular component of the gradient operator. Inserting 

ipz 
the e dependence and rearranging, we have 

where we define 

k 2 
c 

2 . . 2 
= -p (1 +2) +2 ~ 

a. a. c.V2 

(8) 

(9) 

We are interested in the equation for be, which comes from the 

azimuthal component of Eq. (8). In cylindrical coordinates this is 

1. a ( abe) be 2 · 
- -- r -- - - + k be = 0. r a r ar 2 c 

r 
(10) 

Then the general solution that is regular at ,r = 0 is 

c. 
09 

be" n~l ben Jl (kcnr) exp [i (pnz -wt) ]• ( 11) 

where J
1 

(k r) is the ~irst-order Bessel function, and n designates the mode en , 

of propagation. 'This type of wave is called a principal mode ,by Newcomb. 
3 

The bfrn are constants determined :by the form of the initial perturbation that 

induces the wave, ana the k are constants determined by a radial boundary 
en 

condition .. Experimentally, we shall find that one or two of the principal modes 

are sufficient to describe the observed distributions. The other wave quantities 

·can be obtained from substitution in Eqs. (1) to (4): 
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00 v2 

exp [ i(pnz- wt)], .- pn 
v = - L. wB

0 
be J 1 (k r) ( 12) e 

n= 1 
n en 

00 
ip 

exp [ i (p,;z wt)], L n ( 13) 
jr - - ~.-be J l (k r) 

n=l 1-lo n en 

00 
k 

exp [ 
' 

jz -L en 
be Jo(k r) i (p z - wt)l, (14) = 

n= 1 1-lo n en n J 

00 

) [v2 
· I 

r- ~-f 

E = p ~ 

exp l i (pnz 
I 

r ~'";l n -----J be J 1 (k r) - wt) 1 , 
w 1-1

0
a n en 

J 
( 15) 

00 
k 

exp [ i (pnz - wt)l \ 

E L 
en 

be Jo (k r) (16) = z 
n=-1 1-Lo a n en 

The attenuation of the various principal modes that is caused by ohmic losses 

will 1be needed for the analysis of the experimental results. If we set 

p = k + i/L , where k is the propagation constant, and L is the at-n n n n · n 

tenuation length for the ~thprincipal mode (i.e., the distance in which a 

wave amplitude decreases to 1/e), then separating real and imaginary parts 

2 2 4 ' 
of Eq. (9) yields, in the ca.se a. << 1, <:L (ken V /w) << 1, 

and 

L = n 
( 17) 

(18) 

Thus to the order of approximation given above the waves have no dispersion 

and no cutoff. 

.. 

" 

.. 

• 
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Analysis of Initial Disturbance .into Radial Modes 

The coefficients ben appearing inEqs. ( 11) .throu.gh: (16) are the 

amplitudes of the various radial modes .. The relative amplitudes ofthe·se 

modes are determined by the manner in which the wave is excited, i.e., in 

this case by the; geometry of the driving electrodes. The fields produced by 

the source of excitation can be analyzed into the radial normal modes of the 

waveguide, which form a complete orthogonal set. 
8 

Such an analysis is di£-

ficult for the case of finite conductivity, but for the case of no damping a 

simple analysis can be made. We shall make the analysis for no damping 

in order to find the relative energies going into the various modes at the 

excitation end, and then somewhat arbitrarily we will app~y the known damp-

ing to these modal amplitudes. In order to make the necessary expansion, 

we must know the boundary condition at the tube wall (r = b). This is the 

condition that determines the k 
en 

It has been found experimentally that the radial wave current density 

j is zero at the tube wall (see Radial Distributions of Wave Magnetic Field). 
r 

Equation ( 13) then shows the boundary condition to be · J 
1 
(ken b) = 0. This 

leads to something of an enigma, since the method of inducing the wave re-

quires a current to flow to the waH. The explanation seems to be that a 

high-density current from an external source can penetrate the insulating 

layer which otherwise exists between the plasma and the wall. Experimental 

evidence on this point is presented later in this paper. For the present anal-

ysis we approximate this state of affairs with the electrode structure shown 

in Fig. 2, taking at the end the limit as c approaches b. 

