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SGeorge A. Paulikas
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University of California
Berkeley, California

February 27, 1961

ABSTRACT

The positive column of a glow discharge is shown to become
hydromagnetically unstable when immersed in a longitudinal magnetic
field of the order of 1 kilogauss. The instability transforms the
azimuthally symmetric column into a constricted, rotating, helical
state; neither this new steady state nor its properties are predicted by
classical theories. The criti.cal magnetic field, BC , describing the
onset of the instability, varies approximately inversely as the tube
radius and directly as the square root of the ion mass; e.g., in a
helium discharge at a pressure of | mm Hg and in a 0.9-cm-radius
tube we find BC = 2.4 kilogauss. For B > BC the longitudinal
electric field increases with magnetic field and indicates particle losses
in excess of classical predictions. The occurrence of this instability
explains the previously mysterious ''anamolous diffusion'' obserwved
by Lehnert.

The properties of the helical state have been measured in
H2 , DZ , He, and Ne as functions of gas pressure and tube radius.
For the above example we find the angular frequency of rotation of
the luminous spiral to be 0.8x 10° s'ecml with a wave length of about
40 cm. - Frequency decreases with increasing pressure, increasing
tube radius, and increasing ion mass. The wave length is found to
decrease with increasing pressure. These dependences, as well as
the values of BC are in good agreement with predictions of the
perturbation theory of Kadomtsev and Nedospasov. The onset of
instability as predicted by the entirely different sheath-instability

theory of Hoh is not in as good agreement with the experimental results;

N



Hoh's the ory does né6t include a description of the nature ‘or build-up of :

the presumed instability. A comparison of measurements of radial
potential distributions with the theory of Ecker indicates the absence

of anamolous effects for B < B



I. INTRODUCTION AND PURPOSE

The low-pressure glow discharge (10='2 to 10 mm Hg) has been
extensively studied for the past half century. ! A schematic diagram
of the spatial distribution of the dark and luminous zones and the
longitudinal electric field EZ is presented in Fig. 1.

Bounded at one end by the Faraday dark space and at the other
by the anode dark space is the posifive column— "positive' because
its electrical potential lies above that of the various glows and dark spaces
near the cathode. The constant longitudinal electric field and the
slowly varying radial field indicate that in the column n, ®n_ = n.
Electron densities are typically of the order of 109 to 10 H per cm3
Electron temperatures of several electron volts are also typical, with
ion temperatures considerably lower than this. Thus the Debye 1engthla
is a small fraction of the dimensions of the vessel and we are dealing
with a quési—neu’cral, Weakly ionized plasma.

Relatively few authors have investigated the behavior of such a
plasma in a longitudinal magnetic field. The early experiments of
Cummings and Tonks, 2 Rohklin, 3 and Reichrudel and Spivak, 4
although limited by the rather low available magnetic fields and
complicated by end effects, were found to give results consistent with
the theories bf Tonks, 5 Langmuir and Tonks,6 and Schottky. 7

Bohm and collaborators measured the electron densities in the
vicinity of a short low—pressurevarc in a magnetic field and concluded
that the charged particle losses were much moré rapid:than WQuldebe.pI‘e-
dicted by assuming ambipolar diffusion. 8 This led to speculation about
the possibility of enhanced diffusion, perhaps due to electrical
oscillations in the plasma. Simon, however, showed theoretically
that the diffusion across the field need not be ambipolar if the dis=
charge is short, because the large anisotropy in the conductivity of the
plasma permits end effects to short circuit the flow of electrons across

9

the magnetic field. Such a modified picture of the particle losses ex-
plained the results of Bohm, as well as the experiment of Neideigh.
Although the experiments of Bohm were not carried out in the

1
glow discharge, they nevertheless prompted Bickerton and von Engel
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to re-examine the positive column in an experiment which avoided the
end effects discussed by Simon. Their measurements of the electric
fields, as well as the charged-particbte distribution as fﬁnctions_ of a
longitudinal magnetic field up to 600 gauss, were in good agreement
with the classical theories of the positive column. No evidence of an
increase of particle losses was observed. This work has been ex-
tended by Lehnert12 and Hoh and Lehnert13 to considerably stronger
magnetic fields and in geomvetries designed to eliminate -end effects.
Measurernents of the longitudinal édectric field as a function of the
applied magnetic field show that above some critical magnetic field

' BC , the losses of particles no longer decrzease with increasing magnetic
field, as predicted, but rather increase with higher magnetic fields.

A number of other magnetically confined plasmas, widely
differing in geometry, temperature, and percentage of ionization, also
show losses considerably in excess of theoretical prediction. 14-16
These results have revived interest in the possibility of enhanced
diffusion and a spate of papers has appeared discussing the problem
in terms of microscopic and macroscopic instabilities. 17-21

- Study of the positive column has shown that at BC a macroscopic
instability appears in the column. The observed increase in particle
losses is associated with the formation of a new azimuthally -
asymmetric steady state. 22 This work is an experimental investigation
.of the development and the properties of this anomalous steady state
of the positive column, as well as a search for possible enhanced losses
preceding the large-scale instability. Studies of the onset and ‘parameters
of the instability are presented and compared with the theories of

Hoh20 and Kadomtsev and Nedospasov.



A, List of Symbols

Magnet1c field.
.Amblpolar diffusion coeff1c1ent at
f_1eid_v B. ‘
:‘Difﬁision coefficients of electrons
or iens _ .
,Ax1a1 electmc f1e1d
- Radial partlcle flux of electrons
or ions. '
Bessel functiorls of order zero,
lorder one. '
Electric current density.

Boltzmann constant.
Wave number..

Mean free path of ions or electrons
Wave length '
Electron or ion mobilities. .
Electron or ion masses.

Particle densities of electrons or
ions. ‘ -
Number of ionizations per second
per electron. '

Electron or ion Cyclotron frequencies.

" Neutral gas pressure (reduced to

0°C).

D1scha‘rge tube radius.

Electron or ion temperature.

