ERp MASTER

UCRL-2682

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48

MACROSCOPIC INSTABILITY OF THE POSITIVE COLUMN
IN A MAGNETIC FIELD

George A, Paulikas and Robert V. Pyle
April 27, 1961



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



3

A

-2- . UCRL-9682

' MACROSCOI"IC INSTABILITY OF THE WSX’X‘IVE COLUMN
JN.A MAGNETIC FIELD -

George A. Paulikas and Robert V, Pyle
Lawrence Radiation Lal::orvat'ory
University of California
Berkeley, California

April 27, 1961 A

ABSTRACT.
The positive column of a glow discharge has been shown to become
hydromagnetically unstable when im'meraed ina longitudinal magnéeic field
of the erder of 1 kgauss. The mstabuity transforms the amimuthally symmetric
column iuto a constricted, roeating. helical state: neither this new steady state
nor its properties are predicted ‘by classical theories. The occurrence of

this instability explains the previously mysterious "anamoleus diffusion"

‘ obeerved by Lehnert.

The progertiea of the helical state have been measured in Kz. Dz. He,
and Ne as function of gas pressure and tube radius. The dependence of the
critical magnetic field, and the fregquency and waveléngth of the éacillatien on
the kind of gas, pressure, and the tube radius are in fairly good agreement
with tbe predictions of the perturbation theory of Kadomtsev and Nedoépasov.
The onset of the métébﬂuy {s also fairly well predicted by the sheath- |
{natability theory of i!oh. but the agreement is not as good as in thebrevioua

case, nor is the nature or appearance of the ingtability epecified.
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* 1. INTRODUCTION
' The positive column of a low-pressure glow discharge contains a

constant longitudinal electric field and a slowly varying radial field, with

9. 11

n, ® n_=n. Electron densities are typically of the order of 10" to 10

4

per cms. Electron temperatures correspond to several electron volts, and
ion temperatures are apgrozimately the same as the temperatures of the

neutral gases. ! The early experiments concerning the bekavior of such a

2,3,4

plasma in a longitudinal magnétic field, although limited by the rather

low available magnetic fields and complicated by end offects, were found te
give results consistent with the theories of Tonks, 3 Langmuir and Tenks, 6

and Schqteky.'v Bickerton and von Engel reinvestigated the positive column

*Nauonal Science Foundati'on Fellow.
?This work wae done under the auapices of the U. 8, Atomic Energy Commission.
1. G, Francis, in Handbuch Der Physik, Vol. 22, ed. by S. Flugge
. (Springer-Verlag, Berlin, 1956).
2. 'C S. Cummings and L. Tonks, Phys. Rev. 59. 517 (1941).

¥

G. N. Rohklin. J. Phys. (USSR), 1, 347 (1939).
4. E. Reichrudel and G. Spivak, J. Phys. (USSR), 4, 2!1(1941)

wn

L. Tonks, Phys. Rev. 56, 360 (1939),
6. L. Tonks and 1. Langmuir, Phys. Rev. 34, 876 (1929).

-~

W. Schottky, Physik. Z. 25, 342 (1924).
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in a magnetic field with a geometry which avoided some of the complicating.
end effects.‘e Their measurements of the electric fields, as well as the
charged-particle distribution in lengitudinal magnetic fields up to 600 gauss,
were also in goéd agtgeméut with the classical theories. Their work has been
eménded to considerably.stronger magnetic fields by Lehnert" and Hoh a?,.)nd‘
Lehnert, 10 .whese meésurements of the longitudinal eiectric field as a {un_c-t»ion
of t?he"applied magnetic field showed that above some critical magnetic field -
B, the losses 6£ pa_rticlee no longer decrease with increé.sing magnetic field--as
predicted by theory--’but'. instead, increase with increasing magnet_ic field,

Lehnert's reeults revived interest in the possibility that enhancéd
diffusion is caused by electrical oscillations in the plasma, as suggested by

11

Pohm. Our work was an effort to understand the nature of the instability

and the origin of the increased losses.

8. R. J. Bickerton and A. von Engsl, Proc. Phys. Soc. (London), B69,
468 (1956).

9. B. Lehnert, in Proceedinge of the Second United Nations International i

Confe'r_ence on the Peaceful Uses of Atomic Energy, Vol. 32 (United
Nations, Geneva, 1958), p. 349. '

16. F. C. Hoh and B. Lehnert, Phys. Fluide 3, 600 (1960).

11. D. Bohm, E. H. 8. Burhop, H. S. W. Massey, and R. M. Williams,

in fhe Characteristics of Electrical Dtscharggs in Magnétic Fields,
ed, by A. Guthrie and R. K. Wakerling (McGraw-Hill, New York
1949). |
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It has been shown that at Bc a macroscopic instability appears in the
column, the observed increase in particle losses being associated with the

12, 1,3 The results of

formation of a new azimuthally asymmetric steady state.
an expéx_-imental'ﬁwe"atigatim: of the development and properties of this anom-
-alous steady state of the positive column are presented herein and compared

with the theories of Hoh!? and Kadomteev and Nedospasov. 1

11, THEORY OF THE POSITIVE COLUMN IN A LONGITUDINAL MAGNETIC FIELD
A. The Clagsical Theory

The symbols listed below are used in the discussion which follows.

B Magnetic ﬁeld.

‘Da Ar.nbipolar diffusioﬁ coefficient at field B.
D Dif{usion coefficients of electrons or ions.
Ez Axial electric field.

s Radi{al particle flux of electrons ér ions.
Jo Ji i Beseel functions of order zero, order one.
5. Electric-currenﬁ density.

12. T. K. Allen, G. A. Paulikas, and R. V. Pyle, msiabui;y of the Positive
Column in-a Magnetic Field, Phys. Rev. Letters, 5, 409 (1960), and
Lawrence Radiation Laboratory Report UCRL-92110, same title, ‘
(unp!;bliehed) (1960).

13. G. A. Paulikas, The Positive Column in a Longitudinal Magt‘zetic Field
(Ph.D. Thesis), Lawrence Radiation Labor;story Report UCRL-9588,
February 27, 1961 (unpublished).

14, F. C. Hoh, Phys. Rev. Letters 4, 559 (1960).

15. B. B. Kadomtsaev and A. V. Nedospasov, J. Nuclear Energy, Part C,

1, 230 (1960).
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k- Boltzmann 'constént.

k= E):‘!_ Wé\{e number.

A+ Mean free path of ions or electrons.

1\ Wavelqngtﬁ; .