The assumed boundary condition at the insulator surface at z = 0 

is that the axial current density j is zero. The curl b equation (Eq. ( 1) ) 
z 
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then shows that b
8
(r, 0) is proportional to 1/r. At the electrode surfaces at 

z = 0 the tangential electric field (Er' since there is no E
8

) is zero. If we 

now assume zero damping, reference to Eq. ( 18) shows that the p are all 
n 

equal. Then comparison of the equations for· Er arid be (Eqs. (11) and (15)) a. 

shows that be is proportional to Er, and is thus zero at the electrode sur-

faces. We have then 

be(r,O) = 0 for a< r; c < r <b; (19) 

= y 
r 

for a< r < c, 

where y is a constant. 

This function is now equated to Eq. ( 11) at z = 0, giving 

00 

be(r, o> = L: be J 1(k r> • (20) 
n = 1 n en 

where the time dependence has been suppressed. To find the ben' we 

multiply through on both sides by J
1
(k r) r dr, integrate over the interval 

en 

0 < r < b, and go to the limit as c approaches b. Because of the ortho-

gonality of the functions, only one term survives, and we obtain 

Jo(k b) - Jo(k a) en en 

k J 0
2 (k b) 

en en 

( 2 1) 

The ratio of wave energy in any one mode to total wave energy is now easily 

calculated to be 

w 
n = 

WT 

2 
(22) 

2 
b .ln b/a 

~' 
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In Table I we summarize some of the results o£ these calculations 

for conditions of this experiment. The second column shows the energy going 

into each of the first five modes, expressed as a percentage of total wave 

• energy at the input end. The third column gives the calculated (amplitude) 

··, 

.. 

damping lengths for these modes, calculated from Eq. ( 17). The value of 

conductivity used was 3.13Xl0
3 

mho/meter, and was experimentally deter-

mined by measuring the attenuation of a wave that had traveled far enough so 

that only the lowest mode was present. Thus the damping length for then:::: 1 

mode is experimentally determined, and the others are calculated by using 

the same value of conductivity. Column four shows the energy left in each of 

these modes after the wave has made one transit through .the tube, again 

expressed as a percentage of the total initial wave energy. 

Mode 
number, 

n 

1 

2 

3 

4 

5 

Table I. Some results of modal analysis 

Initial energy 
( o/o of total 
wave energy) 

79 

6.8 

0.7 

4.3 

2.5 

Damping length, 
L 

{em) 

107 

32 

15 

9 

6 

Energy after one 
transit (74 em) 
( o/o of initial 
total energy) 

19.6 

0.67 
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The lowest mode is excited most strongly ( 79o/o of the wave energy 

goes into this mode), and has considerably less attenuation than the higher 

modes. After the wave has made one transit through the tube, the energy 

in the second mode is 3.5% of the energy in the lowest n1ode, and the higher 

modes are present to a negligible extent. 

EXPERIMENTAL METHOD AND RESULTS 

Plasma Preparation 

The geometry of the hydrornagnetic waveguide is shown in Fig. 1. 

A copper cylinder 86.4 ern long and 14.6 in diameter is placed in a uniform 

axial magnetic field of 16.0 kilogauss and filled with hydrogen gas to a pressure 

of 100 microns. The ionizing current is supplied by a lumped-constant pulse 

line, so that the current of about 9000 amperes is nearly constant during the 

period of ionization. Conditions are such that the potential applied to the tube 

of about 4500 volts is also nearly constant, as shown in Fig. 3. The pulse line 

is connected between the electrode an·d the copper cylinder through a 1-ohrn 

series resistance and an ignitron switching tube. When the current from this 

source is switched on, a local breakdown occurs in the gas at the end of the 

tube, after which a sharply defined ionizing wave travels through the gas. This 

wave shows similarities both to a switch-on shock wave and to a detonation wave, 

and is r.eferred to as a switch-on ionization wave. The wave tr:avels typically 

at 5 crn/J.Lsec, and its front has been shown by magnetic probes and local wall-

current probes to rise in about 0.5 J.LSec, corresponding to a thickness of the 

current layer of 2 to 3 ern. Note that since the current is forced by external 

circuitry to flow to the wall, the restriction mentioned in the theory section 

{j at the wall is zero) does not apply here. Figure 4 shows on the lower trace 
r 