Mean time between collisions of
electron or ion with neutral particle.
- Radial potential distribution
Electron or ion drift velocities and
components.

Ion thermal velocity.



II. THEORY OF THE POSITIVE COLUMN
IN A LONGITUDINAL MAGNETIC FIELD

A. The Classical Theor'y

The stable positive column is a quasi-neutral, weakly ionized
plasma whose properties can be adequately predicted by considering
the particle and energy balances in a given geometry. 7 When the
positive column is formed, the rapid diffusion of electrons creates at
the tube wall a:region.of negative charge several Debye: lengths thick
(typically 10_2 cm), the wall sheath. Only the fastest electrons can
overcomme this potential barrier; the flow ofvele,ctrons is reduced, the
flow of ions to the wall is increased. Thus unequal mobilities produce
Spac‘e-charge effects which couple the flow of positive and negative
carriers so that no net electrical current reaches the insulating wall,
: ise”.', 1“+r' =TI __ for singly charged ions. The particle losses in the

presence of a longitudinal magnetic field B are then described by the

ambipolar diffus ionc oefficie n1:2 3

Dpw_+Dpy 1

Dé‘?’) = . (II-1)

. _ 2
Bot B l+p, p B

where "D:I: » By are the diffusion coefficients and mobilities at B = 0.
Volume recombination is neglected; however, Pahl has shown that the
.inclusion of this loss mechanism does not materially affect the be-
havior of the column. 24 In the noble gases, as well as hydrogen and
deuterium, it is also permissible to neglect electron attachment. With
these simplifying assumptions, the particle balance is described by
2 - | Yi = o e
v 'n{r) ¥ 5 B (r)=0,. ‘ (I1-2)
a

where v, is the number of ion pairs produced per .second per
electron. In a long cylindrical geometry, provided v, is independent

of n, the solution of Eqv._‘(II—Z.) is

7, . _ o
n(r) = n(0) JO( D—l r), ’ (11-3)

a



-10-

~where r is the radial coordinate. From the boundary conditions we
can then oB.tain expressions relating the ion‘izati‘on.rate and hence the
electron temperature T _ to the parameters of the discharge for the
two pressure regions of interest, 1 described by the average mean

free’ path A':

2.4\° ' | '
; F __R— . Da, for A ' <<'R, . (I1-4a)
4D 1 I, (%) v, 1z
Rv T X Jl x)y *°\D, - R for AzR

(I1-4b)

TAh-ev form of \)i (T?) depépds strongly upon the behavior 6f the. ionization
cross section near threshold as well as upon assumptions of the shape
of the electr‘on—velocity distribution, vwhi_ch_ is not necessaﬁ_ly
Maxwellian. . Measurements of the electron—{reiocity-. dis'tributi.ons in

a discharge with standing striations 'show that a distinct high-energy

' column almost in- .

group is present. 5 ‘Since the usua.i,"funiform'
variably contains maqving striationss26 a similar high-energy group may
be present and contribute significantly to v, . ' A
Either of Eqgs. (II-4) may be solved for T -as a function of the
‘magnetic field for a given pressure and radius, although an additional
‘assumption 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 Eqs. (II-4); the result of this modification
is to depress electron temper_ture slightly. 2T
The longitudinal electric field is determined by the power input
required to maintain the electron distribution at a temperature " T _
determined from Eqs. (II-4).- If X(T ) denotes the fractional energy
lost by an electron in a collision, including elastic, inelastic, ’énd wall

losses, the electric field is found 'fo" be
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1/4 v - kT ‘
Ez =(é_?_) ()‘((T_))l/2 X e_.‘ volts/cm ;- (II-5)

where 'A_ is the mean free path of the electron. 28 The effect of the
longitﬁdin'al magnetic field will be to decrease the electron temperature,
by decreasing particle losses, and this will be reflected in a diminished
longitudinal field. This has been confirmed experimentally at low
magnetic-fields by the experiment of Bickerton and von Engel. A
departure from the fnonotonic decrease of EZ with increasing B, such

as found by Lehnert and Hoh at fields in the kilogauss range, may

. . . 12,13
consequently be taken as an indication of a change in the particle loss.
Ecker has pointed out, however, that the longitudinal electric field is
a rather insensitive measure of the particle loss; large changes in the

: 4 29

diffusion coefficient near the wall are required to alter 'Ez noticeably.
The radial poténtial distribution in a cylindrical column, if one

assumes ambipolar diffusion and neglects ion-electron interactions, is

found from the equation of motion to be

_ 2(“#}: T+>

Ul) . LT B AR T in {Jo !/“"'4'1')] SR

: \ &

kT 1 + Pogh BZ
which exhibits a monotonic increase or decrease with radius depending
on the relations between By B T+, T_ . The reduction of the radial
- field with increasing magnetic field as predicted by Eq. (I1I-6) has been
- confirmed eXperimentallyll; however, the .results display curious
aSymmetries, probably due to the perturbing effects of the probes used

in the measurements.
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B. Theory of Ecker

The generalization of the analysis of the radial potential
d1str1but1on to 1nclude an arbltrary electron-ion 1nteract1on term n,

1 1
perhaps describing microinstabilities, 7 18, 9 elds the expressmnZ

E - 3 (R i T
U _ "Mt B N T *[J (_2,41;)] "
T l+p,u_B® O\ R

0 .

2 + : O+ O- [ 2.4r
L A ) L+ Tmz Jo-(‘ = )
- ~ - ~ In 5 _ 4

2
1 +p+p_}B

(I1-7)
oO:l: =en p,n (0)

If the second term on the right of the _eqUatibn is appreciable, the shape
of the U(r) vs r curve is noticeably modified and develops a mi:nimum.
as shown in Fig. 2. Accurate determination of the radial potential
“-distribution can thus be used as a rather sensitive measure of the
presence or absence of any enhanced interaction.

