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Since the introduction of the concept of hydromagnetic waves by 

/ 1 
Alfven in 1942, there has been accumulated a large amount of literature 

describing these and related types of plasm& oscillations. 2 • 3• 4 • 5 Exper-

imental observations of these waveo have been &CJ.arce, however, mostly 

because of the difficulty in obtaining conditions under which the wave Attenuation 

is sufficiently low to allow observation. The first experimental observations 

of hydromagnetic (Alfven) waves were made by Lundquist in 1949, using mercury 

as a medium. 6 His experiments were extended in 1954 by Lehnert, using liquid 

sodium. 
7 

More recently, hydromagnetic waves have been observed in mag­

neUzed plasmas by Wilcox et al8 ' 9 ' and by Jephcott. 10 

The bydromagneti.c wave is the result of interactions between electro-

magnetic fields and a magnetized conducting fluid. lt is sometimes useful to 

visualize these waves as waves on a series of stretched massive strings. 1n 

this case the tension in the strings is provided by the ~ffective tension along 

z 
the magnetic t'ield B lllo• and the gas particles provide the mass. The fluid 

ie aseumed to be highly conducting, a condition under which the fluid particles 

act as if they were "frozen" onto the field lines, so any motion o! fluid carries 

the field lines along with it. The velocity of waves on a string is given by 

V = .,f"f7f,. where T io the tension and p the linear mass denaity. We replace 



theoe quantities by the corresponding magnetic: tension a.ud gas doasity (per unit ·t 

at." ea.) to obtain V c: ,J B2 ,ia.0p ao th.e ,-elocity of hyd.romagnetie wnves traveling 

along magnetic field lines. This io the Al!ven velocity. which cnn aloe be obtnined 

!rom a more rtgcrous treatment. 

The experiments of Lehnert serve to Ulustrate the genoration of hydro-

7 magnetic waves, and provide a good introduction to this .experiment, which io 

basically very similar. A cylindrical vessel was provided with a oort of faloe 

'bottom in tho form o! a disc that could be rotated from the outside nbout the 

cylinder axis. The vessel was £Uled with liqu.id sodium. and the whole apparatus 

was placed in a.n. axial magnetic field of about 10 ltgausa. The magnetic field lineo 

penetrated the fluid and provided the necessary stU'fneeua fo:ro a wave motion to exist. 

The disc at the bottom was now oscillated about, ita axis at a frequency of about 

30 cps. The fluid immediately a'bove the plate wa.a set in motion and a toroional 

wave induced that propagated to the top Sttr.face of the liquid. The wave wao ob­

served by measuring with a probe the radial electric field produced at the top 

eurface of the lluid. 

The experiment reported in. this paper ie conceptually very slmUar. 

In tbia case, the cylinder was fUl,ed. with a plasma. of 1onized hydrogen, and the 

tor eional oscUlation was excited by a radial current flow at one end, driven from 

an external circuit. 

The experimental apparatus is shown schematically ift Fig. 1. A copper 

tube 34 inches long is dosed at both ends by pyrex plates and evacuated. Hydrogen 

gas is admitted to the tube to a pressure of 100 tJ. o£ Hg. The tube is plaeed in a 

magnetic field which may be varied in strength up to 16 kgauoe. Energy nec:esoary 

to ionize and beat the gas i.o provided by a lumped~c:onetant pulne line c:cmsioting 

ot ten 7 .5-,U capacitors, charged to 10 kv, and c011nected via igni\l'i<trll& to D. 

central electrode at one end. The veltage on this electrode end the current to the 

electrode during the ionizing pulse are as shown in Fig. Z. After a plasma has 
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beon established, the hydromagnetic wave is excited by current flow from o.z. t.a.f 

capa.c it or. 

Tho plasma is produced by a type of iOftizing wave that propagates along 

magnetic field lines, leaving behind a gao that ls practically fully ionized, -and io 

rotating owing to l x! forces. Tbie ionizing wave ha.e a well-defined front, and 

is very similar to the bydromngnetic swltch .. on shock, differing in that is propagates 

into a gau that is initially e0ld and nonionbed. It ba.s been observed by noting the 

sudden riee t.a current O.cw to current detectors along the tube walla. (See Figs. 