the voltage at an electrode (not shown in Fig. 1) placed coaxially in the end 

plate opposite the driving end and connected to the tube wall through a 0.3-ohrn 

• 
resistor. This voltage remains at zero during the time the wave is traveling through the 
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tube, then rises abruptly at the time the wave arrives. The progress of the 

wave down the tube can be observed by noting its time of arrival at each of 

five radial-current probes (Fig. 5) mounted in the cylinder wall. The radial 

current probe consists of a 0.2 5 -inch-diameter section of the tube wall which 

is electrically isolated and connected to the adjacent cylinder through a 0.85-ohm 

resistance. The position of the wavefront as a function of time is shown inFig. 

6. 

If the ionizing current continues to flow after the tube is filled with 

plasma, a sudden increase in the intensity of emission lines from materials 

associated with the pyrex end plates is observed spectroscopically. There-

fore our pt~ctice is to short-circuit (crowbar) the ionizing currents as soon as 

the switch-on ionizing wave has filled the tube with plasma. This procedure 

is subject to one conspicuous exception, described later in connection with 

reflection from a copper end plate. 

The ion density along a column of plasma 5 em in diameter coaxial 

with the cylinder wall has been determined as a function of time. 9 This is 

accomplished by measuring the first-order Stark broadening of the first three 

Balmer lines (Ha.' H
13

, Hy)' using a monochromator to scan the lines. Cross-

plots give the line shape as a function of time, and the curves are compared 

with the theory of Griem, Kolb, and Shen 
11 

to find the ion densities. The 

result is that at the time the ionizing wave reaches the end of the tube, the 

ion density is >5Xl0
15 

cm- 3 , corresponding to 80 to 100% ionization of the 

original neutral hydrogen gas present. The ion density decays by a factor of 

2 in about 150 JJ.Sec. The ion density as a function of time is shown in Fig. 7. 

At the time the hydromagnetic wave experiments are performed, the ion den

sity corresponds usually to > 80% of the density of original neutral gas. The 

amount of neutral gas present at this time has not been measured. The 
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temperature of the plasma at this time has been estimated from observed 

Alfv~n-wave damping to be at least 10
4 

°K. 

Generation of Waves 

A torsional hydromagnetic wave is induced in the plasma by dis-

charging a 0.2 -f.!.£ capacitor between the center electrode and the copper cy-

Under after the tube has been fiHed with plasma. For this work, the capac-

itor is critically damped so that only a single pulse of current flows. The 

current pulse is roughly a half sine wave, 0.8 fJ.Sec long. The resuLting wave 

has been detected with small magnetic probes, which consist of a coil of 75 

turns of wire on a 1.-mm-diameter form. The coils are mounted inside re-

entrant glass tubes fused onto the insulator at the receiving or driving end of 

the waveguide. 

Our theoretical analysis postulates an azimuthally symmetrical wave 

propagation. The coaxial driving-electrode system has this property, and the 

copper cylinder was carefully aligned with the axial magnetic field, by a method 

which has been previously reported. 
12 

The azimuthal symmetry. was measured 

experimentally with four magnetic probes disposed 90 deg apart on same base 

circle. A random shot-to-shot variation of 10 to 20% was observed in individual 

probe signals, but the average of several shots gave azimuthal symmetry to 

within a few percent. 

