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Tho goeitivs: column of a ,@ow di~cherrge hea been shorn to became 

hydromsgnetici;rtly unatable when iamerasd Fn a longittxlinal mragneeic fie318 

of the erdar of 1 kgause. . . * q  me t~etabflity ~ F B P ~ B ~ Q F B Y J B  the a~imuthdly biymmetric 

column into a constricted, rotating, helical etate: netther this new 8tee~dy state 

nor i t8  prepertieer are predicted by claseical theories. TBe sccurreace of 

this incitabillty explains the previously mysaeaiaus "ansmdaue diffusionw 

observed by bhnart. 

The propertle~ of the helical state have been measured in Hz, q. Ha. 
and Ne as function of gas greesura and tube radiue. TBe dependence of the 

cr i t ica l  magnetic field, and the frequency mad wavelength of the oseillatfem on 

the kind of gas, preeeure, and the tube aadiua are in Qai~ly good agreement 

with the prsdfctlgbnrs s f  the perturbation theory ~ D P  fcwrdernteev and Nedoepasov, 

The onset of the hetabillty i s  &so fairly wel l  prediotsd by che ehsakb- 

inatability theory af Hoh, bat the agreement ia  not ae good as in the grer2ous 

eaars, nor i t a  the nature or appearance of the 'instability ~pec i f i ed .  
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The positive column of a low-pressure glow diecharge contains a 

conetaat longittadinal electric field and a elowly ,varying radial field, with 

n, % a- n. Electron densities are typically o f  the order of lo9 t o 1 0  1 1  

3 gior em . Electron temperaturea aorrespond to eWet'hl s'lectrm volte, and 

ion temperaturea are approximately the earne as the temperaturee of the 

neutral gas*.. The early axperimsnta concerning the behavior of euch 8 

plasma in  a longitudinal magnetic field," 3' * although limited by the ratb;= 

low available magnetic field@ and complicated by end effect@, were found ta 

give reoults conofstenl with the tbeoriea of Tonks, ' LMgrnuir and Tcnke, 6 

and Bchqttky. 'l Bickertan and von Engel reinveatlgoted the positive column 

- -I.-- -- 
* 
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fn a magnetic field with a geometry which avoided sewre sf the eomplicatlng 

and effect.. ' Their measurements of tho electric fields,  a d  well es the 

charged-particle distribution in langitudiaal magnetic dielde up to 600 gause, . 
were srloo in goad agreement with  the claaralcal theories. Their work ha6 Been 

extended to considsrably +stronger magnstlc fialde by -lebnert9 and Hob and 

Lehaart, lo whose rnsasurernrats of the longitudinal electric field ae q function 

of the applied magnetic field showed tarat above soma critical magnetic field . 

8, the loeses of particles no longer decrease with incroaeing magnetic field- -as 

predicted by theory--but, inetoad, inc~earse with incaeasiag magnetic field. 

Lehnert's reeults ravived interest in the possibility that enhanced 

diffusion I$ caused by e~ectoical oscbllatione in the plaema, aer suggested by 

Bohrn. l 1  Our work was an effort to underatand the nature of tbe instability 

and the wigit)  of the inooeassd losses. , . , . . .  . 

8. R. J, Bicksrten bbnd A. BOP Engel, Proc. Play@. Boc. (London), - B69, 

468 (1956). 

9 .  8. h h n s r t ,  in Proceedings of the Second United Mattoas Xntaruatianal 
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11. D. Bohrn, E. H, S. Burhop,. H. S. W, W e e e y ,  and R. M. Williamo, 

in !4%i Cbaaeterietlcs of Electric+ f>iecbarges in Magnetic Fieldta, - 
ed. by A.  Gtathrie and R. K. Wekerlirrgi (McGraw-Mill, New Yerk . 
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It has been oh?- that at Bc a macroscopic instability appear8 in the 

column, the observed increase in particle loaeee being aeeociatsd with the 

formation of a, new azimuthally aeymmebric steady etatec, 12* l 3  me result@ of 

. an experimentaP.4nve.atigertion df the dev~lopmsne and propertbe of thie anom- 

d o u ~  steady state of the pogitive column are gaeeented . . .  . herein . . and compared 
G 

with the theoriaa of ~ a h l ~  and kadomteev and ~edospasov. 
15 

. THEORY OF THE Za08ITIVE COLlJadPJ XN A LOWGITUDUUAL MAGNETIC FIELD ' 

The ~yrnbole listed below a re  ueed in the dLecuaaion which follows. 

B Magnetic field. 

Ambipolar diffueion coeffichent at field 'IS. % 
=% Diffueton coefflciente of electrons or ions. 

*. A x i d  electric field. 

r ~ r  Radial particle flux of electrons , or ion& 
. . 

J1 Beeeel fuactiona of order zero, order one. 

f Electric -current density. 

*+,y.'-:"?... . . a  

12. T. #. Allen, G. A. Paulikiae, and R.  V. Pyle, Instability of the ~oeihive '  

Column in a Magnetic Field, Phye. Rev. Lettere, 5 ,  409 (19QO), and 

Lawrence Radiation Laboratory Report UCRL-9 1 10, same title, 

13. 0. A. Badlkas, The Poe~itive Column in a Longitudinal Magnetic Field 
.- 

(Ph. D. Thesis), Lawrence Radiation Laboratory Regart UCRL-9588, 

G February 2 7, 196 1 (unpubliehed). 

14. 16. C. Woh, Phye. Rev. Lettere, - 4, 559 (1960). 

15. B. B. PCadomtlseiv sad A. V. Nedosgaeov, J. Nuclear Energy, Part G, 



K Boltexninri conetant. 

En k a.r Wave number. 

M- Mean free pstb of ions or electrons. 
* .  

k Wavelength. 

\I pT Electron or: ion mobilittse. , 
I . - .  . 

. . 

m- + Electron or ion rnasee8. 

To' ~artiche denreitiera et electrone or ions 

"i Number of ionio;atiea~1 per second per electron, 

Electron or ion cyclotron frequencies. % 
P Neutral gae preasure (reduced to 0'~). 

W Discharge -tube rad iu~ .  

=7: Electron or ion t~wrpereture. 

7- + Maan tima between co l l i e ioa~  of electron or ion with netatid particle. 

u(r) Radial potential dietribmtion. 

"s: 'pl 
Electron or ioa drift velocftle~ and 'componente. 