By Electron or.ion mobilities.
~.m; ' Electrc;n.or jon masae's.‘

n;-..' n Particle densities of electrons or io;xs

v; Nuxﬁber of ionizations per"aecond per eiectron.

Q- - Electron or ion cyclotron frequencies. -

p Neutral gas preassure (reduced to 6°C).

R Diachargé -tube radius. | .v

Ty -Electron or ion temperature.

oy " Mean time between collisions of electron or ion with neutral partii:le.
U(x;) A | Radial potential distribution. ' |
VI vﬂ_'. , FElectron or {on drift velocities and components.

Ion therfné.l velocity.

The particle lesses in the presence of a .lohgi'mdinal-magnetic field B are

- described by the ambipolar diffqéitm coefficient. 16

D+ D,
Da(B)a +7 . -+.. 1

. ) . 2
. B, t B 14 BB, B

whera_ D

4+ B, are the diffusion coefficients and mobilities at' B = 0,

16. ‘W. P. Allis and S. J.  Buchsbaum, Notes on Plasma Dynamics,

Summer Program, MIT (1959).
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Volumaé recombination i8 Aeglécted; ho‘;wever. Pahl has shownsthat the inclusion
of this loss mechaniszr; ::ioes not materially affect thé behavior of the column.”
Iﬁ the‘ noble gases, as well as in hydrogen and deuterium, it is also permisgsible
to neglect eiectron attachment. With these si;vnplifying a.asumptions. the particie

.balance ie described by

“’af) +(v/ D) (=0, (11-2)

where v, is the number of ion paire produced per second per electron. Ina

long cylindriéal geémetry. provided v, is independent of n, the solution of

i
Eq. (1I-2) ie

a{r) = n(0) JO ( ff?“{ Da r ) , | : (11-3)

where r {s the radial coerdinate. From the boundary conditions one can then
obtain expressions relating the ionization rate and hence the electron temperature
T_ to the parameters of the discharge for the two presgure regione of interest, 8

described by the average mean free path A:

v = (2.4/R)* D, for A<<R, . (1-4a)
and

4Da 1 JO (x) ‘ v, 1/2 , )

R’{;;. = ﬂ-l-—(-ﬂ.- . . . x = ~4D-;~ R "T ‘or A% R. (H-éb)

The form of v (T ) depends strongly upon the behavior of the ionization cross
secction near threshold as well as upon assumptions of the shape of the electron-
velocity diatributidn, which is not necessarily Maxwellian. Measurements of

the electron-velocity distribution in a discharge with standing striations show

17. M. Pahl, Z. Naturforech. 12a, 632 (1957).
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-that a distinct high-energy group is present. 18 Stnce thé usual '"uniform"
column 'corx.amonly contains moving' striations, 19 a similar high-energy group
may be preeeni and contributev significantly to v
Either of Eqs. (lI-4) may be solved for T_ as a function of the

magnetic field for a given pressure and radius, although an additioﬁai assumptien
regarding ion temperatures is necessary for solution of (iI-4b). If quadratic |
ionization processes are included--i.e., ionizations from excited atomic

. states--the plasma.-balance equations cannot be reduced to the simple .form‘ of

A Eqs. (11-4); the fasult of thia modification is to depress ¢lectron temperature
| 'sligh‘tl'y 20

'I‘he longitudmal electric field is determmed by the power input required

.
A g

to mamtain the eleceron distrtbutxen at a temperature T _ determined from
Eqs. (11-4). If - X(T‘). denotes the fractional energy lost by an electron in a

‘collision, iﬁcludmg elastic, inelastic, and wall losses, the electric field ia
feund to be

«T .

= v/cm, (11-5)

64,1/4

= (22 txer ) 2.

where A_ is the transport mean free path of the electron. 21 The effect of the
, longitndinal magnetic field will be to decrease the electron temperamre. by
'decreasing partxcle losses, and this will be reflected in a diminiched longitudinal

electric field. . This has ,been confirmed experimentally at low magnetic fields

18. R. L. F. Boyd and N. D. Twiddy, Proc. Roy. Sec. (London) A250,
53 (1959). | |

19." T. Donahue and G, H. Dieke, Phys. Rev. _8_1, 248 (1951).

20, E. Spenke, Z. Physik 127, 221 (1959).

21. | A, von Engel, lonized Gases (Oxford University Press, 1955).
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by the experiment of Bickerton and von Engel. 8 A departure fi'em. the monotonic
decrease of E_ with increasing B, such ;s found by Lehnert and ﬁoh at fields
in the kilogauss range, may consequently be taken as an ind;cation ofa ehange‘ '

9’ 10

" {n the :particle loss. (Ecke;? has pointed out, however, that the' longitudinal

electric field is a rather.insensitive measure of the particle loss; large changes
ZZ)

- The radial potential distribution in a cylindrical column, if one assumes

in the diffusion coefficient near the wall are required to alter E’5 noticeably.

ambipolar diffusion and neglects ion-electron interactions, is found from the

equation of motion to be

. 2 PR ' N .' . )

l+uu3[(u/u)-('f/'1‘-)} '
eU(r) _ . +H oA +/ *. In {J (z.4r> ' (11-6)
«T_ - . l+p+p._B-_§ ' o R '

which exhibits a moﬁotonic, increase or decrease with radius depending on the
relations between p_, p_, T, ;nd T. The reduction of the radial potential: .

. w)ariati_ou with increasing magnetic f{eld as predicted by Eq. (_11-6) has p'revioué'ly
been confirmed experimentally, except for curious asymmetries in the results,
probably due to the perturbing effects of the probes used in the measurements,
We also have confirmed and extended this result in a search for micro- |
instabilities, the results of which will be reported elsewhere. The measure-

ments were consistent with the assumption of ambipolar diffusion.

B. Analyses of Stability

Recently E-lcahl4 and Kadomtsev and Nedospasovls have theoretically
investigated the stability of the positive column from two differing standpoints.

Hoh starts with the criterion, due to Bohm, for the stability of the sheath

11

surrounding the plasma. The radial ion velocity at the sheath must satisfy

22. G. Ecker, Phys. Fluids 4, 127 (1961).
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vio2 (x'r./rau%)"--/2 :

+r (1-7)

isithe ionic mass. By con-

where T_ is the electron temperature and m,

sidering the effect of the magnetic field upon the radial drift velocity of the

ions, he ias able to show that Eq. (II-7) is not a,atie‘ﬁe‘d for magnetic fields

o 1/2 .. . o _2.1/2
B>;Bc=,(u+1u.1)'/ (2.4 % Pp-p) /. ' (11.8)
where /
‘ T +T @, .0 J,(2.4r' /R) : ‘
- 1/2 "+ % Ferbal T -9
8" = (xm [TV —o— g, T TR (u-9)

i

Here My aré the mébﬂtties at 1 mm Hg and p is tAhe neutral gaé pressdte.
The primed 'qu'antiftes are to be evaluated at the sheath edge, a circumstance
which {ntroduces some uncertainty into the value of g'.