Reflections 

. An important check on the interpretation of these waves is provided 

by observation of reflections from various types of boundaries. 
13 

These re-

flections have been observed from an insulating end plate, from a conducting t.· 

end plate, and from a plasma--neutral gas interface. The phase relationships 

of reflected to incident wave fields at the boundary surface can be predicted 

easily by an examination of the wave fields, Eqs. ( 11) through ( 16). One can 
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measure the wave magnetic field be and the voltage V between a center 

coaxial electrode (of radius a) and the tube (of radius b), where 

V=l E dr . 
r 

We would thus like to analyze the phase relations to be expected for be and 

Er. For an insulating boundary at z = z
0

, assuming no accumulation of 

charge, we have jz{r, z
0

) = 0, Then from Eq. ( 14) one can see that ben must 

reverse its algebraic sign inthe reflected wave. Also p will always change 
n 

sign in the reflected wave, since this wave is propagating in the negative 

direction. Then from Eq, ( 11) we can see that be will change phase on re

flection, since it is proportional to ben' which changes sign. From Eq. ( 15) 

we note that Er is proportional to the product of ben and pn (both of which 

change sign), and therefore E does not change phase on reflection. 
r 

For a conducting boundary at z = z the condition is E ( r, z ) = 0. 
o r o 

Then by a similar argument we find that E will change phase on reflection 
r 

and that be will not. 

Figure 8 shows V (top trace) and be (bottom trace) for the case 

in which a wave is reflected from a pyrex end plate at the far end of the tube. 

The voltage V is measured between the molybdenum electrode and the copper 

tube at the driving end of the tube (left-hand side of Fig. 1), and the wave mag-

netic field is measured with a magnetic probe 13 em from the driving end (not 

shown in Fig. 1). The first signal is due to the initial wave, and then after a 

time delay corresponding to two transits of the tube with a velocity equal to the 

Alfv~n velocity the signal from the reflected wave appears. The voltage (E ) 
r 

reflects in phase and the magnetic field (be) out of phase, as expected. 
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We next inserted a copper end plate in order to demonstrate reflections 

from a conducting boundary. The unexpected results shown in Fig.- 9 were ob-

tained; i.e., the phase relations are appropriate to a reflection from an insula-

ting boundary. Apparently the plasma had become electrically isolated from the 

copper end plate, i.e., an insulating layer had formed at the wall. The source 

of this layer is unknown, but it seems most reasonable to believe that it is just 

due to a simultaneous drop in temperature and electron density in the immediate 

vicinity of the wall, which is in effect at low-temperature heat sink. If this 

hypothesis is correct one might reasonably expect that a high-density current 

flowing from the plasma to the copper plate would inhibit the formation of an 

insulating boundary layer and thus maintain electrical contact between plasma 

and copper. If the ionizing current from the pulse line is not. crowbarred after 

the tube has been filled with plasma, this current continues to flow axially through 

the tube and into the copper plate. We therefore reflected a wave from the copper 

end plate whHe the ionizing current was flowing and obtained the results shown in 

Fig. 10. The electric field E now changes phase on reflection and the magnetic 
r --, 

field be does not, as predicted for a conducting boundary, We shall return in the 

next section to the subject of the insulating layer surrounding a quiescent plasma. 

~ . 
Reflection of Alfven waves from a plasma-neutral gas llnterface has 

also been observed. If the ionizing current is turned off(croWbarred).when the 

ionizing wave is part way down the tube, part of the tube is filled with a highly 

ionized plasma and the rest is filled with neutral gas (or at least gas with a very 

/ 
low degree of ionization). Under such _conditions the Alfven wave reflections shown 

• 

in Fig. 11 were obtained, which have the expected phase relations for a nonconductin:; 

boundary. In the previous three cases, attenuation in the body of the plasma could· 

explain the difference in incident and reflected wave ampHtli.des, but in this case 

the difference in amplitudes is too large and indicates a lossy reflection. The 
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ionizing current was stopped when the ionizing wave had j:ust reached a radial 

current probe located 58 em from the driving end of the tube. We wait 10 jJ.sec 

for the ionizing current flow to cease and then induce the Alfv~n wave. During 

this waiting time the interface probably moves on down the tube because of the 

plasma pressure. Using the AlfvEin. velo·city measured under similar conditions 

when the tube was full of plasma, and the wave transit time measured from Fig. 