Ion therm J velocity. "+ 
The particle loesas in the presence of s longitudinalmagnetic field B ore 

16 
descr !bed by the ainbipolar diffusion coefficient. 

where D,, p, - are the &iffheion coefficiente' and mobilitiesr at. B a 8, 

= ,  

16. W. P. Allia and 6. 9. Buchebaum, Notes on Plasma Dynamics, 

Summer Program, PJUT ( 1959). 
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VolumQ, ricornljinratian iiefS&~S8&ted: however, Babl has &n,.s~auttPat the inc lga i~n  '. 
, <.  

of thie loss mechaniem does not materially affect the bohsrvior.of the column, 17 

In the noble gamra, a8 well ae in hydrogen and deuterium, it  is also permieelble 

C .  - to neglect electron attachment, W i t h  t h e e  simplifying aesumgtisne, the particle 

. .balance i~ described by 
'b 

where vi is thanu'mbsr of ton pairs produced per eecond per electron: In e 
, . 

long cylindrical geometry, provided v ie independent of n, the aslution of 
. i  . ', 

Eg. (11-2) irs 

where r is the ~ a d i a l  coordinate. From the boundary cornditiona one can then 

obtain sxpreeslione relating the ionization rate and hence the electron temperature , 
T to the parameters of the discharge for the two pressure regions of interest. 8 - 
deecribed by the average mean f r e ~  path A : 

v = (2.4/~)' Da for A R. i (11 - 4a) 

and 

The form of vi (T - ) depends strongly upon the behavior of the ionization o o e s  

sactian near threshold as well as upon aeeumptions of the shape of the electron- 

velocity distribution, which ie not neceeearily Maxwellian. Meaeurements of 

the electron-velocity dfetributian in a discharge with $tanding striations show 

. 1 M. Parhl, 2. Naturfsrech. 12a, 637. (1957). -- 
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that a dietinct high-energy group i s  p r e ~ e n t .  Since the usual "uniform" -- - 
column commonly contains moving striations. l9 a similar high .energy group 

may be preeeat and contribute eignificantly to vi. 

Either: of Eqa. (U-4) may be erolved for T as a function of the - 
magnetic field Pot a given greraeure and rsdiue, although an additional aoaumptiea 

'.' 

regarding ion temperatures ia  necessary for soluttan of (PI-4b). If quadratic 

ionization processes arcs included--i. e . ,  ioaiaatiane from excited atomic 

etabee- -the p1aema.-bmlanee equations cannot be rsducced to ehe saimpls form of 

Eqa. (11-4): the raeult of thia modification rs to depress electron temperature 

ettghtlly, 20 

The longi4udinal electric field is determined by !he paweP input required 
# . ..., 

C A- 

to maintain the elechl~on distribution at a temperature T - determined Prom 

Eqrs. (11-4). If X ( T  .. ) denotes the fractional energy l ~ s l t  by an electron in a 

collieion, including elastic, ieelaetic, and wall lsseee, the electric :field ia 

found to be 

where A i e  the transport mean tree path of the electron. 21 Theeffectof the 

. longitudinal magnetic field will be to deerease the electron temperature, by 
. I 

decreasing particle loseres, and this will  be seflecte8 in a diminished longitudinal I 

a 20 .  E. Spenke, 2. PhysSk - 127, 221 (1950). 

2 1. A .  von Engel. Ionized Gasee (Oxford Univereity Prerse, 1955). 

electric fieid. . Tbie has been confirmed experimentally ,at low magnetic fields . ,  , 

. . 
.- 

f 18. R. L. F. Boyd rand N. D. Twiddy, Proc. Roy. h c .  (London) - A230, 

53 t.1959). 
B 

19.. T. ,Doraahue and G,  H. Dieke, Phye. Rev. - 81, 248 ( 1951). 

I 



8 by the exparimeat of Bickerton and von Engel. A departure fram the monotonic 

decrease of EE with increaeing Bs B U C ~  PO found by Lehuart and Hoh at  fields 

in the kilogauss range, may consequently bo taken ae'an indication of a change 

. in the particle loss. 9*  lo (Eeksr has pointed out, however, that ths longitudinal 

electric field ie a rather,ineonsCtive meaeure of the particle iese; large chauges . 
in the diffusion coefficient near the wall are required to al ter  Ell noticeably. 22) 

'She radial potential diettibution in a cylinrdrical eoluaa;  i f  one aseumee 

ambipolar clifdueion and nsglecte ion -electron interacttame, ie found from the 

equation of motion to be, 

which exhibits a moaoboafc increase or decreaee with radius depending on the 

relations between bs p-. I,, and T. The reduction of the radial patsntle1:j 

variation with increaafng magnetic field ar predicted by Eq. (11-6) hae prevtouely 

been confirmed experimentally, except for curious aaymmetriee in the resulte, 

probably due to the perturbing effect8 of the probee used In the rneaeurementa. 

We a180 have confirmed and extended this remult in a eeaach for micro- 

intatabilttieer, the reeults s f  which wi l l  be reported elsewhere. The meaeure- 

ments were consiatent with the aseumption of ambipolar dlffu~len. 

' B. Analyses of S t ab i l i t~  

Recently EIoh1* and Kadomtaev and ~ e d o a ~ a s o v ' '  have theoretically 
- 

investigated the etability of the positive column from two differing etaadpoints, 

-. 
Wsh eterrta with the criterion, due to Bohm, for the etability of the sheath 

surrounding the plasma. ' I  The radial ion velocity at the sheath muet eariefy 

22. G. Ecker,, .my@. Fluids 4, - 127 (1961). 



where T - is the electron temperature and m+ i ~ t h e  ionic maee. By con- 
. . 

5 
sidering the eff.ict of the magnetic field upon the r+$ial drift vcllocity of. the 

ions,' he i e  abIs to ahow that Eq. ( X I - ? )  is not s.atisfied POP magnetic fields 
. , & .  " .  ' 

where 

. ", . .-  
Here ptl are the mobilities a t  1 mm Hg and p is the neutral gas pressure. 
The primed quantitiee are to be evaluated a t  the sheath edge, a circumstance 

which introduces some uncertainty into the d u e  of g'. 

Hoh poatulatse that when Bohm's criterion ie not eatiafied, an 

instability of the sheath develope which then tranpparte charbed particlee acros.. 

the field a t  a rate in excess of ordinary co l i e iond  diffueion. TBe mechanism 

by which such a poslaiMe sheath inetability desvelog~ to affect the macroecogic 

behavior of the plasma i s  not discussed. The &rpression for Bc (Eq. 11-8) i@ 

quite sensitive to .&eurnptions regarding the ionic species, but depends relatively 

weakly on the electron temperature T . Hall h a s  cr!ticieed this approach to 

stability coneiddratione by pointing out that B o h d  s criterion 3s not applicable 
. . . in the case of the posJtive column. as$5#i'potcntial drop acroes the aheath 1. 

only of the orher  of a few ST - /e . L3 The nonsntlshction of Bohm's criterion . . 
1 

' therefore ahould be interpreted am an argument to re-examine and modify the 

23. L. S. Hall, On the Application of Bohm'a Criterion for the Formation 

of a Sheath, Phye. Fluids (Letter) - 4, 388 (1961). 
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. model~tsedintazederiv&tt6ir.~&f~Eq. (U-7), rathsrthanaw~hdicatl.onofatrue ... , 

ins tabflity. 