The radial potential may.also serve as an indicator of deviations
from ambipolar diffusion. "Simon' diffusion presupposes no radial flow
- of electron, .-.i.e., I" _ =0, - The equation: for the radial potential, in

the absence of any enhanced interaction, takes the simple form

eU(r)

=T = 1n. [ Jo ( 2. é r)} , (11-8)

*which is independent of the magnetic field. Inclusion of the interaction

parameter m yields
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Fig. 2. The ambipoflar radial potential distribution from the
theory of Ecker?9 plotted as a function of the relative radial
distance r/R for values of the parameter
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' T
eU(r) _ : 2.4r)| - + ) . 2.4r
= =In [ J |\ 5 : 1+_._T_ Ogs 1 -3, \ ¢
Ly Jo+’ % 2.4r
+ T2 3
, 2 2 0\ R
Ty) 22 e, B
1+ = | i B n — (II-9)
- 0., +0
1 4 0+ "0~
' T2 -2
1+p.+ B

A plot of a family of curves derived from Eq. (II-9) is shown in
Fig. 3, i |

- C. Analyses of Stability

Recently Hoh'20 and Kadomtsev and N“edospas ole 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 suriounding the plasma. 8 The radial ion
velocity at the sheath must satisfy

T \1/2 |

v o> - , , : (II-10)
K + .

where T 1is the electron temperature and m, ionic mass. By con-

+
sidering the'effect of the magnetic field upon the radial drift velocity
of the ions, he is able to show that Eq. (II-lO) is not satisfied for

magnetic fields

1 2.4¢g'p . 2 1/2
/2 R™

B>B, = : T
by by

(II-11)
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Fig. 3. The radial potential distribution for Simon diffusion
from the theory of Ecker?9 plotted vs the relative radial
distance r/R for values of the parameter
q =ps B2 . Ogy ¥ 9. =5; T_/T, =10.
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where
1/2 2.4r'
. KO T++'I’ Byl h JI(R )
g = T . + 3 2. 4r
- RT3 0 T‘
(II-12)

‘Here p_, are the mobilities at Il mm Hg and p is the neutral gas
pressure. The primed quantities. are to be evaluated at the sheath
edge, a circumstance which introduces some uncertainty into the
value of g'. ' '

Hoh postulates that wh'en Bohm's criterion is not satisfieAd,
- an instability of the sheath develops which then trahsports .charged
particles across the field at a rate in excess of ordinary collisional
diffusion._ ‘The mechanism by which such a possible sheath instability
devélops to affect the macroscopic behavio,r. of the plasma is not dis-
cussed. The éxPression for Bc (Eg. II-11) is quite sensitive to
assumptions regarding the ionic species, but depends relatively
weakly on tvhe' electron temper.ature T . Hall has criticized this
approach to stability considerations by pbinting out that Bohm's
criterion is not appiicable in the case of the prositive column, as the
potential drop across the sheath is only of tlhe order of a few
kT

e
an argument to re- examine and mod1fy the: model used in the derivation

. 30 The nonsatisfaction of Bohm's criterion is interpreted as
of Eq. (1I-10), rather than an indication of a true instability.
Kadomtsev and Nedospasov approach the stability problem by
a perturbation aﬁalysis of the positi"\_re column. Their treatment is
focused upon a region of the magnetic fields where @ 7_>> 1 and
Q+ ’T+ << 1, where Qi',' Ti are the ion ‘and’ electron cyclotron
frequencies and the mean times. between collisions with neutrals.
. Such an.approximation is quite valid, for our experimental conditions,
_in the vicinity of the critical magnetic field. Further it is assumed
that the conditions in the unperturbed state are governed by ambipolar
diffusion and single-stage ionization; two-step processes and end effects

are neglected. The equations of motion and continuity

»
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Kk T— - > v.

+ vn::l_"i V__XB < E_ VV_ _q- ,
m—_n m T m__ T_

+ F + +

(II-13a)

on - 9n —-
_— = — + =
5% + V(nv+) 51 vVinv ) vvin

on b D_ 2 B

—_— b-vivn-————Zv n+ - v - (avV) ¥
ot QT (. 7) Q)

on v, 9n . >_ B
tos won'gg - Pigzlavn i b= g5

(II-13b)

on _

5T~ M vV  (nvV)=v.n

Perturbations of the form Iy (3.83r/R) exp [itm§ + kz - wt)],
where E is the aximuthal angle, are now introduced into the potential

as well as the density distribution, so that

n(r,t) = nyJ, (2.4/R) +n, T (3.83r/R) exp [i(mg +kz - wt)].

(I1-14)

When Eq. (II-14) and its equivalent for U(F) are substituted into

Eq. (II-13b), a dispersion relation giving w as 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 be-
havior of Eqgs. (II-13b) under perturbations of general form nl(r),

Ul(r) is not discussed. The choice of the form of the perturbation,
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J1(3. _83r_/R), is arbitrary; the effect of the second term on the right
of Eq. (II-14) is to introduce an gsymmetry into the density distribution.

The qualitative' physical picture thus consists of .studyin_g the
time dependence of pertur.bations in the pi.asma., . In the absence of a
magnetic field, a disturbance in the particle density will soon dis-
appear because of a r.apid diffusion of particles from the region of
high charge density. The presence of a sufficiently strong magentic
field, however, will retard the diffusion, and the perturbation in
density and the associated kink in the current will persist for some
time. - An off-center current channel can thus develop, which together
 with Tx ﬁ forces, will cause the initial disturbance to grow.

For stability, therefore,

Im{w) = 3.83)° . b. ! :
7 A
R oylery® [foss B \2 ./ 14y, &% . R)?
o b \ v T 079 T, 383
- 2
(1.28+y) 4 2 - ym
£:28%y) % L 2+y® -0.12 = 20.6 {1+y)
0.8(y+l) by yFL o
. ‘ w M .
+ 0.2 xyv T <0, {(I1-15)
. + .
where
k@7 R. , v _R " '
= — 5 v_':..——-E-—— , and y = ——i—-(Q_T_)Z
3.83 ; 2.4D m '

Since the sign of EQ. (I1-15) depends only on the terms in curly

brackets, the conditions for stability can be simplified to

13 4
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e

Kx4 -i-Fx2 +G >0.16 mv % (|.L_/|J.+) ,

(II-16)
where ' /”Oépé
b H 2 ’/
1.28%y . . 0.8(y+2) . . 0.48(1+y) L, - _m™

yliy ¥1) & y y w, Tty

Hence only for m > 0 will the plasma be unstable. Note also
that an electron drift velocity v_, is necessary. A current is required,
but its magnityde does not affect the calculations of the characteristics
of the instability. The form of Eq. (II-15) is presented in Fig. 4.