11, one calculates that the reflection occurs from an interface located 68 em 

from the driving end of the tube, in reasonable agreement with the estimate 

given above.· Also, a magnetic probe near the receiving end of the tube (in the 

neutral gas) detects no wave signal. Thus reflection of Alfv€m waves from a 

plasma- neutral gas boundary seems to be established. This phenomenon may 

be of particular interest in some astrophysical and geophysical problems. 

Radial Distribution of Wave Magnetic Field 

The radial distribution of the azimuthal magnetic field be associated 

with the wave has been measured with magnetic probes. Six probes were used, 

disposed near the receiving end insulator at various radii. A typical probe con

tainer is shown at the right side of Fig. 1. The result of this measurement is 

displayed in Fig. 12. The upper solid curve is experimental data for a wave 

induced 20 1-1 sec after the ionizing current was crowbarred, (The solid lower 

curve is discussed later.) 

The observed be becomes zero at the tube wall. Reference to Eqs. 

( 11) and ( 13) shows that be and jr have the same radial dependence. There

fore the observation indicates that no radial currents flow to the tube wall, as 

was previously noted in the section on theory. This observation was found to 

be true independently by looking for wall currents with the radial current 

probes. At first glance, the result is sur,prising, since the conductivity of the 
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copper is much higher than that of the plasma, and since the method of in-

ducing the wave requires a current to flow to the wall. However, for the 

reasons discussed in the preceding section, the electrical conductivity in the 

plasma adjacent to the wall may be low, isolating the plasma fro.m the walL 

The same distributions of be were observed with either polarity of driving 

current, so that this effect does not seem to be associated with the well-known 

anode sheath which is sometimes observed in discharges where the current 

flow to a bourtdary surface is perpendicular to the static magnetic field. 

The experimentally determined boundary condition, that radial cur-

rent is ze·ro at the wall, leads to the theoretical prediction for be{r) which 

is shown as a dashed line in Fig. 12. This curve is calculated from the in-

formation given in Table I, and is normalized to the experimental data. A 

theoretical estimate of the wave magnetic field amplitude to be expected agreed 

with the experirrental data within 40%. The zero of the Bessel function was 

taken to be 4 mm inside the physical wall, to bet~er match the experimental 

data; this distance may be interpreted as roughly indicating the thickness of 

the nonconducting layer of gas. 

The radial distribution of the wave magnetic field be was also 

measured for a wave that had reflected from the receiving end of the tube and 

then from the driving end, i.e., the wave had made three transits of the tube. 

The result is displayed in Fig. 13. The dashed curve represents the lowest 

principal mode, and we observe that the wave which has made three transits 

of the tube is still predominantly the lowest-order mode. 

The lower solid curve of Fig. 12 is the distribution of be measured 

for a wave induced 9 0 fJ.Sec after the ionizing current was crowbarred. (For 

the previous discussion the waves were induced 20 IJ.Sec after crowbar. ) In 

this case the peak of the distribution is shifted toward the axis of the tube. 

\ 
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This observation would be consistent with the assumption that the decaying 

plasma has a radial temperature gradient, with the warr:pest plasma (which 

would produce less wave attenuation) near the center of the tube. 
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FIGURE CAPTIONS 

Fig. 1. Experimental geometry. 

Fig. 2. Electrode arrangement assumed for modal analysis. 

Fig. 3. Oscilloscope traces showing ionizing conditions. The top trace is 

voltage on the driving coaxial electrode at 2400 v /em and the 

bottom trace is current from the pulse line at 10
4 

amp/em. The 

horizontal scale is 10 JJ.Sec/cm. The current was crowbarred 22 

IJ.Sec after the voltage was first applied. A single-pulse hydromag-

netic wave was induced 48 1-1sec after the voltage was first applied. 