Kadomtl~ev and Nedospaaov approach the rptability problem by a 

perturbatiopb'mqlye!~e8 of the poeitive column. Their treatment is focused upon 

a region of the magnetic fields where D T * 1 aqd Q + r 4  << I ,  where - - 
\. 

q, 7& are the ion and electron cyclotron frequenclea and themean times 

between collilafone with nsuttale. Such an approximation ie quite valid, for  
... . . 

our experimental conditioner, in the vicinity of the critical magnetic field. 

Further, i t  Pe aeeumed that the condition8 in the unperturbed etate are governed 
. . 

by ambipolar diffusion and single-stage ionization; two-step procesees and end 

effects a r e  neglected. 
..Y I .. . , . .i., *,, 

. ~ .SF ; . %. : - ~ e r t u r b a t i o n ~ o f  the.form 

are now introduced into the'equations of motion and continuity: 
. .^ 

When Eq. (11- 1.0) and its equivalent for ~ ( 7 )  are aubatituted into Egs. (11- 11). 

a di~petreion relation giving w a e  a fuaction of k i e  obtained. From the 

condition that ' lm(w) e 0.. the requirement@ for  stability under rpuch a perturbation 

. r can then be determined. 'i%e behavior of Eqs. (XI-1 1) under perturbatisne of 

general form nl(r),  Wl(r) ie not discussed. The choice of the form of the 

perturbation, ~ ~ ( 3 . 8 3 r / ~ ) ,  ie  arbit~ary; the effect of the second term on thc 

.right Eq. (XI-11) i s  to introduce an asymmetry into the density distribution. 
I 
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The physical picture thus eonslbid~of stirdying the time 

dependence of perturbations In the pla~rna. When there La no magnetic field 

or the magnetic field i s  weak, the d i s t u r b ~ c e  in the particle density wi l l  soon 

d i~appea r  batcauee of a rapid diffusion of particle8 from the region of high charge 

v deneity. in a euflici&n(ly strong magnetic field, however. the radial difftaslon 

w i l l  be retarded end a perturbation wi l l  perrist  long enough that j r B force. 

can cause the initial dieturbance to grow. 

For etability, therefore, 
1 .. . 

where 

Since the sign of Eq. (11-12) depends only on the terms in braces, the condition. 

for stability can be simplified to 

* . ~ ~ ~ + p x ~ + O > 0 . 1 6 m v  x ( p - / v + ) ,  (U- 13) 

where ' . 

Hence, ouly for m > O  will the plasma be urrstak$e. Note also that an 
- 

electron drift velocity v-. ie necssjjary. A current ie required. but it. 

magnitude doc. not affect the caleulatlone of the cha rac t e i i~ t i c s  of the hatsbility. 



The form of Eq. (U- 12) ie presented in Fijg. 1. S h c e  at Bc, 8lm( w)/8k = 0 as " - 

well a e  Im(w) = 0, Eq. (11- 13.) can be reduced to an cixpr.eeeion independent of k: 

. 
Eq. (U-14) can then be solved for Bc an terms of the parameters of the di~charge. ~ 

In the presence of azimuthal daneity gradlente end an azimuthal electric 
. . ~ 

16 field, tb i  radial pa=ticle ,flux takes the form . . .  

When aver'aged over time, the o@cillntions of density and potential contribute to 

T a r  and thua give r iae to an increased effective mobility across  the magnetic 

field.. The anomalous lossee  a r e  then reflected in an  incrsaee of the longitudinal 

e1ectr . i~ field for  constant current. 

111. APPARATUS AND PROCEDURE 

Two independent experimental arrangements were employed for tale 

work. The layout .of the primary eystem is shown in Fig. 2. 11 order to minimisse 

the possibility of the end effect@, a tube geometry of large length-to-radius ratio 

was used. The criterion developed by ~ i m o n ~ ~  for the transverse diffusion to 

be ambipolar in a plasma column of radius R and immer aed in a magnetic field 

of length .L is 

where l/q = l/n dn/dr, n is the electron density, Q i a  the electron cyclotron I 
a frequency, and 7 - the electron-neutral collision time. For example, in a 

. . 

24. A. Simon, Phyrs. Rev. 98, - 317 (1955). 
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column of helium at a pressure s f  0.1 rnm Hg, with R = 3 cm, L = 200 cm, 

and q / ~  n 1 / 2 ,  the magnetic field must be l e s s  than 1000 gauss in order for' 

the plaama to be free from end effects. Similar reeul t i  a r e  obtained for other 

gases, and the above crite'rion is satisfied for moet of the present operating 
.-.../ ..t . .;a '+" ' 

C. conditions. "Simon" diffusion should leave the pokntial d i s h  ibution ~ S ~ ~ U B L + U @  . . 
unaffected by the magnetic field. Our radial potential measurements have not 

shown any significant deviation from the predictions of ambipolar diffusion, even 
' 

in cases where the Simon criterion (Eq. XU- 1) i s  clearly not satisfied. Thie 

euggelate, that in a glow discharge. measurements a r e  more likely to.be .confueed 

2 5  by too .short a positive column art low preseuree than by nonarnbipolar dgfusion. 

Diechargo. in pyrex tubes 300 em long and 0.9, 1.27. and 2.75' c m  in 

radius were etudied. Both electrodes were attached to the main body of the tube 

by ground glaee jointe and sealed with Apiezon wax. Such an arrangement per -  

mitted a number of types of electrodes and configuzatione to be employed inter- 

changeably;. Diecharge currents from 50 to 500 ma dc were drawn from a hot . 

tungaten cathode, although a dispeneer-type cathode was also used for some 

measurements. TBeae currents were  obtained from an electronically regulated 

power supply. A rectangular current pulee up to 10 amp high, up to 10 msec 

long, and with a variable repetition rate, drawn from a ernall capacitor bank, 

permitted transient. study of discharges at considerably higher particle denaitieis. 

The magnetic field was provided by ten 9-in, i. d. water-cooled coile 

6 in. wide and spaced 2 - 1/4 in. apart. The a x i d  field, measured by a flip 

=.oil, Garied by a3% at  a radiue of 4cm because of the spaced coils. Field 

strength6 (dc) up to 7 kgauas were used. To etudy the time-resolved behavfsur 

of the plasma, the magnet coild be pulsed up to 1 kgauss by a small condenear 

25.  See, howeve.r, 6. Ekman, F.C. Hoh, and B. Lehnert, %ys. Fluids - 3, 

833 (1960). 



bank, the field rising sinusoidally to a maximum in 10 msec. 

The discharge tubee were  aligned with the magnetic field by visually 

following the progrese of a number of low-greesure diecharges in a tube of 

larger  diameter. Well - defined beame traveled from a cathode, which consieted 

of an array of tungsten paints placed a t  a radiua, slightly smaller than the radius 

of the discharge tube, to an anode almost filling the tube. The effects of the 

radial compenenta of the field cauaed by the gaps between magnet coils were not 

visible to the eye. The radial field components should cause a line of force to 

be shifted by about 0.5 mm a t  r = 2 crn as it travels from tho center of a coil 

to the center of a gap; 0.5 mm is  comparable to the tolerence on the tube radium. 