Hoh pbstulates that when Bohm's criterion is not satisfied, an .
instability of the sheath develops which then transports charged partiéles acroas-
the field at a fate in excess of ordinary collisional diffusion. 'f’he mechanism
by which such a possible sheath instability develops to affeét the maéroscopsc_
behavior of the plasma is not discussed.' The expression for B_ (Eq. 11-8) is
_ quite sensitive tova‘ssu'm'ptions regarding the ionic species, but depends relatively
wéakly on the electron temperature T . Hall has criticized this approach to
- stability considerations by potﬁting out that Bofxm"s criterion ‘is not applicable
in the case of the positive column, as fh& potential drop across the sheath is
only of the order of a few xT_/e . 23 The nonsatisfaction of Bohm's criterion

" therefore should be inté,rpreted as an argument to re-examine and modify the

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

~ of a Sheath, Phys. Fluids (Letter) 4, 388 (1961).
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model used in the derivation“of-Eq. (11-7), rather than an-indication of a true
instability. .

Kadomtsev and Nedospasov approach th’e stability problem by a
perturbatioji’ggianal}faig of the pogitive column. Their treatment is‘ focused upon
a region of the magnetic fields where R_ 7_>>1 and 9’,7% <<}, where

Q, 7

,» T, are the ion and electron cyclotron frequencies and the mean times

. between collisions with neutrals. Such an approximation is quite valid, for

our experimental éonditk‘ms. in the vicinity of the éri‘.t.ic‘:al magnétic field..
Fuither. it is assumed that the conditions in the unperturbed state are governed
by amb_ip;:lar diffusion ;nd single-stage ionization';l two-step processes and end
e_ﬁ"ects are neglected. |

Perturbation ‘of the form
) = nyJ; (2.4/R) + 07| (3.83r/R) exp [i(m§ + ke -wt)] (1I- 10)

are now introduced into the equations of motion and continuity:

-t
kT Ve
-~ -t .
fn Vn=+-n-:; v-:xg & -2 VU-}::-,
+ + + +

(11-11)

When Eq. (1I-10) and its equivalent for U(-;) are substituted into Eqs. (11-11),

a dispersion relation giviixg w | ae a function of k is obtained. From the
condition that Im(w) < 0, the requirements for stability under such a perturbation
can then be determined. The behavior of Eqs.. (1I1-11) under perturbations of
general form nl(r),. Ul('r) is not discussed. The choice of the form of the
perturbation, J,(3.83r/R), is arbit;}é.ry; the effect of the second term on the

_right Eq. (1I-11) is to introduce an asymmetry into the density distributi_on;
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The qualitative physical picture thus consiéts of studying the time
‘dependence of perturbations in the plasma. When there is no mag’nétic field
or the magnetic field is weak, the disturbance in the particle dénsity will soon
disappear because of a rapid diffusion of particles f::om the region of high charge
density. In a sufficiently strong magnetic field, however, the radial diffnslén :
wﬂ} be retarded and a perturbation will persist long enough that j x B forces
can cause the initial disturbance to grow.

For stability, therefore,

2 D " )z < 2 n )z }
_[3.83 - 0.33 K. 1oy k* B R
Im(w) ( R ) Ym-?_)z {(ﬁ- T mp.+ *\7 + 79 @, 3.83

‘ 2 : H
1.28+y) _4 2 " w B, .
[- m)hx - () - 0.120= )g“l- - 0.6L1by) + 0.2xyv = }<o, (11-12),
where
‘K2 T R s V..R

x= —ggy—r V = 5op » and R T L

. o . - “. - -
Since the sign of Eq. (II-12) depends only on the terms in braces, the conditions -
for stability can be simplified to .

4

Kx™ + sz + G >0.16 mv$ x { p._/p.*) ’ (l1-13)

where -
1,28+ 0.8(y+2) 0.48(1+y) Pl om
: F ; * Ool bommnd .
K= qyn: F==5 G , Ty

Hence, only for m >0 will the plasma be unstable. Note also that an
electron drift velocity v__ is necesfary. A current is required, but its

magnitude does not affect the calculations of the characteristics of the mista.bili_:ty.
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The form of Eq. (II-12) ie presented in Fig. 1. Since at B‘c, 5Ilm(w)/8k = 0 as

well as Im(w) = 0, Eq. (11-13) can be reduced to an éicpr'eeéion independent of k:

' 2 1/2 " , S
2 _ -F+(F° + 12KG)/° ® T+ 2 '

Eq.' (11-14) can then be solved for Bc in terms of the parameters of the discharge.

In the presence of azimuthal density gradients and an azimuthal electric

‘field, the radial particle.flux takes the form1®
SRR LY TN LS.y WA U O W (AP |
r T ltp p BY. ¥ l+p.pu B b BB T L -

(11-18) .
When averaged over time, the oscillations of density and potential contribute to
I‘tr. and thus give rise to an increased effective mobility across the magnetic

field. The anomalous losses are then reflected in an increase of the longitudinal

electric field for constant current.

1I. APPARATUS AND PROCEDURE

Two independent experimental arrangements were employed for this
work. The layout of the primary system is shown in Fig. 2. In order to minimize
the possibility of the end effects, a tube geometry of large longth-to-radius ratio
was uséd. The criterion developed by Simmx24 for the transversge diffusion to
be ambipAola.'r in a plasmé column of radius R and im“mersed in a magnetic field

of length L is

L/R > (g/R)}/? e T, (111- 1)
where 1/q= 1/n dn/dr, n is the electron density, Q_ is the electron cyclotron