Since at B, 8Im(w)/8k =0 as well as Im(w) = 0, Eq. (II-16) can

be reduced to an expression independent of k:

-
¢ b

P
f
2 1/2 .
2= ErE *+12KG) /; 0.08 v = -t {ZKXZ +F} x .
6K ' o
5,79 2.7¢

(I1-17)
2.2/
Eq. (II-17) can then be solved for B. interms of the parameters of the

discharge.-

In the presence of azimuthal density gradienté and an azimuthal

electric field the radial particle flux takes the form2

o D_ (0) on b B | 11 8. :
r, =r__=- 2 - + n nE, + — — |(D_-D /..
1+p+|.L_B ar 1+|J.+}.L_B p.++u_ T 8¢;
(II-18)

When averaged over time, the oscillations of density and potential
contribute to Tir and thus gilve 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.
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III. APPARATUS AND PROCEDURE

Two independent experimental arrangements were employed
during this work. The' layout of the primary system is shown in
Fig.. 5. In order to minimize the possibility of the end effects, a ;cube
geometry of large length-to-radius ratio was used. The criterion
develbped by Simong for the transverse diffusion to be ambipolar in a

plasma column of radius R and immersed in a magnetic field of

length L is
1/2
L q
R > (I_{) Q T, (I11-1)
1 1 dn . . | .
where a— = T I P is the electron density, Q_ is the electron

cyclotron frequency, and 7 _ the electron-neutral collision time. For
example, in a column of helium at a pressure of 0.1 mm Hg, with
R=3cmand L=200cm and % = é— , the magnetic field must be
less than 1000 gauss in order for the plasma to be free from end
. effects. Similar results are obtained for other gases, and as the
largest tube radius used was 2.75 cm, the above calculation represents
a pessimistic estimate. _

Dischai'ges in pyrex tubes 300 ¢m long and 0.9, 1.27, and 2.75 cm
‘in radiii were studied. Both electrodes \&;ere attached to the main
body of the tube by ground glass joints and sealed with Apiezon wax.
Such an arrangement permitted a number of electrode types and
configurations to be employed interchangeably. Discharge currents
from 50 to 500 ma dc were drawn from a hot tungsten cathode, although
a dispen-ser—tylpe cathode was also used for some measurements. The
current was applied by an electronically regulated power supply with
a maximum output of 6 kv at 600 ma. A rectangular current pulse 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 dis-
charges at considerably higher particle densities.

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

coils 6 in. wide and spaced 2-1/4 inches apart. The field configuration,
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measured by a flip coil, is presented in Fig. 6. Available power
Supplies‘were capable of providing dc field strengths up to 7 kilogauss.
To study the time-resolved behavior of the plasma, the magnet could
be pulsed up to 1 kilogauss, again by means of a small condenser bank,
the field rising sinusoidally to a maximum in 10 meec; the magnet is

then short-circuited and the field decays exponentially with a e-folding
| time of 100 msec.

The region of uniform magnetic field was determined by visually
following the progress of a number of low-pressure discharges in a tube
of larger diameter. Well-defined beams traveled from a cathode,
which consisted of an array of tungsten points placed at a radius
slightly smaller than the radius of the discharge tube, to an anode
almost filling the tube. 31. The effects of the radial componenté. of the
field due to 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 at r =2 cm as it travels from the center of a coil to
a gap; 0.5 mm is comparable to the tolerance on the tube radius.

A number of Langmuir-type probes were spaced along the
tube in order to obtain measurements of the 1of1gitudina1. 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 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 following movable-probe types were used
during the course of the experiment:

(2a) Plane double and single probes made of 1.5-mm diam glass-
coated tungsten, ground flat at the collecting end and with a 0.1 -mm gap
between glass and metal to prevent changes of the collecting area be-
cause of sputtering,with the collecting area perpendicular to the tube
radius;

(b) Platinum cylindrical and spherical probes; collecting sur-
faces 2 mm in diameter; and '

{c) Plane probes of 0.25-mm diam anodized aluminum wire -
shaped as shown in Fig. 7. The anodizing process provides a dielectric

coating of excellent quality 0.025 mm thick.
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-The region of the tube in the vicinity of the radially movable
probes was provided with several probes mounted flush with the tube
wall. The perturbing effect of the radial probe on the plasma fields
- could thus be monitored to some: extent.

. The gaps between the coils of the magnet;, together with a
periscopic arrangement of front-surface mirrors, permitted a number
of well-collimated magnetically shielded photomultipliers-to view the
discharge tube along its entire length. Signals:were displayéd on
Tektronix-551 or -555 osciiloscopes and photographically recorded.
A rotating-mirror, streak camera yielded space-and-time-resolved
data on the light fluctuations in the tube.. The space resolution could
be extended to two dimensions through the arrangement shown in Fig.
8. The maximum-design streak speed of the entire system was

30 psec/cm, but because of the limited light intensity, 100 psec/cm
was the maximum operating speed using Polaroid 3000 film. .In'dis-
charges of low light intensities, such as®argon, a bank of photomulti-
pliers (Fig. 8) substituted effectively for the streak camera. This
device also permitted the detailed examination of short time intervals
during the growth of the instability.