Langmuir-type probes were  spaced along the tube in order to obtain 

meaeurements of the l~ngitudinal  electric fielda. The probes were mads of 

glass-coat& 0.5-mm bungaten rod, ground flat a t  one end and protruding 3 to 5 

mm from the tube wall. Midway between the electrodes, Langmuir probes of 

various shapes and types could be introduced into the tube and moved along a 

diameter by means of a micrometer screw. 

The gape between the coils of the magnet, together with a periecopic 

arrangement of front - surface mirror  e, permitted a number of well - collimated 

magnetically ehlelded photomultiplier ii to view the die~charge tube along its entire . 
, . 

- length. Signals were diaplayed,on Tcktronix.-551 or -555 oscilloscopes and 

photographically recorded. A rotating -mirrox etreak camera yielded space - 

. and -time -reeolved data on ihe light fluctuations in the tube. The space resolution 

could be extended to two dimensions through the arrangement shown in Fig. 3. 

Because s f  the limited light intensity, l @ O  )raec/cm was the maximum uetaful 

writing speed, when Polaroid 3000 film was used. In diechargea of low light 

-- 
26 .  A. W. DeSilva and J .  M. ~ i l c o x ,  Rev. Sci. Inetr. - 31, 455 (1960). 



intensities, such as argon, a bank of. photomultipliers (Fig. 3) substituted 

effectively far the streak camera. Thie device aleo permitted detailed 

examination of short time intervals during the growth of the inrstability. 

The elsc tr1ca.l signals aaeocialed with the pkerna were frequency- 

G enalyeed by using a eerie8 of radio detectore covering' the irequeacy range from 

5 kc to 250 Mc, and 1 to 10 kMc. 27 The detectors were coupled to the plaema 

either through wall probes or through capacitative pickups outside the tube. 

when the plaema deneity could be made c~ufficisntly high, an 8 -mm 

microwave interferometer warn used to study the behavior of .the electron density. 

10 
Donsitiee as low a e  5 \ *  10 /cm3 could be measured. 

An oil diffusion pump, with a refrigerated baffle byetern and a trap 

kept a t  liquid nitrogen temperature gave the reyetem a base pressure of the order 

of mrn Xg. During the experimental rune, gases were coatinuoualy bled 

through the eyetern. Other methods of gas handling were ueed, euch as the 

i'ntrodaction of a charcod trap kept at liquidhnitrogen temperature, but with no 

effect on the experimental results. 

A l l  measurements with a varying magnetic field w e r e  taken at constant 

current, data being r e c ~ r d e d  on an x -y or str ip -chart recorder. 

The experimental arrangement of the secondary system is shown in I 
Fig. 4.  The purpose of thie eubeidiary experiment was to study the behavior . ~ 
of the column in a 8 h P t  - tube geometry. The diagnostic tools deacr ibed in the 

previous, ~ec t iona  could be readily transferred to this system. The vacuum was 

of compartlble quality; however, a mercury diffusion pump was uled here. 

27, W e  are grateful to the U. S. Navy inatallation at Vdlejo for loan of this 

equipment. 



RESULTS 

A. The Longitudinal Electric Field and the Critical Magnetic Field 

We have inveetigated the behavior of the longitudinal electric fields, 
* 

meaeured between wall probes, in tube5 of 0.9, 1.27, and 2.75 crn radiue, 

- using discbargee of hydrogen, deuterium, helium, neon, and argon. Typical 

experimental measuremento of the fields a e  functions of the applied magnetic 

field a t  conetant discharge currente a r e  presented .ia Figs. 5 and 6. ( A  more 

complete eet of data ie given in Ref. 13. ) In agreement with the e~cperimentrs 

of Lehncrt and Hoh, lo we find that the axial elect r ic  field decreasee with in- 

creasing magnetic field up to eome critical field Bc. At  Bc the slope of 
t 

E -vs-8  curve changes sign. In general, Ez increasee with increasing B 
z 

above Be, although in some regimes of pressures,  gas, and tuba radiua,' 

further undulationar of the curve may occur. (The exact form of the curves at 

pree'eureer below about 0.2 mm Hg depends eligktly upon whether the magnetic 

field was increased or  decreaeed during a run. ) 

The shapes of the curves and the value. of Bc ware not affected by 

varying electrodes materials and geometries or  external circuit parameters. 

Modest misalignment of the dircharge tubee with respect to the axis of the 

magnetic field changed the shapes of the Ev-ve-B curvee above* Bc but did 

not change the value of Bc. Racing one or  both electrodes inside the magnetic 

field left Bc unchanged except a t  rather low pressures  ( f i g .  'I). A eerie8 of 

measuremente taken in the "ehort tube1' syetem (FQ. 4) yielded resulte con- 

aietent with the curvee from the primary eyetem (tube 300 cm long), again 

with the exception of low preeeuree. The deviation6 obgierved at low gresauree 

* 
in short-tube geometriee a r e  probably caueed by the shortening of the poeitive 

column a t  low Pre~eur.ii and the encroachment of the Faratby dark epace into 

the region of meseurernent. 



I W e  have calculated the longitudinal electric field (Eq. IS-5) ars a 

function of the magnetic field for eeveral &ts of typical disdharge parameter., 

and find good agreement between theory and experiment up to Bc. 

At higher magnetic fields the experimental curves deviate markedly from the 

c. theoretical calculations; epecificdly, the ckieeical theory of the poeitive column 

does not predict any deviation from the monotonic decrease of the axial electric 

field with increasing applied rnagnetic'field. 

Optical observations of the light from the diecharge by meane of 

photomultipliers end a stereo streak camera have shown that a t  Bc the column 

' . loses its asimuthal ayrnmetry and becornee a constricted, rotating, luminous 

helix (Fig. 18; a, b). W e  defer until a later ,eection detailed diecussion of the 
'- . r C.. r :  : : 

propertiea of thie phenomenon; we find that the apparently enhanced dlffuaion 

from the column, characterized by a longitudinal field considerably in exce a$ 

of theoretical predictions, ie  the result of an instability which develops.at Bc 

and t r a n ~ f o r m s  the uniform column into a constricted helical column. . 