3 and 4. ) lt. has also been observed as a luminosity front by use of a. photomultiplier 

tube as detector. 

When tbe ionizing wave reaches the ineu.latin.g plate c:loai.ng the far end o£ 

the tube, we note a sudden in<:rease ·,. in the intensity of emitted siltcon light, and 

&imultaneouely a drop in the effective tube roaistanee. To avoid the influx of 

" . . 
impurititHJ into the plasma, the pulse line current is sho-rt .. drcuited (crowbarred) 

just ao the ionizing front reaches the end o:f the tube. Tb.ls also stope the pl~ama 

rotation. much ae short-circuiting a freely opb:ming electric motor br"akeo it to n 

halt. Tbe plasma now decays, and it, is during thle stage that the wave oxp(Jriments 

a:re performed. 

A lower limit to the temperature of tho decaying plasma hao b&en .inl~rrod 

lrom a direct measurement o-f the plasma resistivity. A small probing current 

wae introduced between simUar coaxial electrodes, one at each ·81\d ol the tube, 

a.nd the resistance of the plaoma measured as etmply tbe ratio o£ voltage to current. 

This current is confined to a cylinder along the axis of the tube defined by the 

diameter of the electrodes, since any radial curreats would accelerate the plasma 

azimuthally, setting up a back emf that would oppoae such curl'ent flow. The 

roaiatlvity was determined as a. function of time by turning on the probing current 

at various times alter crowbar. The results of the measurements are plotted in 
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Fig. s. where the indicated temperature is calculated from'Spitzer' o formula 

for 11 • 
11 

~J I I 
Wave obtervations (see Section on Radial Distribution of ·b9 Field) have 

indicated that near the tube walls an insulating boundary layer tends to form 

that i.eolates the plaama electrically from the wall . . This boundary layer io 

presumably due to a l'Ocal drop in the electron temperature. and hence in con-

duc:tivity. near the wall. Such a boundary layer at the electrodes would add 

a spurtoue t>esistanee to that of the main body of plasma. resulting in n 

high value for the calculated resistivity. Thus the measurement sets an upper 

limit to resistivity and a lower li.mit to temperature. 

The ion density along a column of plaama 5 em in diameter co-

al · a1 lZ axi with the cylinder w 1 has been c!etermined alii a function of time. 

This is accomplished by measuring the first-order Stark broadening of the 

first three Balmer lines (~a·. H~, H'V), ueing a monochromator to scan the 

- lines. Cross·plota give the line shape as a function of time, and the curves 

are compared with the theory of Griem, Kolb, and Shen13 to flnd the ion 

d.ensi.ti.es. The result is that at the ti-me the ionizing wave reaches the end 

h 15 -3 , oft e tube, the ion density is > 5X 10 em • corresponding to 80 to 1007o 

ionization of the original neutral hydrogen gas p~esent. The ion density decayo 

by a factor of two in about 150 f!&ec:. The ion density a.a a. function of time is 

shown in Fig. r;,_ The theoretical lines were drawn as aids in extrapolation to 

the time of crowbar. Thtt solid line ia proportional to 1 /( 1 + a. t), and is the 

result of assuming the decay to be by simple two·body radiative rec.ombinntion 

at constant temperature. The dashed Une is a.n exponential, the curve which 

would result if the decay were by the lowest mode of ambipolal" diffuoion. The 

data do not distinguish between the curves, but on the basis o! rough estimates 

of the rates of various decay proceseeo it ia felt that the decay is prb\cipally 

•• 
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due to volutne recombination. more or lese strongly intluenced by the three-

- - + • - ..._ body process e + e + H - H + e • At the time the 11ydromagneti.c wave 

experiments are performed, the ion density corresponds usually to > 80% of 

the density of original neutral gas. Tb.e amount of neutral gas preoent at this 

time has not been meaat3red. 