. The 'electrical signals associated with the plasma were
frequency-analyzed by using a series of radio detectors covering the
frequency range from 5 kc to 250 Mc, - and 1 to 10 kMc. 32, The
cietectbrs were coupled to the plasma either through wall probes or
through capacitative pickups outside the tube. ,

When the plasma density could be made sufficiently high, an
8-mm Inicrowave interferometer was used to study the behavior of
the electron density. The arrangement in Fig. 9 permitted densities
‘as low as 5x l(v)lo/cm3 to be resolved. '

An oil diffusion pump with a refrigerated baffle system and a
trap kept at liquid nitrogen temperature gave the system a base .
_pressure of the order of 10;7 mm Hg. During an experimental run;
gases were continuously bled through the system. Other methods of .

gas handling were used, such as a charcoal trap kept at liquid nitrogen
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temperature, but with no effect on the experimental results. The
neutral gas pressure was measured by an oil-filled manometer or

an Autovac gauge calibrated with the manometer. The neutral gas
temperature could be estimated from measurements with thermocouples
inside and outside the glass tube as well as from pressure changes when
the tube was isolated and the discharge turned on. All measurements
with a varying magnetic field were takea at constant current, data

being recorded on an x-y or strip-chart recorder,

The experimental arrangement of the secondary system is
shown in Fig. 10. The purpose of this subsidiary experiment was to
perfect techniques of measuring the radial potential distribution in
the positive column and also to study the behavior of the column in a
"short tube' geometry. The radial probe arrangement (Fig. 10) was
designed to minimize end effects of the probes themselves and to
provide a geometry possessing a high degree of symmetry. Anodized
aluminum wires, 0.25 mm in diarﬁeter with a 1-mm-long bare spot
as the collecting area were used A port was provided in the dis -
charge tube for the insertion of ‘other types of probes. The diagnostic
tools described in the previous sections could be readily transferred
to this system. The vacuum was of comparable quality; however, a

mercury diffusion pump was used here.
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IV. RESULTS

A. The Loqéitudinal Electric Field and the Critical Magnetic Field

We have investigated the behavior of the longitudinal electric
fields, measured between wall probes, in tubes of 0.9, 1..27, and
2.75 c¢m radius, using discharges of hydrogen, deuterium, helium,
neon, and argon. Typical experimental measurements of the fields
as functions of the applied magnetic field at constant discharge
currents are presented in Fig. 1l and in Appendix A. In agreement
with the experiments of L.ehnert and Hoh, 13 we find that the axial
electric field decreases with increasing magnetic field up to some
critical field BC_. At BC | the slope of Ez-vs -B curve changes sign;
EZ in general 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 about 0.2 mm Hg depends slightly upon whether the magnetic
field was increased or decreased during a run.

. The shapes of the curves and the values of B. were not
affected by varying electrode materials and geometries or external
circuit parameters. Modest misalignment of the discharge tubes
with resp‘ect‘ to the axis of the magnetic field changed the shapes of
the Ev-vs-B curves abové B_ but did not change the value of B. -
Placip%_ one or both electrodes inside the magnetic field left B,
unchanged except at rather low pressures (Fig. 12). A series of
measurements taken in the ''short tube' system (Fig. 10) yielded
results consistent with the curves from the primary systém (Tube 300 cm
loﬁg), 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 column at low pressures and
the encroachment of the Faraday dark space into the region of
measurement. | . )

We have calculated the longitudinal electric field (Eq. II-5)
as a function of the magnetic field for several sets of tyi:)ical dis-

charge parameters, and plotted these curves with the experimental
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‘results, Fig. A-3, for comparison. Qualitative agreement between
theory anjcl experiment is good up to BC . At higher magnetic fields
the experimental curves deviate markedly from the theoretical
calculations; specifically, the classical theory of the positive column
does not predict any deviation from the monotonic decrease of the
axial electric field with increasing applied magnetic 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 az;muthal symmetry and becomes a constricted,
rotating luminous helix (Fig. 23,a,b). We shall defer until a later
section detailed discussion of the properties of this phenomehon;’ we
find that the apparently enhancedi.diffusion from the cohimn, char-
acterized by a longitudinal field considerably in excess of theoreticall
predictions, is the result of an instability which develops at 'BC and
transforms the uniform column into & constricted helical column.

The behavior of BC as a function of .g.as, gas pressure (reduced
to OQC), -and tube radius is presented in Figs. 13 through 21, together
with the B_ -vs-p curves cazliulated from the theories of Hoh?? and
Kadomtsev and Nedospasov. The experimental points represent
results obtained over a period of months with a variety of tubes of a
given rradius and various metﬁoaé of gas héndling. Preceding any
set of measurements the discharges were repeatedly flushed and
allowed to run for 2 to 6 hours until no significant impurity lines
were detectable spectroscopically. Appreciable admixture of an

.impui’i_ty (99%' He, _1% A; 99%A, l%’ N, ) yielded Ez—vs -B curves
from which it was impossible .to deduce a critical field.

The scatter of the experimental points is pf 6bab1y the result
of several effects: (a) in an unbaked system such as ours the
impurity level is certainly not constant over long periods of time;

(b) our calibration' techniques permitted determination of the average
magnetic field bétween probes to £ 2%; and finally, (é) in some cases

the determination of B_ was difficult because of the very gradual

transition to the anamolous state.
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AnIBM 650 was used to solve Eq. (II-17) with m = 1

“(theory of Kadomt.sev and Nedospasov) by successive approximations.
-Here we have used the experimentally determined longitudinal
electric field at the critical magnetic field as an input j;)arameter.