The behavior of Bc as a function of gas, gas pressure (reduced to 

I ' oOC), and tubs radius ia in Fig.. 8 through 16, together with the 

Bc-vs-p curve. calculated from ,the theories of  oh" and Kadomtsev and 

Nedosprsov. l5 The expeiimental points rapraaent results  obtained over a 

period of months with a variety of tubes of o given ~ a d i u s  and varioue methods 

of gee handling. Preceding any set  of measurements, the diechargee were 

repeatedly fluehed and allowed to run for 2 to b hours until no significant 

impurity lines eere detectable spectrdecopically. However, we have no 

quantitative information on the impuritiee pr eeent. Appreciable admixtures of 
I . '  

I.' Impuritiea (99% Hc, 1 8  A; 99% A, 1% N2) yielded Ez -vs-B curves from which 

i t  wcaa ikiposeIble to deduce a critical field. 
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The ecattSr"6f the experimental points is probably the result of 

several effecte: (a) in an unbaked eyetern such aer durs  the impurity level ia 

' 

. certainly not constant ovar'long .period@ of time; (b) the magnetic field could 

be determined from the x-y recorder to * 2 % ;  and finally, (c)  a t  high greesuree 

. the determination of Bc wae difficult because of the vary gradual traneition to 

the anomolous state. 

An IBM 650 wa8 ueed to solve Eg. (11-14) with m = 1 (theory of 

Kadomtsev and Nedoapasov) by successive approximatione. Mere we have used 

the experimentally determined longitudinal electric field a t  the cr i t ica l  magnetic 

field a e  an input' parameter. The electron temperature was cdculated from the 

8 modified Schottky theory, asaurning T+ = 400° K. A calculation with 

. . . . T+ = l000OK is ahown in Fig. 10 to illustrate the dependence of Bc on the ion 

temperature. In calculating thevalues of Bc ar predicted by the sheath- 
, . .  . . 

innstability theory, we have aesumed, with Hoh, l4 T-/v, = 1 2 0 0 ~  ~ / i o l t  and 

. . j0 ( 2  .4rt/ R). 0.013. Atomic data from the compilation by ~ r o w n  28 &ere ueed; ' &  

the value for Lhemobility of H: was taken from the work by Chanin. 29 

Considerable uncertainty exists ae  to the- a c t d  conditiona in tbe 

positive column, e.g., both atomic and molecular iono are known to be 

preeent. 'O Since the theory of Hoh. although depending weakly on T - , is 

particularly sensitive to assumptions -regarding the ion species, we have 

calculated and plotted curves for the two limiting compositione. The theory of 

Kadornt~ev and Nedoepasov, on the other h&d, . . iis relatively insensitive to 
. . - 

28.  S. G. Brown, Basic Data of Plasma 'Phye.ice (John Wiley and Sone, 

. New ~ o r k ' ,  19 59). 

29.  L. M. Ghanin (Honeywell Research Center), private communication. . 

30. M. ,Pahl, 2. Narturforsck. - 14a, 239 (1959). 
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changes in the ion mobility.  ere the assumption that only molecular ions 

a r e  present a t  a given pressure decreases the calculated critical magnetic 

field alightly below the value obtained by using atomic ion mobilitiee (Figs. 13 

through 16). However, the electron temperature T .. enters these calculations 

in an important way; for a given pressure Bc varier roughly a e  T . The 
effect of the moving strizatioris on T - i s  not known; we find, however, that the 

experimental Bc - v s p  curve pasaas emoothly from the striated to the un- 

striated regime. Valuee of the electron temperature, a e  determined from 

Langmuir-probe measurements, Fig. 17, were also in reasonable agreement 

with theoretical calculations, a t  leaet up to Bc. above Bc the experimental 

results are of doubtful value. The apparent electron temperature increases 

with increasing particle losses. In addition, the marked oscillert~ona of the 

current  channel result in or~cillatione of the potential of the plasma about some 

average value a t  the probe. Because of the nonlinearity of the probe charac- 

teristics, the potential oecillations create an average probe characteristic 
?a 

which indicates an apparently higher electron temperature. - /  .* . 

The value of Bc increaeca elowly with increasing discharge current 

(Figs. 7,8,  and 14). The effect is more pronounced a t  relatively high pressures 

(Fig. 11). A t  high current dena i t i e~  and at  presleures above a few millimeters, 

an  appreciable fraction of the ionizations may occur from excited atomic levels, 

especially if long-lived metastable states are present,20 with a consequent 

decreaas of the longitudinal, electric field. This in turn, according to the K 

and N theory, will result in s higher Bc. A s  shown in Fig. 11. there is 

qualitative agreement between this theory and experiment. 

At  high values of the pressure-radius product pR, the positive column 

constricts into a dilament of current; Fowler finds that appreciable c o n s t r & w n  
h 



is preeent in helium discharges with pR = 1G crn/mrn Hg. ~ h k c a u s e e  of 

pressure  constriction are not well understood; it i s  not predicted by the Schottky 

theory. It hae been suggested that the conetriction of the positive column comers 

about as a coneequence of a rapid decrease of electron temperature with in-- 

creasing pressure  and a subsequent piling up of the electrons in the center of 

the discharge. 31 A temperature lower than predicted by the Schottky theory 

would decrease our theoretical Bc values a t  a given pressure,, as calculated 

from the theories of Hoh, and Kadorntsev and Nedospaeov. The decrease of 

the experimental helium Bc -vs-p curves  starting at pR 1 4 m a y  thus be 

connected with the beginning of pseesure constriction in the column; a simila-P I 

argument may also apply to other gases. 

B. Properties of Inetabiltty - - --- 

The striking optical behavior of the column at the c r i t i c i l  magnetic 

field hae already been mentioned briefly. Luminous helices b,f the clarity 

shown in Fig.  18 (a) were observed only for special combinations of gae, I 
pressure, and tube radius. In general the appearance was more chaotic; often 1 
moving striations were superimposed on the spirals  (as will be ahown in 

Fig. 33a). The transition to the helical s tatc ' is  quite abrupt, and especially I 
so if there are no moving striations present. Tkue the presence of moving 

. .  atriatione (Fig. 33 b) complicates. analysis of the behavior of the column. We 
;,9: *q i';f>: ;..3.-tT; 

have thersbbre attempted, uneuccessfully, to remove the moving etriatione 

31. R. G. Fowler and L.. W .  Jones, Pressure  Conetriction in the Positive 

Column, 13th Annyal Gaaeous Electronics Conference, Montersy, California, 

32. R. G. Fowler, Proc. Phye. Soc. (London) . B68, - 130 (1955). 
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from the column by adjusting external circuit parameters and by operating 

an auxiliary discharge a t  the anode. The latter scheme was meant to provide 

' a source of ions; the oscillation8 of the anode f a l l  a r e  believed by Pugp to be 

the source of one species of mbving striations. 33 A t  same discharge conditions. 

however, we found that the longitudinal magnetic field was able to supproras the 

etriations; a column etriated a t  R = (! can become uniform a8 the.'field is 

raised, and then s t  Bc makes the transition to the helical mode. 

The helical nature of the constriction has been determined by studies 

with' a ser ies  of photamultigliere placed along the discharge tube. Wavelengths 

s f  the luminous current channel could thus be found by atudying the phaere 

difierencee, of the photomultiplier signals. The pitches of the spirals were such 

that 7 x % was directed toward the tube walls. In Fige. 19 through 2 3 we 

show experimental measurements of this wavelengthas a function sf the neutral 

pressure.  