We now turn briefiy to the theory of torsional hydremagnetic waveo in 

a cylindrical plasma with finite resistivity. The detaUs of the c.alculattou are 

available, 14 oo we merely sketch the assumptions and concluotcm.o here. wo· 
assume a cylindrical plasma penetrated by an aJtial magnetic field B. Tbe 

plasma is assumed to have zero viscosity, and preeaure and displacement ., 
currents are neglected. Further, we restrict our discussion to wave frequcmcico 

sufficiently lower than the ion cyclotron frequency to avoid the rather special 

e!fecte that occur there. We look for axially symmetric waves travellng in 

the axial (2) direction. Wave fieldo are assumed amall, co a perturbation 

approach may be made. The linearized equations which are the basis o! our 

discussion are then an equation of motion. Ohm's law, and Maxwell's equations, 

av 
p n = Lx!. (1) 

E .f.vxB=fiL• (2) - - -
~ X b = ~o L • (.3) -

Db 
v X E =- - (4) - 8t. 

Here 'l i.e the plasma resistivity, p io the mass density and l'o 

the permeability of free spece. The remaining qu.antitieo represent the per­
fi.elds: 

tu.rbatlon ve<::tor/aosociated with the wave: ! i.o maae average velocity, l. 
the current density, E the electric field and b the magnetic field. - -
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The solution of these equations gives a diopersion relation which 

reveals that for the frequencies of interest in this experiment the wave velocity 

is essentially the Alfven velocity V = j B2 / J'oP • (S) 

The magnetic field b 9 associated with the wave is given by 

GO 

· ba = \ C J 1 (k r) exp [i (p c - wt) ]· 
17 ~l n en n 

(6) 

where J 1 (kcnr) is the first-order Bessel function, and n (radial mode number) 

designates the mode of propagation. The C are constants determined by the n 

form of the initial perturbation that induces the wave and the k are constants en 
determined by a boundary condition at the cylinder wall. Also p = k + i/L , 

11 n n 

where kn is the propagation constant and Ln is the attenuation length for the 

nth mode. Ln is given by the disperaion l"elaticn as 

L = n l z 2 . 
W"l(W I v t k .·.) en 

(7) 

The presence of neutral particles in the plaoma wUl cause a.n additional damping 

by charge exchange with the ions; however, this damping should be negligible a.t 

the neutral-particle densities encountered here. 

Matching the plasma !ields at the end boundary to the extel"nal fields 

allows us to predict the values of the C from a knowledge o! either the n 

current entering the driving electrode or the voltage there. We can then apply 

the damping o£ Eq. (7) to these modal amplitud.es to determine the field 

amplitudes at any point in the cylinder. The result is that for the conditions 

of this experiment there is only 7~ of the second mode and a negligivle a.nlount 

of higher modes present after only one tranclt of the wave tbrou.gh flle tube. 

The radial boundary conditlon used in these calculations is appropriate for an 



-7-

insulating boundary, even though the electric conductivity of the copper walls 

h some thousand times the plasma conductivity. The reasons for using this 

rather surprising condition are diocuseed in the section on Radial Distri.butiona 

of b6. F'ield. 

For the dlscussion of reflections we shall want the wave axial current 

density jz and the wav~ radial electric field Er; 

C J0 (k r) exp[i(p z -we:)] , n en n (S) 

0() 

E = L p ( vZ - !..!l) c J 1 ( k r )· exp [i ( p z ,_ ~~ >J . ( q) 
r n= 1 n w ~O n en n 

We also need the expression Jor tbe :radial current density jr, for a 

discussion of the boundary condition at the tube wall: 

(10) 

Note that jr(r) and b 0(r) have the same radial dependence. 

Generation of Waves 

A toreional bydromagnetic wave is induced in the plasma by discharging 

a 0.21'f capacitor between the center electrode and the copper cylinder after 

the tube has been !Uled with plasma. For thie work, the capac:itor is critically 

damped eo that only a single pulse of current flows. The current pulse ia 

roughly a half ulne wave, 0.8 tJ.See long. The resulting wave has been detected 

with small magnetic probes, which consist of a coU o! 75 turns of wire on a 

1-mm-diam form. The coUs are mounted inside re-entrant glaac tubes fused 
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onto the insulator at the receiving or driving end of the ·.eyli'fi.tlt!ir· The wave 

may also be detected ao a voltage appearing em a coaxial electrode at one end 

of the tube. 