The electron temperature was calculated from the modified Schottky .
theory, | assuming T, = 400°K. A calculation with T, = 1000°K
is shown in.Fig. 15 to illustrate the dependence of Bc on the ion'
temperature. In calculating tbe values of Bé' as pregl%)cted by. the
-shedth-instability thec:ry-we have assumed, with Hoh T=-/Vi = 1200°
'K/volt and Jo (2";1'“) = 0.013. Atomic data from the compilation

‘by'Brovvn?’3 were used; the value for the mobility of H; wé,s_ taken
from the work by Chanin. 34

Considerable uncertainty exists as to the actual conditions in
the positive column, e.g., both atomic and moiecular ions are known
to be present. 35 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 fhé two limiting
compositions. The theory of Kadomtsev and Nedospasov, on the
other hand, is relatively insensitive to changes in the ion mobility.
Here the assumption that only molecular ions are present at a given
pressure decreases the calculated critical magnetic field slightly
from the va}ue_obtained by using atomic ion mobilities (Figs. 18
. through 21). - However, the electron temperature T _ enters these
calculations in an important way; for a given pressure BC varies
roughly as . T . 3 The effect of the moving striations on . T  is not
knox}vn;fwe find, howeye.r‘,’ that the experimental Bc-vs—p' curve-
passes smoothly from the striated to the unstriated regime. Values
of the electron temperature, as determined from Langmuir probe’
measurements, Fig. 22, - were also in reasonable agreement with
‘theoretical-kalculations, at least up to 'BC . Above B. the ex-
perimental results are of doubtful value. The electron temperature
increases with increasing particle losses. - In addition, the marked

oscillations of the current channel resuit in oscillations of the
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potential of the plasma about some average value at the probe. Because
of the nonlinearity of the probe.characteristics, the“potermial oscillations
create an average probe characteristic which indicates an apparently
higher electron temperature. |

The value of B incréases slowly with increasing discharge
current(F&gs 12,13,19) The effect is more pronounced atrelaﬁvely
hight pressures (Fig. léf .Atlﬁgh.eurrentdensiﬁes and at pressures
above a few millimeters, an appreciable fraction of the ionizatiens may
occur from excited atomic levels, especially if long-lived metastable
states are present, 27 with a consequent decrease of the longitudinal
electric field. . This in turn,. accorfding to the K and N theery, will
result in a higher | B . -As shown in Fig. 16, there is qualitative
agreement between thlS theory and experiment.

- At high values of the pressure- -radius product pR, the positive‘
column constricts into a filament of current; Fowler35 finds that
appreciable constriction is present in helium discharges with
pR =10 cn/mm Hg. The causes of pressure constriction are not well
understood; 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. 36  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 Kadomtsev and

‘Nedospasov. . The decrease ofthe-experhnentalhelhnn ;Bc—vs—p curves
starting at pR = 4 .may thus be connected with the beginning of pressure
-constriction:in the colurhn; a similar argument may also applyvto other

gases.
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B-, The: Radial Potential Distribution

Earlier attempts to measure the rad1a1 potent1a1 distribution of
the positive column in a 1ong1tud1na1 magnetlc field have shown that, in
agreement with theory, the radial field is lowered by the magnetic field.
A measurement of the radial field describes the type of diffusion oper -
ating in the column (ambipolar, "S1mon") and in addition is relat1ve1y
sensitive indicator of the presence of collectlye phenomena, such as
microinstabilities. | |

It has proven surprisingly difficult to develop a reliable and
believable scheme for radial potential measurém'zenj;s. ..Our early
attempts employed probes penetrating radially into the plasma.
Measurements at zero magnetic field yielded results éénsistent with
expectations. - At fields larger than a few hundred gauss asymmetries
developed in the U(z)-vs-r c~drves, .quite similar to those reported by
" Bickerton and von Engel (Ref. 11). ' We believe that, in the presence
of a .lbngitudinal ‘B field, probes penetrating radially into the plasma
perturb the fields markedly. . To overcome this problem, we bhave
devised the systems shown in Figs. 7 and 10. A series of lcurves
taken with these configurations is presented in Appendix B.

The results are in all cases. relatively symmetric. Curves of
Figs. B-1 through B-4 show a general tilt, probably the effect of the
radial stemn of the dogleg probe. The small humps presentat d = 55
are most likely caused by interactions of the sheaths. Near d = 0 the
hole through which the probe is inserted exerts a more pronounced
perturbation.  These minor perturbations are eliminated if the probe
system of Fig. 10 is employed. Unfortunately, problems of sag and
insulation precluded the use of this type of probe in the 300-cm tube.

Several general conclusions can be drawn from the above-
mentloned figures:

(a) In all cases considered we are deahng with. d1fqu1on of the
ambipolar type. - "Simon'' diffusion would leave the potential distribution
unaffected by the magnetic field. - We have not found deviation frém

ambipolar diffusion even in cases where the Simon criterion (Eq. III-1)
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is clearly not satisfied. This suggests that in.a glow discharge,
measurements are more 1ike1y to be confused by too short a positive
column ét low pressures than by non-ambipolar diffusion.

(b) Above the héx.'itical magnetic field BC the curves represent
a time average of some peculiar potential distribution. In somecases
this average is symvmetr‘ic about the .center of the tube — we find this
to be connected with a rather regular helical mode. The distorted
pbtent_ial curves may be connected withfthe pe;c.urliar electrode arrange-
ment in the short-tube system (Fig. 10).

(c) There is no detectablé rr;inimum in the U(r)-vs-r curves
-at fields below the critical field, henc;e no de‘tectable ."enhanced

interaction' as considered by’Ecke}.

C: ‘vPropert‘ies of the 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. 23 (a) were observed only for special.

_ combinations of gas,. pressure, and tube radius. ‘'In general the .

- appearance was more chaotic, often:moving stfia.tio,ns were .super -
imposed. on the spirals (Fig. 23 b). The transition to the helical
state is quite abrupt, and.esé&:ially 80 if there are no moving

. striations present. The presence of moving striations (Fig.: 39 b),
thus complicates analysis of the behavior of the column. We have

‘therefore attempted, unsuccessfilly, to remove the moving striations

from the column by adjusting external circuit parameters-and by

- operating an auxiliary discharge.at the anode. The latter scheme
was meant to prévide a source of ions; the oscilla.fions of the anode
fall are believed by Pupp to be the source of one species of moving -
striations. 37 At some discharge conditions, however, we found
that the longitudinal magnetic field was able to suppress the striations:

‘a column si;ria._ted.at . B =0 can become uniform as the field is raised,

-and then at BC "makes the transition to the helical mode.-
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'ZN-2714

Fig. 23. 90 deg.stereo streak photographs of helical con-
striction in He. Traces show variation of light intensity

with time and radius as seen through a slit perpendicular
to axis of discharge tube: (a) R =2.75 cm, p = 0.23 mm
Hg, B = 710 gauss, and (b) R =0.9cm, p =0.5 mm Hg,

= 1990 gauss. Note that these are not photographs of
hehces the helicity has been established by wavelength
measurements with photomultipliers.