The perturbation analyaie by Kadorntsev and Wedoepaaov predict8 the 

growth rate of the instability 'to be s strong function of the wavelength of the 

instability (Eq. 11- 12, Fig. 1). Bearing in mind that the above theoretical 

analysis ie based on a small-amplitude theory, whereas our experimental 

measurements were carried out on the fully developed helix, i. e . ,  a new, 

azimuthally noneymmetric steady state, we have computed carves eimilar to 

Fig;. 1 for the diecharge parameters of the experimental paints in Fige.  19 

through 23. If we assume that the maxima in the Im(w)--ve-k curves represent 

that wavelength that will arow fastest and dominate as the behavior of the column 

becomea nonlinear, we can arrive at the theoretical values for the inatability 

wavelength. We present these theoretical values (m = I ) ,  together with 



. '. 
. experimental results,  in ~ i g s .  19 through 23. Higher vduee of rn ahift the 

- .  
maximum of the ~m(o)-ve-k curves toward shorter walelengthe. The agree- 

ment between theory and experiment ie excellent in the caee of helium and ~ 
satisfactory in  the caaea of hydrogen, deuterium, and neon.   ow ever, even , I  
for the lat ter ,  the form of the theoretical curves i s  consistent with experimental 

results. Measurements in helium could usually be made at magnetic fielder not 

more than 40 gause above Bc. For  q, DZ,, and Ne it was nccepsary to 

ra ise  the magnetic field up to 10 to 2(Rb above Bc in order to find a spiral 

reaeonably f ree  from striation; this may alao account fer the reversal  of 

experimental and theoretical dependences on ion mass in Fig. 19. During a 

given meaeurement the column wae monitored with the streak camera and the 

photomultiplier bank, Fig. 3.. 

The effect of chaagea in the length of the magnetic field on the wavelength, - 1 
ics praeented in Fig. 24 for several valaee of the neutral preesure and the dis- 

charge current. We have studied the R = 2.75 crn tube, a s  here  the L/R ratio 

Le moat unfavorable. Aer Fig. 24  indic$tee, X approaches an asymptotic value 

a s  the length of the magnetic field is increaeed. The "long tube" approximation 

becomes increasingly valid with increasing neutral pressures  a t  L/R = 72. 

We have attempted to determine the wavelength X at  the earl iest  poeeible 

moment in ite developvent. The small capacitor bank supplying a einusoiddly 

rising magnetic field was so charged that Bmax Bc; i. e. , the magnetic field 

changed by only a emall amount during the time of meaeurementc; The disturbance t 

does not develop simultaneously a t  all points along the column. The instability 

i e  usually seen by ar i se  initially somewhere in the vicinity of the center of the 

coil, ernd ta propagate in both directions. There i s  some evidence, however, 

that a t  low preeeure (p < 0.1 mm Wg) the dieturbance arieiea f i r s t  a t  the anode 

end of the magnetic coil. , 
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~ h c  dispersion relation derived by Kadomtsev and Nedospaeov in 

considering the stability of the column can also be solved tor wr. the real  '% 
, I r .  . , 

.. . 

frequency of oscillation of the luminous current channel. Under the condition 

B a Bcs the expression for or takes the eimple form 

The growth of the instability is driven by f x 3 force. that twist r 

kink in the current channel into a helix in cloae contact with the tubs walls. 

From Eqs. (IV- 1) and (XI-14) we can arr ive  a t  an approximate expreaa3ian for 

the -phase velocity s f  the perturbation: . 

~ 
I .  

The second term on the right of Eq. (IV-2) is, for our experimental conditiohe, 

ueually lees than a 30% correction. Typically, 

F + 12K@ >3 ,  thus vph < v-% . ( 2  + 1) 
. , The luminous helical etructure, traveling in the direction of the 

electron d,rift, will appear to an observer a t  eoxne crose section along the 
..+ 

tube a's a rotating cblumn. This picture has been verified by experimental 

. . . measurernent~ of the pitch and direction oi rotation of the spiral (Fig. 2 5). In 

the eteady state with B > Bc the luminoua column revolves about the tube axis; 

thie rotation it3 clockwise when the column ie  viewed in the direction of the 

magnetic field. In Fig. 26 we present the instantaneous density profile acroes 

the' column taken with a radially movable Langmuir probe. 



The measurements of the frequency of rotation of the lurninoua 

current channel a r e  presented In Figs. 27 through 32. The photomultiplier 

bank, together with the rotating mir ror ,  permitted identiflcatiaa of the epiral 

mode, (under certain conditions the time .teeolved light -wave form of axially 

moving rotriatione is similar to the near - sinusoidd 3ave form of the azimuthally 

moving column). Each experimental point rn thet above figures represent an 

average of 6 to 12 photomultiplier tracee, each trace being about 10 periods 

long. Again remembering that Eq. (IV- 1) was derived by considering amall- 

amplitude disturbances, we have plotted wr as a function of pressure with the 

. . experimental result8 ehown in Figs. 27 through 32. The ebeerved general 

, decrease of o with increasing p tes rure  ie confirmed theoretically, with good , 

quantitative agreement between experiment and theory for helium. , 

' 

Measurement of the time development of thb wavelength of thd instability, 

as deecribed earl ier ,  aleo yielded information regarding the changes occurring 
I 

in the frequency. Ueing a 400-ma He discharge in a tube of R = 2.75 cm, we . 1 

. obtain the following values tor the frequency (rad/sec) a t  t 0 and t a : 

As the magnetic field was increased somewhat above Bc, the 

1uminouQ spiral degenerated into irregular fluctuations of light, Fig. 33 (a). 

: In @oms cams,  this traneitlon wae preceded by the appearance of frequenciss 

which modulated wr, and abrupt changes in q; eometirnes, as in the case of 

helium, the color of the spiral as seen with the rotating mi r ro r  underwent a 



change, indicating changes in' the electron temperature. We have found that . 

the varioue transitions just d a ~ c r i b e d  a r e  intimately connected with-the 

undulations of the Ez ?vs -8 curves a t  B 3 Bc. 

The above discussion suggests that modest higher than m = 1 may 

be preaent in the plasma under these circumstances. Indeed, i f  we calculate 

'B -ve-p curves from the theory of Kadomtsev and Nedoegasov and let m = 2: 
C 

(Brigs. 10 and 12), we find that thk higher mode can appear at fields only slightly 

highdr than Bc; At low preasuraa we may even have Bc (m = 2 )  < Bc (m = 1). i 

Experimentdly, however, we have been unable to distinguish o r  identify a ! 

. . i 
symmetric m = 2 mode in the confused state of the plasma above Be. 