Our theoretical analysio postulates an o.zimutbally symmetrical wave 

propagation. The coaxial driving~electrode syotem hao this property, and iL.e 

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

which has been previously reported. 15 The azimuthal symmetry wao measured 

experimentally with £our magnetic probe• dispooeci 90 deg apart on the same 

base circle. A random shot-to-shot variation of 10 to l06ftt was observed in 

individual probe signals, but the average of several shots ge.ve ar.imu.tluu 

symmetry to within a few percent. 

E!Perimenta! Rosults 

The wave velocity depend1 tb.eoTetically upon the two variables B and 

p. The observed dependence on mass density is shown ln Fig. 7. The linea nre 

from the theory, calculated by assuming·parti.cipation of all the atoms initially 

in the tube. ll the gas is incompletely ionized, this assumption is valid only U 

the ions and neutrals are closely coupled, thto\lgb charge-exchange colliaione. 

The degree of coupling depends upon. the ratio w/ t,ni of wave frequeucy to the 

neutral~ion collision frequency. To obtain thia ratio. we need the charge­

exchange c:roaa section at low energy. which ia known cmly from theory.· Using 

. 16 . I t t h the beet value obtainable, we find that the ratio w "ni is about o. 7 or t e 

work quoted here. therefore the coupling should be high.. To teot tbio deduction, 

a determination of wave velocity was made ao a function of degree of ionizAtion., 

by inducing the wave at various timeo after crowbar. The results in Fig. 8 

were obtained. The horizontal line is theory for the close coupling, and the 

slanted line represents theory for the case of zero coupling, i.e .• ouly ions 
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participating in the wave motion. The data suggest an intermediate situatlon. 

The somewhat low velocity obtained at low i~n density (Fig• 7) may be 

due to an infiux of impurity atoms into the discharge and their subsequent 

participation in the wave motion. 

The variation of wave velocity with n:u.t.gnetic field 'B is sbo111n in 

Fig. 9. The predicted linear dependence is well verified. In this case a 

slightly modified method of ionization wao used. the dtsibarge current being 

introduced at two simUar coaxial electrodes. one at each end ol the tube. 

The attenuation of the wave was measured. and from Eq. (?) a volue 

11 o£ the resistivity was determined. From this we can calculate the temperature, 

which is presented as a function of time in Fig. S, along with the temperature 

obtained from a direct resistivity measurement. The agreement soon after 

crowbar is very good. The higher efiectlve resistivity, hence lower temper- · 

ature, as derived from the latter measurement late in time is attributed to a 

cool high-resistance layer forming at the electrode eurfac:es. The wave currento ., 
would be sufficiently high to locally heat this layer. reducing its reoiotivity. 

The wave attenuation ae a function of magnetic field ls shown in Fig. 10. 

The theory line is normalized at ll kgause to the data. 

Re!lectiona 

An important check on the theoretical predictions for the wave fields 

is provided by the observation of wave reflections. Reftecti.ons have been observed 

to occur from insulating boundaries, fro+n ·conducting boundaries, and from a 

plasma-neutral gas interface. 17 In all cases. the obeer-ved change of phase o£ 

the wave fields on reflection has been in agreement with theory. 

The fields easUy accessible to measurement are the magnetic field 

b9, measured by probeo in the plasma, and the radial electric £ield, which we 
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measure as V = J..... E dr, the voltage across the end electrodes. 
o a r 

At an insulating boundary, represented by a pyrex end plate, the axial 

current denoity j aesociated with the wave must be .zero. Reference to Eq. (8) z 

for j (r, .f) then showo C' = - C , where we use the prime to denote quantities z n n 

associated with the reflected wave. The l is used to represent the coordinate 

of the end plate. The reflected wave travels in the negative z direction. 

therefore p ' = • p • Equation (6) then shows that b6 reflects out of phase by n n 

180 deg, and Eq. (9) shows that · Er reflects in phase. Similar consideration 

for a conducting boundary, characterized by E (r, i·) = 0, reveal that in thio 
1' 

case the situation is reversed- -b9 reflects in phace and Er reflects 180 deg out 

of phase. 