. The helical nature of the constriction.has been determined by
studies with a series of photomultipliers placed along the discharge
tube.  Wave lengths. of the luminous current channel could thus be
found by studying the phase differences of the photomultiplier signals.
The pitches of the spi“ralé were .such that Tx% was directed toward.the
tube walls. In Fig.s. 24 through 28we show experimental measurerﬁents
of this wave length as a function of the heutral preésure.

. The perturbation analysis by -Kadomtsev-and Nedospasov
.pred1cts the growth rate of the 1nstab111ty to be a strong function of
the wave length of the instability (Eq. 1I-15, Fig. 4) Bearing in mind
that the above theoretical analysis is based on a small-amphtude theory
while our 'experirhental measuremeénts were carried out on the fully
developed helix, the new, azimuthally nonsymmetric, steady state,
we have computed curves similar to Fig. 4 for the dlscharge parameters
of the experlmental points in Figs. 24 through 2.8 If we assume that
the maxima in the Im(w)-vs-k curves represent that wave length. wh1ch
o will grow ,fastest and dominate as the behavior of the column becomes
nonl_ine'ar,' We. can arrive at the theoretical values for the instability
wave 1e'rigth. - We present these theoretical values (m = 1), together
with expéijimental results, in-Figs. 24 through 28.. Higher values of
m shift the maximum of the lm(w)-v's. kccurves toward shorter wave
1engthé.' ‘The: agreement between theory and.exper¥iment is excellent
in.the -éé.s'e of helium and satisfactory in the cases of hydrogen,
~ deutgriﬁfn, ~and neon. However, .even for the latter ,:the form of the
theoretical curves is. consistent with experimental results. Measure-
ments in helium could usually be made :at magnetic fields not more
than 40 gauss above_ BC .. For 'HZ ,~'D2- , and - Ne it was necessary tq
raise the magnetic field up to 10 to 20% above 'B_ 'in order to find a
spiral reasonably free from striation; this may also account for the
reversal of experimental and theoretical dependénces on ion mass. in .
Fig. 24. During-é. given measurement the .column was monitored with

the streak camera and the photomultipler bank, Fig. 8.
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- The effect of changes in the. length of the magnetic field on
the wave length is presented in Fig. 29 for several values of the
neutral pressure and the discharge current. We have studied the

R = 2.75 cm tube, as here the L/R ratio is most unfavorable. As

‘Fig. 2§ indicates, \ approaches an asymptotic value as the length of -

the magnetic field is increased. The '"'long'tube'' approximation
becomes increasingly valid with increasing neutral pressures at
L/R = 72.

We have attempted to determine the wave length N\ at the
earliest possible moment in its development. The small capacitor
bank éupplying a sinusoidally rising magnetic field was so charged
that B___ =B_;i, e.,.the magnetic field changed by only a small
amount during the time of measurement, A'typical set of photo-
multiplier traces is presented in Fig. 30, together with the schematic
positions of the various photomultipliers. The general decrease iﬁ the
light intensity, because of the falling electron temperature with in-
creasing magnetic f‘ield'l,' is followed at Bc by the development of
oscillations in the light output. The disturbance does not develop
simultaneously at all points along the column. - The instability is
seen to arise.initially in the vicinity of. z= 56 cm, i.e., away from
the ends of the rhagnet coily and to propagate. in both directions. g
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.

The theory of Kadomtsev and Nedospasov prediéts that the-i'rvistability
should arise everwhere along the column at the same time; our ex-

perimental results, on the other;hand, indicate the spiral grows from
a localized disturbance. The phase relationships between photomul- .

tiplier traces remain constant as time increases and can be fitted with

: a‘-\}vave-length of about 90 cm. This compares well with ‘A = 100 cm

obtained from the fully developed. steady-state spiral.
_ An estimate of the growth rate, Im(w) , can also be obtained
from the above measurements, although an accurate measurement.is

difficult. We find Im(w)= 105 sec_l, in rough agreement with



' -57-

280 |— I ! [ !

—~ 240 }— 1
£ ,
2200 % ]
; 120 t— § ) 7
i ok
80 /} 2 - 3 {( 3 —
40 |— _
| | | l
0 05 1.0 15 20

Physical length of magnet (m)

MU -22954

Fig. 29. Spiral wave length \ vs length of magnet coil: R = 2.75
c¢m, He gas: A p =0.11 mm Hg, 400 ma; o p = .17mm Hg,

400 ma; m p = 0.27 mm Hg, 200 ma; @ p =0.27 mm Hg,
400 ma.



~-58-

pes
Z=40Cm —>  feemziiord /,“"J
2=56cm —» .. ((’
ot
z=22cm—» A
z2=78 cm—* A ]
'

=z——
Z.—__
z_.—
z.—.—
z_—
z

N n 1 ] _& 55
S b FHS
3 O OO0
g 3 3 3
Photomultipliers
(b)
MU -22955

Photomultiplier traces showing development of light
Position of photomultipliers are indicated in
lower portion of figure. At 0.2 mm Hg He discharge, 400
ma: R =2.75 cm, BB, = 650 gauss. Sweep speed is 100
psec per large division . Time increases from left to

right.

Fig. 30.
oscillations.