The chaotic t a t e  of the plasma above the critical . .  . magnetic field ie  j 

reflected in the radial electron-deaecity distribution. The time-average density 

distribution ie  noticeably flattened; vieually we, observed that the luminous column 

now eopgeate to fill the tube more completely than at B = 0 .  

W e  have analyzed the electromagnetic noise generated by the plaerner 

in the frequency ranges 5 kc to 25G M c  and 1 to KO kMc. in a manner eimtlar 

to that ueed by Lehnert. In addition to frequencies aesllociated w i t h  moving 

etriations, we find frequencies that correspond to the frequency of the luminous 

spircal. A broad band of electromagnetic noise from 10 kc to about 2 Mc appears 

at field slightly above Bc and is associated with the transition from theirather 

regular spiral mode to a chaotic etate of the column, characterized by irregular f 

fluctuations of light. We have not detected any oscillatione that could be 



V. SUMMARY AND CONCLUSIONS 

The praviouely reported anomaloue atate of tho positive column, 

characterized by a longitudinal electric field that r i ses  i i t h  increasing magnetic 

field, is the result of an instability which appears at BE, the critical magnetic 

field. Bc, describing the mee t  gltke iae tability, variee approximately 

inversely as the tube radiue and directly as the equare root of the i ~ n  maaai. 

The relatively slow -developing Dnetability result8 eventually in a steady etate 

in which the plasma density di~tr ibut lon has lost its azimuthal symmetry and 

formed a long-wavelength Potating apiral. Becauee of the absence of a net 

radial current, we believe rotation of the plaerma density, as well as of the 

lumtnous structure, to be associated with the paesing of a potential wave rather 

than an actual mass motion. The close contact between the luminoua current 

channel and tho walle of the tube increases the lomeee of charged particles and 

results in a n  electric field considerably in exces8 of clarseical predictions. . 

A s  the magnetic field is  increased to higher and higher values, the behavior 

of the celumn becomes increasingly more chaotic, characterized not only by 

irregular fluctuation8 of light, but also by a broad band of electromagnetic noirse. 

We have calculated the oneet of the instability from the theories of 

Kadomtsev and Nedospasov; l5 and Hoh. l4  The ehapee of the experimental 

curves a r e  perharp8 more like the calculations from the K and N theory; the 

rapid decrease of Bc at high pressures  as predicted by Hoh is not confirmed 

by the experimental results in neon and argon. Investigations of Bc a t  high 

pressures  in helium have shown that Bc is here no longer independent of the 

discharge current.  These findings suggest that both theories may need to be , 

modified to include stepwis'e ionization and pressure constriction. 

The wavelength of the instability a8 well ae i t s  frequency of oscillation . 

ie predicted by the theory of K and N. The experimental frequencies and 

wavelengthe were obtained from the fully developed ateady-state helix. 



It is not obvioue that they should be the same as the quantitiee calculated from 

s amall -amplitude theory. Nevertheless, we find qualitaeive, and, scmetimse 

quantitative, agreement between theory and experiment: the wavelengths decrease 

with increasing prseeure and decreasing radius; the frequencies increarse with 

decreasing radiue and decreasing pre esure. The inver ere relationship between 

frequency and pressure  suggests a connection with the instabilities reported in 

PIG-type dirseharges. 34 

W e  have dt been able to unequivocally distinguieh between the theory 

of #oh and ehe approach of Kadomteev and Nedospasov by the critical magnetic 

field mcasursmernts3. how eve^, the general agreement between calculation and 

experiment with regard to wavelength and frequency lends considerable support 

to the lat ter  theory. The phenomena in  the positive column are so complex that 

anything more than eremiquantitative agreement could hardly be expected. 

Uncertainties about the ion epeciers present In the discharge permit a 

latitude in the value of the ion mobility; with a proper choice either theory fit8 

the experimental results reasonably w e l l .  Mea~uremsnts  of Bc a t  high 

pressures,  where the predictions of these theories diverge markedly, may be 

complicated by preseure constriction. The theory of Hoh, in contrast to the 

K and N theory, does not r e a t i r e  a current  for the development of the 
it* 

inetabili$v. In principle, a curpant-free plasma might thus permit  a distinction 

to be made between these theoriee. 

34. 3. F. Bonnal, G.  ~ i i f f o d ,  and C. Manue, Compt. rend. -- 250,  2859 (1960). 
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Fig. 11. Bc va preasure lor R = 1.27 cm:' ' A  He, I ZOO ma; A a, 
.) 

II a 400 mar - threery of K and N, 200 ma, He onlye - -- - - thesry of -, 

4 + K mid MD 400 ma, Me only: - - - theory sf Hob, He, ody; 

+ - - -- - theory sf HeB, He 2 oaly. 

Fig. 12. Bc v s  prsasure R = t.76 ern, He gee: A I =LBO ma. and I. I 500 ma, 

@'long eubew eyetern; 0 I = 200 ma, Q I = 400 ma, "ehort tubet1 system: 
+ t - theory of K and' N, Me only; - -- - theory of Hoh, He ody; 

, . 
t 

, - - ---theory of Noh; He oply. 

Fig. 13. B ve preoeure for R a ,6.9 cm, Me gasl, 2 0 0  ma: - theory s f  
C 

+ + . - K and W, Ne only; -- -- - thepry of .K sad N; Nea only, - - - thqli)fya 
2. , 

t t of 'Hoh, Me only; - - - - theory of IMloh, M e  mly.  2 

Pig. 14. Be vs pressure for R = 1.27 cm, N; gae, A 200 m a  and ~ . 4 0 0  mat 

t - theory of K arad N, 200 ma, Ne only; - - - - theory of K and M D  
+ + 

200 ma, Rle only; - - - theory of HohD Ne only: - -- - - thsory of 
+ Hob, Ne only. 

Big. 15. B; vs pressure 'far R 0.9 cm, A gsa, , 200  mar - t h e ~ r j  of 
+ + "".. 

K and N, A wly;  - - -- - theory of K and N, A i 6iilj; - - - thsory of 
' + / ..I... + I 

Hob. A only: - - - - . tb@$y of Hob. A only. 
%:-'-a' 

Fig. 16. Bc ve pressure for R = 1.27 am, A gas, 200 ma: - theory of 
+ K and M, A only3 -- - - t theory of K and W, A only! - - - theory of Hoh, 

+ A ody. 

Fig. 7 .  Appaseat electron temperature, as measured with hngmuir probe 

near tube center, ve B; R = 2.75 cm, p = 0.22 mm m, I = 200 ma, 

He gas. h a b e d  line LB theoretical curve. 



.Fig. 18. 90-deg 'stereo streak photographs of helical coastrictian in Me. 

~ r a c e e  show varhtfou of light inteneity with timeand radiue as seen 

through a sltpsrpendic'ular to axis of discharje tube: (a) R = 2.75 em, 

p = Q.23 rnrn Hg* B = t 10 gauge, and (b) R J 0.9 em, p = 6.5 mm Hg, 

B 1990 gauss: Note that these are not photographs of helices; the 

hellcity hers been established by wavelength meaeuremeate with ghots- 
I 
I 

multipliers. . . 