Obmervatione were made using a single pulse, . eo that the reflections 

would be easU¥ seen. Figure 11 shows oscillograph traces ot b6 and V
0 

for 

reflection from a pyrex end plate. The upper ~race i& the voltage measured nt 

the driving end of the tube. T~e first peak is the induced pulse. and o.t 5.6 v.eec 

the in-phase reflection returning from the far end of the tube lG oeen. The lower 

trace shows the azimuthal magnetic field bfl,' meagured by a probe 13 em from 

the driving end. The reflected wave it out of phase, ao predicted. 

An attempt to ehow reflection from a copper end plate produced the 

unexpected result shown in Fig. 12. The phases of the reflected waveo are 

appropriate to reflection from an insulAting boundary. The reason for this itJ 

most liltely that the oboervations were made in a decaying plasma. The tube 

wall is, in effect, a low·temperature beat sink and the plasma near the wall 

must cool by thermal cond\tction. Since the electrical resistivity is a strong 

function of temperature, the resistivity near the wall becomes high, accounting 

for the insulating-boundary type of reflection. If this hypothesis io correct, 
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it might be expected that a high-density current fiowif•g through the plasma to 

the wall and maintained by an external source would provide electrical contact 

between the plasma and the wall. The ionizing cul'rent ca.n perform just such 

a function, since if it is not crowbarred after it has fUled the tube 'with plaoma, 

the current wUl just flow a:dally through the tube to the end plate. The wave was 

therefore induced wbUe this current wae flowing, and tho reflections obtained 

were appropriate to a conducting boundary, aa shown in Fig. 13. 

Finally, an attempt was made to reflect a wave lrom the ionizing wave­

front as 1t was moving through the tube. Since during this time the background 

noise on both be and V 
0 

is high, the ionizing current wae erowbarred whUe 

the ionizing wavefront wae about half way through the tube. Plasma pressure 

causes a shock to continue on after the current is gone, but thie gaedynamic 

shock travela considerably slower than the electrically driveu ionizing wave. 

The hydromagnetic: wave was induced about lSJ.Lsec after crowbar. The observed 

reflections from the interface thus produced are shown in Fig. 14. The current 

was crowbarred just as the ionizing wave reached a point 58 c:m from the driving 

end of the tube. Using the observed reflection Ume an.d the wave velocity ao 

obtained from measurements made whUe the tube was full of plasma, one cal­

culates that the reflection occurred £rom a point 68 cm £rom the driving end, 

in reasonable agreement with the expected continued m.otion of the gaedynamic 

shock. At the same time, probes at the receiving end of the tube detected no 

wave magnetic field, ae expected. 

The observation of reflection of ·a hydromagnetic wave from an interface 

between plasma and an un-ionized gas may be compared with the recent observation 

of a. simUar type of reflection occurring to a wave induced in the t.cmoaphere which 

followed along the magnetic field linea of the earth' o field. and was observed to 

reflect from the discontinuity between the ionosphere and the atmosphere. 18 
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Radial Distribution of be Field 

The radial distribution of the aztm1.1thal magnetic field b6 associated 

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

placed near the receiving end insulator at various radii. The result of this 

measurement is displayed in Fig. 15. The upper solid curve results from 

experimental data for a wave induced ZO p..sec after the ·ionizing current was 

crowbarred (the lower solid curve wUl be discussed). 