frequency, and 7_ the electron-neutral collision time. For example, in a

24. A. Simon, Phys. Rev. 98, 317 (1955).
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column of helium at a pressure of 0.1 mm Hg, with R= 3 cm, L =200 cm,
énd q/R = l/é. the magnetic field must i:e less than 1000 gauss in order for ‘
the plaama to be free fror;': end effects. Similar results are obtained for other
gases, and the above criterion is satisfied for most of the present operating
conditions. '"Simon" diffusion should leave the potential distribution gagentially
unaffected by the magn'eticvfield. .Our radial potential measurements have not |
shown any significant deviation from tﬁe'piedic-tioﬂs of ambipolar diffusion, even
in caseé where the Sim_én criterion (Eq. 1II-1) is clearly not satisfied. This
suggests that in a glovb discharge, measurements are moere likely to be confused
by too .short a positive column at low pressures tt;an by nonambipolar 'df;ffusion.zs;
Dia.charge_s in pyre:é tubes 300 cm long and 0.9, 1.27, and 2.75 cm in
radiue were studied. Both electrodes were attached to the main body of ;he tube
by gro;md glass joint-s and sealed with Apiezon wax. ‘Such an grrangement per-
mitted a number of typés of electrodes and configurations to be employed inter-
’changeably;. Discharge currents from 50 to 500 ma dc were drawn from a hot
tungsten c:-).thodg.~ although a dispenser-type cathode was also used for some
measurements. These currents were obtained from an electronically regulated
'powér supply. A rectangular :‘current pulee up to 10 amp high, up to 10 msec
long, and with a variable repetition rate, drawn from a small capacitor bank,
permitted transient. study of' dischérges- at considerably higher particle densities.
The magnetic field was provided by ten 9'- in. i.d. water-cooled coils
6 in. Qide and spaced 2-1/4 in. apart. The axial field, measured by a {lip
coil, {aried by #3% at a radiug-of 4cm because of the spaced coils. Field
strengthe (dc) up to 7 kgauas were used. To study the time-resolved behaviour

of the plasma, the magnet could be pulsed up to 1 kgauss by a emall condenser

25, See, however, C. Ekman, F.C. Hoh, and B. Lehnert, Phys. Fluids }_,
833 (1960).



<15~ UCRL-9682

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

The discharge tubes were aligned with the magnetic field by visually
following the progress of a number of low-pressure diecharges in a tube of
larger diameter. Well-defined béams traveled from a cathode, which consiated
of axﬁ array of tungsten points placed at a radius slightly smaller than the radius
of the discharge tube, to an anode almost filling the tube. 26 The efiects. of the
radial components of the field caused by the gaps between magnet coils were not
vigible to the eye. Thé radial field components should cause a line of force to
be shifted by about 0.5 mm at r = 2 cm as it travels from the center of a coil
to the center of a gap; 6.5 mm is comparable to th;a tolerence on the tube radius.

Langmuir-type probes were spaced along the tube in order to obtain
measurements of the longitudinal electric fields. The probes were made of
glass-coated 0.5-mm tungsten rod, ground flat at one end and protruding 3 to 5
mm from the tube wall. Midway between the electrédes. Langmuir probes of
various shapes and types could be introduced into the tﬁbe and moved along a
diameter by means of a micrometer screw. | |

The gaps between the coils of the magnet, together with a periscopic
arrangement: of front-surface mirrors, permitted a number of we}l-collimated
magne'tic._ally shielded photomultipliers to view the discharge tube along its entire
length. Signals were displayed on Tektronix-551 ér -555 osacilloscopes and
pﬁotographically recorded. A rotating-mirror streak cameré yielded space-
and-time-resolved data on the light fluctuations in the tube. The space resolution
~ could be extended to two dimensions through the arréngement shown in Fig. 3.
Because of the limited light iutenéity, 100 psec/cm was the maximufn useful

wiiting speed, when Polaroid 3000 film was used. In discharges of low light

26. A. W. DeSilva and J. M. Wilcox, Rev. Sci. Instr. 31, 455 (1960).
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intensities, such aé argon, a bank of photomultipliers (Fig. 3) substituted
effectively for the streak camera. This device also permitted detailed
examination of short time intervals during the growth of the instability.

The electrical signalé associated with the plasma were frequency-
analyzed by using a series of radio detectors covering the frequency range from

27 The detectors were coupled to the plasma

5 kc to 250 Mec, and.1 to 10 kMc.
" either through wall probes or through capacitative pickups outside the tube.
When the plasma density cbuld be made sufficiently high, an 8 -mm
microwave interferometer was used to study the behavior of the electron density.
Densities as low as 5% lom/cm3 could be measured.
| An oil diffusion pump Qith a refrigerated baffle system and.a trap
kept at liquid n'itrogen terx;perature gave the system a base pressure of the order -
of 1.0'7 mm Hg. During the experimental runs, gases were coatinuously bled
through the system. Other methods of gas handling were used, such as _the
introduction of a charcoal trap kept at liquid nitrogen temperature, but with no
eoffect on the experimental results. |
| All measurements with a varying magﬁetic field were taken at constant
current, data being recorded on an x-y or strip-chart recorder.
The experimental arrangement of the secondary sy‘stem is shown in
Fig. 4. The purpose of this subsidiary experiment was to study the behavior
of the column in a short-tube géometry. The diagnostic tools described in the

previcus sections could be readily transferred to this system. The vacuum was

of comparable quality; hcwever, a mercury diffusion pump was used here.

B T s

27. We are grateful to the U. S. Navy installation at Vallejo for loan of this

equipment.
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IV. RESULTS
A. The Longitudinal Electric Field and the Critical Magnetic Field

We have investigated the behavior of the longitudinal electric fields,
fne#sured between wall probes, in tubes of 0.9, 1.27, and 2.75 cm radiﬂs,
using discharges of hydrogen, &euterium. helium, neon, and afgon. ‘Typical
experimental measurements of the fields as functions of the applied magnetic
field at constant discharge currents are presented in Figs. 5 and 6. (A more
complete set of data is given in Ref. 13.) _- In agreement with the. experiments
of Lehn:ert and Hoh, 10 we find that the axial electric field decreases with in- |
creasing magnetic field up to some critical field Bc' At Bc the slope of
Ez -ve-B curve changes sign. In general, Ez increases with increasing B
above Bc’ although in some regimes of pressures, gas, and tube radius,
further undulations of the curve may occur. (The exact form of the curves at
- pressures below abouﬁ 0.2 mm Hg depends slightly upon whether the magnetic
ﬁeld wasg increased or decreased during a run.) |