Fig. 19. Spiral wavelength X ve preeeure for R = 0.9 cm, I 3 400 ma: 

A Hz erpatimental, - H2 theoretical A DZ exporimantpl, --- - -- 
Di, theoretical. 

. .  #. . L .  . 
Fig. 2 0 .  $pi=& wavelength X va peesaurc for R = 0.9 cm. 1 = 400 ma; 

- 

We gas.  Solid line io theoretical curve. 

Fig. 2 I .  Spiral wavelength 1 ve preeeure for R = 1.27 c m ,  I = 400 ma, 

]He gae, Solid line 68 theoretical curve. 

Fig. 22,. Spiral wavelength X ve preesure, for R = 2.79 cm, He gae: 

A 280 ma and A 460 ma, Solid line ie theoretical curve. 

Fig. 23. . $piral wavelength X vs preeleure for R = 1.27 cm, Ne gas, 

I = 200 ma. Solid line its theotetisal curve. 

' Fig. 24. Spiral wwelength k ve length of magnet coil -for R J 2.75 crn, 
i..? *.>::.'\., i 

He gas: A p =  0.11 mm Hg, 400 ma; O p , =  0 . i 7  mm Hg. 400 ma: 
. . 

(81 p = 0.27 mm Wg, 2QQ ma; a g  = 8.27 mm Mg, 400 ma. 

Fig. 29,  Pitch and direction of rotation of helix as a function s f  the direction 

of the magnetic field. 

' Fig. 28,;. Isxi current diratribution (pa) srcrase tube as collected by negative 

probe; R = 2.95 cm, He la@, p = 8.23 mrn Ng, I = 300 ma, B = 767 gauss. 



Fig. 7 .  Frequeacy of rotation of luminous chsvrne~, or, vs pressure 

for R =  0.9 c m , ' i =  40 ma: A HZ experimental, - HZ theoretical. 

A D2 experimental, - - - D2 theoretical. 
I 

Big. 28. Frequency of rotation of lumiaous channel, wr.  vs pressure for 

R = 1.27 cm. I = 400 mi:  A H2 expatimental, - % thearetleal, 

, A 4 experimental. - - - D2 theoretical. 
Fig. 29. Frequency d rotation of luminous channel, a=, we pressure for 

R -- 0.9 cm, He gas, I 400 ma. Solid line is theoretical cuove. 

big. 30. Frequency of rotation of luminous cbannsl, wr, ve pseseure f,ov 

W 1.24 c m ,  He f = 480 ma. Solid line its theoretical curve. 

~ t g .  31. F ~ @ ~ u @ Q c ~  of rotation of luminous channel, rrv bs pressure for . . I  

R = 2.75 cm, He $a@: A 400 m a  and A 200 ma. Solid line Cra theoretical 

curve. . . 

Fig. 32. Frequency of rotation of luminou~ cbaanel. or, vs preseure for 

R = 1.27 cxn, 1 = 200 ma, Ne gee. Salid line ie theoretical curve. 

Fig. 33. 30-deg stereo streak photographs. Traces show variation of light 

inten~ity with time and radius, in helium dischar~os; (a) R = 2.75 em, 

p = 0.23 mm Mg, B = 979 gsuers; and (b) W = '0.9 em, p = Q.2 mrn Mg, 

B = 994 gause < Be (moving striation$). 



F i g . :  1 



ovable Langmuir probe 

/capacitive 
noise probe LPho+omul+ipliers 

Fig.  i 



~hotomu'ltiplier Bank Streak Camera 

Rotating 
mirror 

To Lens 
oscilloscopes 

Fig.  3 



Probe support,vacuum seals and micro 

0.25-m ":d J' Lode 
anodized aluminu 

f Wall probes 
Cathode 

Collecting area 

windows 

Fig. 4 



Fig.  5 



Fig.  6 



Pressure ( m  m Hq ) 

Fig .  7 



Pressure ( mm Hg.1. 
M U - 2 2 9 4 1  

F i g .  8 



Pressure ( m m H g  1 

Fig. 9 



0 I 2 3 4 5 

Pressure ( mm Hg 1. 
M U - 2 2 9 4 3  

Fig. 10 



Pressure ( m m  Hg 1 

M U  - 2 2 9 4 4  

Fig.  11 



Pressure ( m m Hg 1 

. M U - 2 2 9 4 5  

Fig. 12 



Pre'ssure ( m m Hg 1 
M U  - 2 2 9 4 6  

Fig. 13 



I 2 3 4 5 6 
Pressure ( m m Hg 1 

M U  - 2 2 9 4 7  

Fig. 14 



2 3 4 

Pressure ( mm Hg ) 

M U - 2 2 9 4 8  

Fig.  15 



Pressure ( m  m Hg ) 

M U  - 2 2 9 4 9  

Fig.  16 



M U -  18961 

Fig. 17 



-51- UCRL-9682

- '       4*.-£.      :. 1 ' I
I ' *

14 L b 4  **z& 

(a)

%i: =»1 :3

 * 300,*s

(b)

ZN-2714

Fig. 18



Pressure ( m m Hg ) 

. Fig.  19 



0.5 I 1.5 

Pressure ( m m Hg 1 

Fig.  2 0  



Pressure ( m m  Hg) 

M U - 2 2 5 7 9  

Fig.  2 1  



I 1.5 2 
Pressure (mm Hg 1 

M U  -22952 

Fig .  22 



Fig. 2 3  



Physical length of magnet ( m  1 

Fig. 24  



Fig. 2 5  



Fig. 2 6  



Pressure ( m m Hg ) 
M U - 2 2 9 5 8  

Fig. L7 



Pressure ( m m  Hg 1 

Fig. 28 



0.5 I 1.5 

Pressure ( m m Hg 1 

M U - 2 2 9 6 0  

Fig. 29 



F
re

q
u

en
cy

 
U

r 
( 

ra
d/

se
c 

X 
lo

5
) 

0
 

-
 

rU
 

Cr
r 



.5 I 1.5 

Pressure  ( m m  Hg ) 

M U  - 2 2 9 6 2  

Fig. 31 



2 3 4 

Pressure ( m m Hg 1 
M U  - 22963 

Fig. 32 



€€·813

t

SILZ-NZ

(q1

S.000

(01
511092

9

./

.

-99- 2896_7go [1



T h i s  r e p o r t  was p r e p a r e d  a s  an  a c c o u n t  o f  Government 
s p o n s o r e d  work. N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission: 

A.  Makes any w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  

. o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  usk  o f  i n y  i n f o r m a t i o n ,  appa -  
r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u sed  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any e m p l o y ~ e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ;  o r  employee o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee o r  c o n t r a c t o r  o f  t h e  Commission,  o r  employee 
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commission,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  