The observed b 9 becomes zero at the tube wall. As noted earlier, 

for any given mode b 9 and jr have the same radial dependence. We are here 

observing essentially only the lowest mode, therefore the observation indicateD 

that no radial currents flow to the tube wall. This observation was found to be 

true independently by looking for wall currents with the r.adial-current probet 

(Fig. Z.). At first glance the result is surprising. since the conductivity of the 

copper is much higher than that of the plasma. and eince the method of inducing 

the wave required a current to flow to the wall. However, !or the same rea.oona 

as discussed in the section on reflections from a copper boundary, the electrical 

conductivity in the plasma adjacent to the wall may be low. isolating the plasma 

from 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 t..lte 

well-known anode sheath which is sometimes observed ln discharges in which 

the current flow to a boundary surface is perpendicular to the static magnetic 

field. 

Our theoretical calculations lead to the prediction for o9(r) which is 

shown as a dashed line in Fig. IS. This is the lowest mode plus 7"1., of the second 

mode. The zero of the Bessel functions was taken to be 4 mm inside the 

physical boundary. to better match the experimental data; this distance may be 

interpreted as roughly indicating the thickneso of the nonconductinft layer of gao. 
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The agreement of the observed wave amplitude with that predicted en tho baaio 

of knowledge .of the peak voltage applied to the driving end ie remarkably good. 

lt indicates that it has been possible to account for the energy flow from the 

external circuit into wave energy and the subGequent damping of this wave ao 

it traveled through the tube. 

The radial ciiet~ibution o£ the wave magnetic:: field b6 wae also measured 

for a wave which had reflected from the receiving e~d of the tube and then !rom 

the driving end, i.e., the wave ~ade three transite of the tt~be. The reoult io 

displayed ln Fig. 16, there the dashed curve represents the lowest mode. The 

exact shape of the theoretical distribution is not reproduced in the meaouremento 

for either the single transit or the tbr~e-transit wave. The most1 likely explana• 

tion for this observation is that the plasma temperature may be somewhat . 
nonuniform. 

lhe lower solld c:urve of Fig. 15 is the distribution of be measured 

for a wa·.re that was ind~.tced 90 fL&ec after the ioni~ing current was crowbarred 

(for the previous discussion the waves were induced 20 ~J,&ec crowbar). ln thlo 

case, the peak of the distribution io shifted toward the axia of the tube. This 

observation would be consistent with the assumption that the decaying plaoma 

has a radial temperature gradient, with the warmest plasma (which would produce 

lese wave attenuation) near the center of the tube. 

" 
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l . 15 l em is indicated. Then if our ion density were 5X 10 em and tern¥ 

. . . p,erature were 104 °K, the neutral·ion collision frequency •ould be 

7 -1 A th f 4.5 X: 10 sec • The period OJ; our wave is about 0.8 ~eec, ere ore one 

finds w/" l = 0.17. n 

17. Reflection of plasma AU've'n waves has been observed lndepeo.dently by 

S. Nagao and T. Sa to ( Tohoku Univeroity. Sendai, Japan); private 

communication. 

18. H. A. Bomke~ W. J. Ra.mm, S. Goldblatt. and V. Klemaa, Nature 185, 

l99 ( 1960). 
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Figures 

Fig. 1. Schematic diagl'am of experimental eql.lipment. 

Fig. l. OecUloseope traces showing ionizing eondltiono. The bottom trace 

is voltage on the driving coaxial electrode at 2900 v/em and the top 

trace is current fr·om the pulse U.ne at 4900 amp/em. The horbontal 

scale is S flSec/cm. The current was crowblt.rred 19 11eec after the 

voltage was first applied. A single-pulse hydromagn.ottc wave was 

induced 36 tJ.sec after the voltage wag .first applied. 

i'ig. 3. (ieometry of the radial-current detector. The 1/4-in. ·dia.m button 

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

The maximum voltage drop is lees than 1 v. 

Fig. 4. Position of the ionization front va tlme, aa measured with radial 

current detectors. The axial magnetic field «tas 16.0 kgauss, initial 

-s I 1 mass density was 10 g em • 

Fig. 5. The time dependence of temperature of the decaying plasma, as 

determined by hydromagnetie wave attenuation and by direct resistivity 

measurements. The vertical bars iadicate the standard deviaticm o£ 

the mean of a nu.mber o£ measurements (usually si.x). 