The shapes of the curves and the values of Bc were not affected by
varying electrode materials and geometries or external circuit parameters,
Modest misalignment of the discharge tubes with respect to the axis of the
magnetic field changed the shapes of the Ev-va-B curves above’ Bc but dicl
not change the value of. Bc. Placing one or both electrodes ins}de the magnetic
field left Bc unchanged except at rather low pressures (Fig. 7). A series of
measurements taken in the ''short tube' system (Fig. 4) yielded results con-
sisten-t with the curves from the primary system (tube 300 cm long), again
with the exception of low pressures. The deviations observed at low pressures
in short-tube geometries are probably caused by the shortening of the positive
wcolumn at low preas’ure'a and the encroachment of the Faraday dark space into

- the region of measurement.
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We have cglcuiated the longitudinal electric field (Eq. 1I-5) as a
function of the magnetic field for several séta of typical discharge parameters,
and find good qualit_ative agreement betwéen théory and experiment up to Bc'
At higher magnetic fiélds the experimental curvés deviate markedly from the
theéreti al calculations; specifically, the cldssical theory of the positi\;e column
does not predict any deviation from the monotonic decrease of the axial electric
field with increasing ;pplied maguetic‘field. "

Optical observations of the light from the discharge by means of
photomultipliers and a stereo streak camera have shown that at Bc the column
loses its azimuthal symmetry and becomes a constricted, rofating. luminous
‘helix (Fig. 18,a,b). We defer until a later ‘section detailed discussion 'of the
| properties of this phenomenon; we find that the apparently enhanced diffusion
from the column, characterized by a longitudinal field considerably in excees
of gho;oretical predictioﬁa, is the result of an instability which develops at Bc
and transformse the uniform col‘umn into a coynstricte;'i helical column,

The behavior of Bc as a function of gas, gas pressure {reduced to
.00 C), and tube radius is presented in Figs. 8 through 16, together with the
Bc-vs-p curves calculated from the theories of HohZO and Kadomtsev and
Nedospasov. 15 The experiméntal i)oints represent results obtained over a
period of months with a variety of tubes of a given radius and various methods
of gas handling. Preceding any set of measurements, the discharges were
‘repeatedly flushed and allowed to run for 2 to 6 hours until no significant
impurity lines sere détectadble spectroscopically. However, we have no
qdantitative information on the impurities present. Appreciai:le admixtures of
impurities (99% He, 1% A; 99% A, 1% Nz) yielded E_ -vs-B curves from which

it was ixﬁpossible to deduce a critical field.
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The st‘:atté"i"'t‘if"t‘he experimental pointe is probably the result of

several effects: (a) in an unbaked system such as durs the impurity level is
certainly not constant over long periods of time; {b) the magnetic field could
be determined from the x-y recorder to *2%; and finally, (c) at high pressures
the determinati;m of B, was difficult because of the very gradual transition to
the anomolous state. . | |

| An IBM 650 was used to solve Eq. (1I-14) with m = 1 (theo}y of
‘Kadomtsev and 'Nedespasow}) by successive approximations. Here we have used
fhe experimentally determined longitudinal electric field at the critilcal magnetic
field as an input' parameter. The electron temperature was calculated frém the
modified Schottky theory, 8 assuming T = 400° K. A calculation with |
I, = 1000° K is shown in Fig. 10 to illustrate the dependence of Bc oun the ion

temperature. ‘In calculating the values of Bc as predicted by the sheath-

14

ins;abuity, theory, we have assumed, with Hoh, 'I‘./‘\li = 1200° K/volt and

JO (2 4"/ R)‘a 0.013. Atomic data from the compilation by Brown 28 Were uséd;
the value for the-mobility of H; was taken from the work by Chanin. 29
Considerable uncertainty exists as to the actual conditioné in the
positive éolumh, e.g., both atomic and molecular ions are known to be
present, 30 Since the theory of Hoh, a.lthough' depending weaklyon T _, is
particularly sénsitive to assumptions regarding the ion species, we havé

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

Kadomtsev and Nedospasov, on the other héfn’d. is relatively insensitive to

28, S. C. Brown, Basic Data of Plasma Physics (John Wiley and Somns,

New York, 1959).
29. L. M. Chanin (Honeywell Research Center), private communication. -

30. M. Pahl, Z, Naturforsch. l4a, 239 (1959).
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changes in the ioh mobility. Here the assumption that only molecular ions
are present at a given pressure decreases the calculated éritical magnetic
field slightly below the value obtained by using atomic ion mobilities (Figs. 13

through 16). However, ﬁxe electron temperature T enters these calculations
in an important way; for a given pressure Bc var'i"é'é ‘roughly as T . A'I'he
effect of the moving striations on T_ is not known; we‘ find, however, that the
experimental Bc -v3-p curve passes smoothly from tbé striated to the un-
striated regime. Vglues of the electron temperature, as determined from
Langmuir -probe measurements, Fig, 17, were also in reasonable agreement
with theoretical ;alculations, at least up to Bc. Above Bc the experimental
results are of doubtful value. The apparent elect;ron temperature increases
with increasing particle losses. In addition, the uiarked oscillationa of the
current channel result in osciliationa of the potential of the plasma about some
average value at the probe. Because of the nonlinearity of the probe charac-
teristics, fhe ﬁgtential oscillations create an average probe characte_ristic
which indicates an apparently higher electron temperature.

The value of Bc increases slowly with increasing diséharge current
(Figs. 7,8, and 14). The effect is8 more pronounced at relatively high pressures
(Fig. 11). At high current densities and at pressures above a few millimeters,
an appreciable fraction of the ionizatic;ns may occur from excited atomic levels,
especially if long-lived metastable states are present,zo with a conseguent
decrease of the iongitudinal electric field. This in turn, according :6 the K
and N theoriy, will result in a higher Bc' As shown in Fig. 11, there is
qualitative agreement betwe-ei: this theory and experiment.

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

- constricts into a filament of current; Fowler finds that appreciable constrigtion
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is present in helium discharges with pR = 1C cm/mm Hg. 31 The causes of
pressure constriction are not well understeod; it is not predicted by the Schottky
theory. It has been suggested that the constriction of the positive column comes
about as a consequence 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. 32 A temperature lower than predicted by the Schottky theory
would decrease our theoretical Bc values at a given pressure, as calculated
from the theories of Hoh, and Kadomtse\( and Nedospasov. The decrease of

the experimental heliutr; Bc -vs-p curves starting at pR = 4 may thus be
connected witfx the beginning of pressure constriction in the column; a similar

argument may also apply to other gases.