-
Fig. 4. Oscilloscope traces showing arrival of ionization front. The top 

trace is the voltage on the driving coaxial electrode at lOOOv/cm; the 

bottom trace is the voltage on the receiving coaxial electrode at 

1000 v/cm. The horizontal scale is 10 IJ.Sec/cm. The axial magnetic 

field is 10 kG. The abrupt rise of the received voltage is evidence 

for a well-defined ionization fronL Note that the information that 

the front has reached the load at the receiving end ( 0.33 ohm, not 

shown in Fig. 1) requires one Alfv~n transit time (2.8 IJ.Sec) to reach 

the driving end, at which time the driving voltage decreases some-

what. 

Fig. 5. Geometry of the radial-current probe. The 1/4-in. -diameter button 

is connected to the adjacent wall through six parallel 5-ohm resistors. 

The maximum voltage drop is less than 1 v. 

Fig. 6. Position of the ionization front vs time, as measured with radial cur-

rent probes. The axial magnetic field was 16.0 kG, which resulted 

in a shorter transit time for the front than is the case shown in Fig. 

3. 
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• 

:E~ig. 7. The observed time dependence of the wn density. Errors (not 

shown) in the experimental points are estimated to be ±l.OXlO 
15 

ern- 3 

late in the decay period. The solid line is a least-squares fit, as-

surning the decay rate to be proportional to the square of the ion 

density. The dashed line assumes an exponential decay. 

Fig. 8. Oscillogram showing reflection from a Pyrex end plate. Upper trace 

is the voltage measured at the driving end of the tube between cylinder 

and coaxial electrode at 100 v /ern. Lower trace is azi,muthal magnetic 

field, measured by a probe. 13 ern from driving end with a sensitivity 

of 34 gauss/em. The sweep speed is 1 f.LSec/cm. The first pulse is 

the induced wave, and the first reflection occurs about 3.5 IJ.Sec later, 

on the voltage trace, corresponding to two transits through the tube 

/ 
at the AHven speed. The voltage reflects in phase, the magnetic 

field out of phase, in accord with theory for a nonconducting boundary. 

Fig. 9. Oscillogram showing reflection from a copperplate:,30 f.Lsec after the.plasrna 

has started to decay. Traces are as in Fig. 8, with upper trace at 

250 v/crn and lower trace at 50 gauss/em. The phase of the reflected 

fields is tpe same as for a nonconducting boundary, indicating that 

the copper wall is isolated from the plasma. 

Fig. 10. Oscillogram showing reflection from a copper plate with ionizing 

current stiH flowing to the p].ate. Traces are as in Fig. 8, with 

upper trace at 250 v/crn and ~ower trace at 68 gaus·s/crn. The elec-

tric field has reflected out of phase and the magnetic field in phase, 

in agreement with theory for a conducting boundary. 

F:i.g. 11. Oscillogram showing reflection from an interface between plasma 

and neutral gas. Upper trace is voltage on end electrode at 2 50 v /ern 

and lower trace is magnetic field at 70 gauss/cp1. The phases indicate 
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a nonconducting boundary at reflection. The small amplitude of the 

reflected signal indicates a lossy reflection. 

Fig. 12. The radial distribution of the wave magnetic field be, measured 

near the receiving end of the tube after the wave has made one 

transit (Z = 74 em). The upper dashed curve is proportional to the 

theoretical distribution calculated from Table I for a wave induced 

20 J.LSec after crowbar. The upper solid curve is the measured dis-

tribution for a wave induced 20 J.LSec after crowbar, and the lower 

solid curve is the measured distribution for a wave induced 90 J.LSec 

after crowbar. 

Fig. 13. The radial distribution of the wave magnetic field be, measurednear 

the receiving end of the tube after the wave has made three transits 

of the tube (i.e., two reflections·; Z = 247 em); 20 ~sec after crowbar. 