Fig. 6. Observed time dependence of the ion density. Eroror& (not shown) 

lS -3 in the experimental pointe are estimated to be ::~~0. 7X 10 em early 

. 0 1s -3 1 in the decay period. increasing to about • l.OX 1 em ate in the 

decay period. The solid line is a least- squares !it, aoauming the 

decay rate to be proportional to the aquare of the ion density. The 

dashed line assumes an exponential decay. 



Fig. 7. Wave velocity aa a function of mass dcnoity for hydrosen and deuterium. 

The theoretical Unee are calculated by assuming participation of both lono 

and neu.trab in the wave motion. The eilt)e of the dote gives roughly tho 

standard deviation o£ the mean of six or more measurements. 
/ 

Fig. 8. Alfven-wave velocity ve spectroscopically determto.ed. ion denolty. 

These measurements were made in the decaying plaama by indu.ctng the 

wave at various time delays afte.:r the plasma started to decay. Axial 

~a I 1 magnetic field strength 16.0 kgauss. laittal mass density p c 10 g em • 

Fig. 9. Wave velocity ata a function o! axial magnetic field strength, initial 

-a I 3 1 mass density p = 10 g em • Ionization current 1a axial from an e octrode 

at one end to a dmUar electrode at the other end. 

Fig. 10. Attenuation measured as a functto~ of axial field strength. Solid 

curve is a plot of theory derived from Eq. (7), normalized at ll kgnues. 

Shots are plotted individually. 

Fig. 11. OucUlogram showing reflection from a pyrex end plate. The upper 

trace ia the voltage measured at the driving end of the tube between the 

cylinder a.nd coaxial electrode at 100 v /em. The lower trace io the 

azimuthal magnetic field. measured by a probe 13 c.m from the driving end 

with a sensitivity of 34 gauss/em. 'I'he sweep ls 1 S'&ec/cm. The first 

pulse is the induced wave; and th.e first refiectlon occaara nbout 3.S ..,aec 

later on the voltage trace, cor:reopondlng to two tranaits through the tube 

at the Alfven speed. The voltage refiecta in phase, the magnetic field out 

of phase, in accord with theory for a nonconducting boundnry. 

Fig. lZ. OaeUlogram showing reflection from a copper plate 30 tJ.Gec after 
I . 

the plaoma bas otarted to decay. Traces are as in Fig. 11, with upper 

trace at 250 v/cm and lower trace at 50 gauss/em. The p:tlasos of the 

retlected fields are the same no for a nonconducting bounctary, indicating 

that the copper wall io electrically, inaula.ted from the plaoma. 
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Fig. 13. Oscillogram showing rettectton from.a copper plate with ionizing 

current stUl flowing to the plate. Traces are as in Fig. 11 • with the upper 

trace at 250 v/cm and the lower trace at 68 gauss/em. The electric !leld 

has reflected out of phase and the magnetic: field in phase, in agreement 

with theory for a con~ucting boundary. 

Fig. 14. Oscillogram showing reflec:ticm f.rom an interface between plasma 

and neutral gas. The upper trace is the voltage on the end electrode at 

l50 v/em, and the lower trace io the magnetic field at 70 gauss/em. The 

phases indicate a nonconducting boundary at reflectiou. The small amplitude 

of the re£1ected signal inclicatea a loooy reflection. 

Fig. 15. The l'adial distribution of the wave magnetic field b 6, meaoured 

near the receiving end of the tube after the wave has made o~e transit 

( Z = 74 em). The dashed curve is the theoretical distribution, and the 

upper aolid curve ia the measured distribution, for a wave induced ZO p.aec: 

after crowbar. The lower solid curve is the measured distribution for a 

wave induced ?0 ttsec aiter crowbar. 

Fig. 16. 'l'he radial distribution of the wave magnetic field blP measured 

near the receiving end of the tu.be after the wave has made three transito 

of the tube (i.e. • two refiections~ Z = Z47 em) 20·JJ.aec after crowbar. 

The dashed curve is the theoretical distribution for the lowest mode 

J 1(kc 1r). Higher modes are all negligible at the distance represented by 

this measurement. 
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