B. Properties of Instability

The striking optical behavior of the column at the critical magnetic
field has already been mentioned briefly. Luminous helices of the clarity
shown in Fig. 18 (a) were observed only for special combinations of gas,
pressure, and tube radius. In general the appearance was more chaotic; often
moving striationé were superimposed on the spirals (as will be shown in
Fig. 33a). The transition to the helical state is quite abrupt, and especially
so if there are no moving striations present. Thus the presence of moving
striationg (Fig. 33b) complicates analysis of the behavior of the column. We

have therefore attempted, unsuccessfully, to remove the moving striations

31. R. G. Fowler and L. W. Jones, Pressure Constriction in the Positive
‘ Column, 13th Annyal Gaseous Electronics Conference, Monterey, California,
Oct. 12-15, 1960,

32. R. G. Fowler, Proc. Phys. Soc. (London) B68, 130 (1955).
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from the cclumn by adjusting external circuit parameters and by operating
an éuxiliary discharge at the anode. The latter scheme was meant to provide
a source of ions; the oscillations of the anode fall are believed by Pupp to be
the source of one species of moving striations. 33 At some discharge conditions,
however, we found that the lon-gitudinal magnetic field was able to suppress the
striations; a column striated at B = 0 can become uniform as the field is
raised, and then at Bc makes the transition to the helical mode.

The helical nature of the constriction has been determined by studies
with a series of photomultipliers placed along the discharge tube. Wavelengths
of the luminous current channel could thu's be found by studying the phase
differences of the photomultiplier signals. The pitches of the spirals were such
“that Tx B was directed toward the tube walls. In Figs. 19 through 23 we
show éxperimental measurements of this wavelengiﬁas # function of the neutral
pressure.

The perturbation analysis by Kadomtsev and Nedospasov predicts the
growth rate of the instability to be a strong function of the wavelength of ;he
instability (Eq. Ii- 12, Fig. 1). Bearing in mind that tﬁe above theoretical
analysis is based on a small-amplitude theory, whereas our experimental
measurements were carried out on the fully developed helix, i.e., a new,
-azimuthally nonsymmetric steady state, we have cofnputed carves similar to
Figf 1 for the discharge pérameters of the experimental points in Figs. 19
through 23. If we assume that the maxima in the Im(w)-vs-k curves represent
that wavelength that will grow fastest and dominate as the behavior of the column
becomes nonlinear, we can arrive at the theoretical values for the instability
! wavelength. We present these theoretical values (m = 1), together with

33. W. Pupp, Physik. Z. 34, 756 (1933).
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experimental results; in FigA. 19 fhrough 23. Higher values of m shift the
maximum of the Im(w)-vs-k curves toward shorter wavelengths. The aéree-
men‘t between theory'and experiment is excellent in the case of helium.and
aafisf&ctory in the cases of hydrc;gen, deuterium, and neon. However, even
for the latter, the form of the theoretical curves is consistent with expe;imental
results. Measurements in helium could usually be made at magnetic fields not
more than 40 gauss above Bc. For HZ’ D2’4 and Ne it was ﬂecesaary to
raise the magnetic field up to 10 to 20% above Bc in order to {ind a spiral
. reasdnﬁbly free from striation; this may also account for the reversal of
experimental and theoretical dependences on ion mass in Fig. 19. During.a
given measurement the column was m'onito.red with the streak camera and the
‘photomultiplier bank, Fig. 3.
| The effect of éhanges in the length of the magnetic field on the wavelength,
. is presented in Fig. 24 for several valses of the neutral pressure and the dis-
‘charge current. We have studied the R = 2.75 cm tube, as here the L/R ratio
is most unfavorable. As Fig. 24 indicétea, A approaches an asymptotic value
as the length of the magnetic field is h';creased. The '"'long tube" approximation
becomes increasingly valid with increasing neutral pressures at L/R = 72.
We have attempted to determine the wavelength )\ at the earliest possible
moment in its developywent. The small capacitor bank supplying a sinusoidally

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

ax
changed by only a small amount during the time of measurement:: The disfurbance
does not develop simultaneously at all points along the column. The instability

is usually seen {g,r arise initially somewhere in the vicinity of the center of the
coil, and te propagate in both directions. There is some evidence, however,

that at low pressure (p< 0.1 mm Hg) the disturbance arises first at the anode

end of the magnetic coil.
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‘The dispérsion relation derived by Kadomtsev and Nedospasov in

c§nsidef£ng the stability of the column can also be solved ?;or W the real
frequency of oscillation of the luminous current channel. Under the condition

B B, the expression for W, takes the simple form

3, D B2 K2 T. 4

+ 7P 2 - ,
.Urgm(o..é*‘X), x=--—-p-l-—, BJI‘T- (lv"l)

-The growth of the instability is driven by Tx B forces that twist a
kink in the current channel into a helix in close contact with the tube walls.

From Eqs. (IV-1) and (1I-14) we can arrive at an approxiinate expressgion for

the phase velocity of the perturbation:

| ' z 2 |
Y L Lismv, 68 J—z_—_)<“+) D",
vph b - + ;2 2F + N F + 12KG a—: mv (Iv-2)

(2F +N F +12KG)

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

usually less than a 30% correction. Typically,

<zr+ NF lzxg) >3, thus v, < v

-2

The luminous helical structure, travélidg in the direction of the
.electr.on drift, will appear to an obscﬁrer at seme cross section along the
tube as a rotating c'olﬁmn. This picture has been verified by experimexital
measurements of the pitch and direction of rotation of the spiral (Fig. 25). In
the'eteady state with B >Bc the ldthinous column revo;ves about the tube axis;
this rotation is clockwise when the column is viewed in the direction of the
magnétic field. In Fig. 26 we present the instantaneous density profile across

the column taken with a radially movable Langmuir probe.
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\

The measurements of the frequen;:y of rotation of the luminous
current channel are presented in Figs. 27 through 32. The photomultiplier
bank, together with the rotating mirror, permitted identification of the spiral
mode (under certain condifions the time-resolved light-wave form of axially
moving striations is similar to the near -sinusoidal Wave form of the azimuthally
moving column). Each experimental point in the above figures represent an
dverage of 6 te 12 photomultiplier traces, each trace being about 10 periods
long. Again remembering that Eq. (IV-1) was derived by considering small-
_amplitude disturbances, we have plotted w, asa function of pressure with. the
- experimental resulte shown in Fige. 27 through 32. The observed general
_decrease §£ w with in;:reasing pressure is confirmed theoretically, with good
quantitative agreemeant between exéeriment and tfxeory for helium.
| Measurement of the time development of the wavelength of the instability,
' as described earlier, also yielded information regarding the changes occurring
in the frequency. Using a 400-ma He discharge in a tube of R = 2.75 cm, we

obtain the following values for the frequency (rad/sec)at t=® 0 and t= e

p({mm Hg) t= (B =B_) 5 = (BEB_)
0.2 | 5.9% 10 5.0% 10
4 3.8% 104

.37 4.3x 10

Ag the mégnetic field wée increased somewhat above Bc. the
lmﬁinous‘! spirél degenerated into irregular fluctuations of light, Fig. 33 (a).
' In some cases, this transition was preceded by the appearance of frequencies
which mociulated w L, and abrupt changes in W sometimes, as in the case of

helium, the color of the spiral as seen with the rotating mirror underwent a
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. change, indicating changes in the electron temperature. We have found that -
the various transitions jt'zst described Are intimately connected with-the
und‘ﬁlations of the Ez -vs-B curves at B> Bc'