The dashed curve is proportional to the theoretical distribution for 

the lowest mode (J
1
(k r)). 

en 

/ 
( 

' 



11
Crowbar

11 
ign 

switch 

Molybdenum 
electrode 

-24-

Copper cylinder 

Pulse line to supply ionizing current 

Fig. 1 

UCRL-9496 

MU-22165 

·• 



-25- UCRL-9496 

.• 

r 

Electrodes 

Insulators 

MU-22586 

Fig. 2 

.J 



-26- UCRL-9496 

' H· 
;' . ~ 
• 

r • ,, -r\ 
4 

~ ' . 
; ~' ,,,..,, ... ""' ... , .... "' ~ 

' 

\ 
.,. 
' 
4 ·' 

liMo.. J.' 

v ,. 
~ 

. 

11 •I' 
l 

\ 
~ 

,., 
It 

v " 

\ '' 
' 

v -. 
-

' 

ZN-2492 

Fig. 3 



-27- UCRL-9496 

31 fL sec 
r- Crowbar time I 

rt"' """'''III ' 
. 

• .. 
~ .. ... A. .. . .. . ........... . . 

~~ . • . 
' 

LJ· • I .,.. t ' 

~ ' 

-· ....... ~ _.,_. 
' . 

~ 
.. 
• 

"'ll'"j' 
' 

·28p.se ~~ 

ZN-2493 

Fig. 4 
( 

J 



Nylon 
insulator 

Teflon vacuum 

-28-

seal and insulator 

Fig. 5 

UCRL-9496 

Tube 

MU-20358 

!: 



-29- UCRL-9496 

-:; 

16 

-(/) 

"U 
c: 
0 
(.) 
Q) 
(/) 

0 
""" (.) 

E -
Q) 6 
E 
F 

Axial position along tube (em) 

MU-20359 

Fig. 6 

J 



.., 
'e 
0, 

z 

-30-

t(J,~sec) 

Fig. 7 

UCRL-9496 

400 

MU-22430 

(' 

v 



~ 

) 

en -
0 
> 

> 

en 
en 
::J 
0 
01 

Q) 
..0 

-31- UCRL-9496 

200 

I 00 

0 

Time (fLsec) 

ZN-2622 

Fig. 8 



(/) 
+-

500 

~ 250 

> 

(/) 

(/) 

::3 
0 

0 

50 

0'1 0 
(]) 

..c 

'ol..tL 

~- ,t,tlj 

r--

0 

-32- UCRL-9496 

t, 
- -.. ···-··-" 

~ 
J ' I 

~~ J ~ 
~ '~-- ...... 

~ .... 

' 

j~; 
j \ 

'fW... -
I -l ' J -------2 4 6 8 10 

Time (fLsec) 

ZN-2623 

Fig. 9 



.) 

-33-

(f) 

:: 5 00 ,..----.-------r---r-----:----.---·-----.--
0 
> 

UCRL-9496 

> 
250~-~-~--~~-+---+---~----r---~-~--~ 

0 
I' 

68 
(f) 
(f) 

::J 
0 0 CJ1 

en 
..0 

0 2 4 6 8 10 

Time ( J-Lsec ) 

ZN-2620 

Fig. 10 



-34- UCRL-9496 

en -
750 

~ 
0 500 
> 

> 

0 

en 70 
en 
:::1 
0 
Ol 

0 
Cl) 

CD 

.~ 

J ~ 
..... Ill.. 

~ 
"-.. 

A f--··· . 1 l 

~~--- ~- ~ r---
! l 

I 
.......... 

' _..... 
~ l 

,.. 
c___ i 

250 

0 2 4 6 8 10 

Time ( f-Lsec) 

ZN-2621 

Fig. 11 



-35-

Radius (em) 

Fig. 12 

.. , 

20 fLSec after 
crowbar 

\ 
\ 
\/Theory 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

- \Tube 
\\wall 

•, \ + 

MU-22585 

UCRL-9496 



1/) 50 
1/) 

::s 
0 
01 -
Q:) 40 

.a 

"0 
Q.) -0 

30 
·--CIJ 
c 
01 
0 

20 E 
CIJ 
> 
0 

3: 

-36-

Three transits ( Z = 24 7 em) 
Center electrode positive 

20JLSec after crowbar 

Radius (em) 

Fig. 13 

UCRL-9496 

MU-21833 



) 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disieminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