The above discussion suggests that modes highe'r than m = 1 may
be present in the plalsma under these circurr;stances. Indeed, if we calculate

'B; -vg-p curves from the theory of Kadomtaév and Nedospasov and let m = 2
(Figs. 10 and 12), we find that the higher mode can appear at fields only's;ightl'y
l;ighe't than B;. AAt low'pressures we may even have Bc (m = 2) < Bc (m = 1),
Exéer{mentally. however, we have been unable to distipguiab or identify a
symmetric m = Z'mode in the confused state of the plasma above Bc.

The chaotic state of the plasma above the critical magnetic field is
reflected in the radial electron-density distribution. The time-average density

‘distribution is noticeably flattened; visually we observed that the }iminous column
now appears to fill the tube more completely than at B = 0.

We have analyzed the electromagnetic noise generated by the plasma
in the frequency ranges 5 kc to 25C Mc and 1 to 16 kMc. in a manner similar
to that used by Lehnert. In addition to frequencies associated with moving
striations, we; find freqﬁencies that correspond to the frequency of the luminous
spiral. A broad band of electromagnetic noise from 10 kc to about 2 Mc appears
at field slightly above B_c and is assqciated with the transition from tha&;{gther
regular spiral mode to a chaotic state of the column, characterized by irregular
fluctuations of light. We have not detected any oscillations that could be

associated with either cyclotron or plasma frequencies of the electrons or ions.
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V. SUMMARY AND CONCLUSIONS

The previously reported gnomalous state of the positive column,
characterized by a lon'gitud'mal electric field that rises with increasing magnetic
fieid, is the result of an instability which appears at Be' the critical magnetic
field. BC, describing the onset fthe instability, varies approximately
inversely as the tube radius and directly as tl;ne square root of the ii}n mass.

" The relatively slow-developing instability resuits eventualiy in a steady atate
_in which the plasma density distribution has lost its azimuthal symmetry and
formed a long-wavelength rotating spiral. Because of the absence of a net
radial current, we be-l'ieve rotation of the plasma dénsify. as well as of the-
luminous stiucture, to be asso;iafed with the passing of a potential wave ratﬁer
than an aCtual> mass motion, The close contact between the luminous current
channel and the walls of the tube increases the losses of charged paréicles and
results in an electric field considerably in excess of classical predictions.

As the magnetic field is increased to higher and higher values, the behavior

of the column becomes increasingly more chaotic, characterized not only by
irregular fluctuations of light, but aléo by a broad band of electromagnetic noise.

We have calculateé the onset of the instability from the theories of
Kadomtsev and Nedospasov, 15 and Hoh. 14 The shapes of the experimental
curves are perhaés more like the calculaiions from the K and N theory; the
rapid decrease of Bc at high pressures as predicted by Hoh {s not confirmed
by the experimental results in neon and argon. Investigations of Bc at high
pressures in helium have shown that Bc is here no longer independent of the
: disché’rge current. These findings suggest that both theories may need to be
modified to include stepwise ionization and pressure constriction.

The wavelength of the instability as well as its freguency of oscillation -
is prédicted b); the theory of K and N. The experimental frequencies and

wavelengths were obtained from the fully developed steady-state helix.
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Itv is not obvious that they should be the same as the quantities calculated from
a emall-amplitude theory. Nevertheless, we find qualitative, and sometimes
quantitativé, agreement b.etween theory and experiment: the wavelengths decrease
with increasing pressure and decreasing fadius; the frequencies increaée with
,éecreasing radius and decreasing pressure. The inve‘rse reiationship_betwegn
frequéncy and pressure sugge.sts a connection with the instabilities reported in
- P1G-type discharges, 34 | |

We have ndt been able to unequivocally distinguish between the theory -
of Hoh and the approach of Kadomtsev and Nedospaso.v by the critical magnetic.
field measurements. However, the general agreement between calculatio;i and
experimeut with regard to wavelength and frequency lends considerablé support
to the latter theory. The phenomena in the positive column are so corhplex that
anything more,than.semiguantitative agreement could hardly be expected.

Uncertainties about the ion species present in the discharge permita
latitgde in the value of the ion mobility; with a proper choice either theory fite
the experimeﬁtal regsults reasm,aably wéu. Measurements of B_ at high
pressures, where the p;edictions of these theories diverge markedly, may be
éomplicatéd by preseuré constriction. The theory of Hoh, in contrast to the

'K and N theory, does not reduire a current for the development of the

v

instability. In principle, a current-free piama might thus permit a distinction

to be made between these theories.

34. J]. F. Boonal, G. Briffod, and C. Manus, Compt. rend. 250, 2859 (1960).
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FIGURE LEGENDS

Fig. 1. The form of Eq. (II-12); Im{w) vs k for several valuea of B
(qualitatiye). '

Fig. 2. The primary experimental érrangemem ("'long tube" system).

Fig. 3. Schematic of optical diagnostics.

| Fig.. 4. Secdndary. "short tube' system. The anqc':-lized_-;alummum wire was
movable along a diameter for radial potential measurements.l '

Fig. 5. Ez vs B: He gas, R = l.Z-f_Z cm, 1= 400 ma.

Fig. 6. Ez vs B: He gas, R = 2.75 cm, 1= 400ma. 'Short tube"

| geometry (Fig. 4). |

Fig. 7. Bc v pressure ufor various electrode confz.gur;t;mvw: He gas,
R = 2.75 cm. (a) and (4) alectrodeé outside magnetic field (.uo‘rmal
condition); {b) anode in magnetic field; (c) both electrodes in magnetic
field; (a), (b).- and (c)'at 50 to 300 ma dc, (d) at 5 amp pulsed.

Fig. 8. B;: ve pressure R = 0.9 cm: A HZ. 1=200ma; A D,, 1= 200 ma;

2
‘ D,, 1= 400 ma; —— K*Z'. 1= 200 nia. theory of Kadomtsev and
:Nedoapasov (K and N); — D;. 1= 200 ma, theory.of K and N;
~~==D, I=400 ma theory of K and N; — — — He',, theory of Hoh;
N D+z. theory of Hoh. ' | :

Fig. 9. B_vs pressure for R=1.27 em: AH,, 1=200 ma; & D,y 1= 200 ma;
——H, theory of K and N; ——D',, theory of K and N; — —— H},

theory of Hoh; —- -_ D*Z. theory of Hoh.

Fig. 10. Bc ve pressure for R= 0.9 cm, He gaa, 1= 200 ma! w—theory

of Kand N, He' only; — — — théory of Hoh, He' OnlY; i i theory.
' 3
of Hoh, He’, only; — — —theory of K and N, He' only, T, = 1000°K.
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Fig. 11. B_ vs pressure for R= 1.27 cm: A He, 1= 200 ma; A He,
i = 400 ma; «ww theory of ¥ and N, 200 ma, He' only; — - — — theory of
K and N, 400 ma, He® only; — — — theory of Hoh, He' only;
we = o e theory of Hoh, He'2 only. |
Fig. 12, Bc ve pressure R = 2.7% ém. He gas: A 1 =200 ma, and 4 I = 500 ma,

"long tube" system; O I = 200 ma, ® I = 400 ma, "short tube" system:;

theory of K and N, He' only; we « — theory of Hoh, He' only;

- o o = theory of ﬁoh; He+z ouly.

Fig. 13. Bc vs pressure for R = 0.9 cm, Ne gas, 200 ma: theory of
' K and N, N’e* only; - —— — theory of K and N, Ne*z iny. o = = theory:
of Hoh, Ne' only; « — — — theory of Hoh, Ne’z only, ‘

Fig. 14. B_vs preesure for R = 1.27 cm, Ne gas, A 200 ma and A 400 ma:

~ theory of K and N, 200 ma, Ne' only; — — — - theory of K and N,
200 ma, Né+2 only; e o theory of Hoh, Ne+ ‘only; == <« .= == theory of
Hoh, Nca"2 only., '

theory of

Fig. 15. B; vs pressure for R =0.9 cm, A gas, 200 ma:
K and N, at only; -~ — ~ ~ theory of K and N, A; 'bnify;‘-- - == theory of
Hoh, A only; — — — — theoty of Hoh, A', ouly.

Fig. 16. Bc ve presgcure for R = 1,27 cm, A gas, 200 ma: théozy'of

Kand N, A" only; — — — theory of K and N, A", only; — - — theory of Hoh,

+ -
2

AFig. 17. Apparent electron temperature, as measured with Langmuir probe

A, only.

. pear tube center, v6 B; R=2.75cm, p=0.22 mm Hg, 1= 200 ma,

He gas. Dashed line is theoretical curve.
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.Fig. 18. 90-deg stereo streak photographs of helic-al constriction in He.
Traces show variation of light inteneity with time and radiue as seen
through a slit per'pendic‘ular to axia of discharge tube: {(a) R = 2.75 em,
p=90.23 mm Hg, B = 710 gauss, and(b) R=0.9 em, p= 0.5 mm Hg,
‘B = 1990 gauss. ﬁote’ that these are not photograéhs of helices; tﬁe
‘helicity has been established by wa.v-elength measurementg with pﬁéto—
muftipiiers

Fig. 19. Spiral wavelength A vs presaure for R= 0.9 em, I = 400 ma:

A H expe:imental H theoretical A D exper:mental I

DZ theoretical,
: F:g 20.. Spiral wavelength \ vs preseure for R = 0.9 cm. 1=400 ma. '
‘He gas. Solid line is theoretical curve.
Fig. 21. Spiral wavelength \ vs pressure for R = 1.27 cm, 1= 400 ma,
. He gas. Solid line is theoretical curve;..
"Fig. 22. Spiral wavgle'ngth A vs pressurs for R = 2.75 cm, He gas':
. & 200 ma and A 400 ma.  Solid line is theoretical curve.
Fig.-v23. . Spiral wavelength \ vs pressure for R = 1.27 cm, Ne gas,
1= 200 ma. Solid line is tbéoretic_al curve.
Fig. 24. Spiral wavelength \ vs length of magnet coil for R =2.75 cm,
He gas: Ap = 0.1] mm Hg, 400 ma; O p = 0, 17 mm Hg, 400 ma;
B p= 027mmﬂg. ZOOma,Dp=027 mm Hg. 400ma
Fig. 28, thch and direction of rotation of helix as a function of the direction
of the magnetic field.

Fig. 26. Ion current distribution (pa) across tube as collected by negative

probe; R =2.75 cm, He gas, p=0.23 mm Hg, 1= 300 ma, B = 767 gauss. |
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Fig. 27. Frequency of rotation of luminous channel, wr.’ v8 pressure
for R=0.9 cm, I= 400 ma: A H, experimental, — H, theoretical,
'y !)z experimental, ——— — — Dz theoretical.

Fig. 281 Fraqu-ency of rotation of luminous channel, W, V8 pressure for
R=z127c¢cm, 1=400 még' A HZ experimental, ico— Hz tﬁedretical.

. & D, experimental, — ~ — D, thecretical,

Fig 29. f‘requéncy of rotation of luminous channel, w,, Ve pressure for
R =09 cm, He gas, 1= 400 ma. Solid line is theoretical curve.

Fig. 30. Frequency of rotation of luminous channel, W, V8 pressure fpi
R =127 cm.' He gas, 1= 400 ma. B5olid line is theoretical cv-,\rvte;

Fig. 31. Frequency of rotation of luminous channel, v, bs pressure for
R = ?..75-.cm. He gas: A 400 ma and & 200 ma‘_. Soiid line is theoretical
curve. | | |

Fig. 32. "F.requency of rotation of luminous channel, w .+ V8 pressure for
R=z1.27cm, 1=200 ma, Ne gas. Solid line is theoretical curve.

'Fig. 33. 90-deg stereo streak photographs. Traces show variation of light

intensity with time and radius, in helium discharges: (a) R = 2.75 cm,

p=023mmHg, B=979 ganss; and(b) R=0.9 cm, p = 0.2 mm Hg,

B = 994 gaugs < Bc (moving etriationa).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