-59-

calculations. This instability thus develops rather slowly compared
with the type observed in pinch discharges. 38

The dispersion relation derived by Kadomtsev and Nedospasov
in considering the stability of the column can also be solved for W,
the real frequency of oscillation of the luminous current channel.
Under the condition that B = BC , the expression for W, takes the

simple form

, |
3wy D_B) 2 kQ_7_ 3.83

wom — 1 x|, x= ——2, B =
@ 7 ) By R

(Iv-1)

The growth of the instability is driven by _j>x B forces that
twist a kink in the current channel into a helix in close contact with
the tube walls. From Eq.s {IV-1) and (II-17) we can arrive at an

approximate expression for the phase velocity of the perturbation:

w 1.15 mv '
v _kf ‘_._ 2F+|/F +12KG
p {2F+‘/F2+1ZKG} R

(1V-2)

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

conditions, usually less than a 30% correction. Typically

(2F+ \VF®+12KG } >3, thus v < v _ .
. ph -z

The luminous helical structure, traveling in the direction of.
the electron drift, will appear to an observer at some cross section
along the tube as a rotating column. This picture has been verified
by experimental measurements of the pitch and direction of rotation
of the spiral; we present a sketch of the situation inFig. 31. In
the steady state with B >‘BC the 1uminous‘column revolves about

the tube axis, this rotation being clockwise when the column is
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MU=-22956

Fig. 31. Pitch and direction of rotation of helix as a function
of the direction of the magnetic field.
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viewed in the direction of the magnetic field. In Fig. 32 we present
the instantaneous density profile across the.column tak’en with a
radially movable Langmuir probe.

The measurements of the frequency of rotation of the luminous
current channel are presented in Figs. 33 through 38. The photo-
multiplier bank, together with the rotating mirror, permitted identi-
fication of the spiral mode; under certain conditions the time-resolved
light-wave form of axially moving stirations is similar to the near-
sinusoidal wave form of the azimuthally moving column. Each ex-
perimental point in the above figures represents an average of 6 to 12
photomultiplier traces, each trace 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 results. in Figs. 33 through 38. The observed
general decrease of w with increasing pressure is confirmed
theoretically, with good quantitative agreement between experiment
and theory for helium.

Measurement of the-time development of the wave length 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 c¢m, we obtain the followinbg values for fhe

frequency (rad/sec) at t ®0 and t = « :

p (mm Hg) ' tzO(B=BC) t‘—'oo(BzBC)
0.2 5.9 x 10% 50 x 10%
0.37 4.3 x 104 3.8 x 104

As the magnetic field was increased somewhat above B> the
luminous spiral degenerated into irregular fluctuations of light, Fig. .
39 (a). In some cases, this transition was preceded by the appearance

of fre'quencies which modulated w_ and abrupt changesin W sometimes,

\
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{

Fig. 32. Ion current distribution (pa) across tube as collected
by negative probe; R = 2,75 cm, He gas; p = 0.23 mm Hg,
I =300 ma, B=767gauss.
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—-—D, theory. ‘
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Fig. 35. w. vs pressure; R = 0.9 cm, He gas, I =400 ma.
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Fig. 36. cdr vs pressure: R = 1,27 ¢cm, He gas, I = 400 ma.
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-67-

Frequency, Wr, (rad/sec x 104)

) 1 1
0] 5 | 1.5

Pressure ( mm Hg )

MU -22962

Fig. 37. w, vs pressure (R = 2.75 cm); A 400 ma He and
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Fig. 38. w. vs pressure: R = 1.27 cm, I = 200 ma, Ne gas.
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ZN-2713

Fig. 39. 90 deg,stero streak photographs. Traces show
variation of light intensity with time and radius in-
helium discharges: (a) R = 2.75 cm,. p = 0.23 mm Hg,
B =979 gauss; and (b) R =0.9 cm, p = 0.2 mm Hg,

B = 994 gauss < Bc (moving striations).

I n
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as in the case of helium, the color of the spiral as seen with the
rotating mirror,ﬁnderwent a change, indicating changes in the
elect'ron'tempelrature. We have found that the various transitions
just described are intimptely connected with the undulations of the
.-Ez-vs—B curves at B > ‘_BC . .

- The above discussion suggests that modes higher than m =1
‘may be present in the plasma under these circumstances. -Indeed,
if we calculate B_-vs-p curves frorb‘the.'theory of Kadomtsev and

'Nedospasov and let. m = 2 (Figs. 13 and 17), we find that the higher
mode can appear at fields only slightly higher than B_ . - At low.
pressures we. may even have B {m =2)< B, (rh = 1). Experimentally,
however, we have been unable to distinguish or identify a symmetric

m = Z,mocié 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, Fig. 40. .
The time’—avérage density distribution is noticeably flattened; visually
we observed that the luminous boiumn now appears to fill the tube
more >ciomp1‘ete1y than at B = 0. '

-The microwave interferometer (Fig. 9) permitted time-
resolved measurements of the electron density to be rbade. We have
studied the rate of loss of electrons from the column as a function
of the pressure and the magnetic field. A 5-amp rectangular pulse of
current yielded densities of appréxirr}ately 4x lOlz/cm3 for times of
the order of 10.msec.  The termination of the current flow left a
plasma in the tube whose density then decreased with time. The
.e-folding times for the roughly exponentiélly decaying density are

. shown as functions of pressure and magnetic field in Fig  41. The
rather consistent results at low magnetic fields are followed by widely
scattered points at B >1 kilogauss, corresponding approximately to
the transition to the spiral btate. Analysis of these results is
probably impossible — the behavior of afterglows is extremely com-

39

plex and influenced by.a variety of processes. " The nonsymmetric
distribution of the plasma at fields greater than .Bc ‘would only serve

to complicate the problem.
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Fig. 40. Ion density vs radius and magnetic field; p = 0.22
mm Hg, I = 200 ma, He gas.



0.5

-72-

| 1

o o
A T|x
4 ElE —

EE
MM
o|=
| WM

6.0

[Pl
Ol O

"1

|

2 . 3 4
B ( kilogauss )
MU-22964

Fig. 41. Decay time of electron density vs pressure and
magnetic field I=5amp, He gas: A 0.3 mm Hg
and © 1.3 mm Hg. Curves indicate roughly the trend
of experimental points; —-— 0.3 mm Hg and 1.3
mm Hg.




_73.

We have analyzed the electromagnetic noise generated by the
plasma in the frequency ranges 5 kc to 250 Mc and 1 to 10 kMc.
addition to frequencies associéted with mowing striati‘ons, we find
frequenc1es that correspond to the frequency of the luminous 5p1ra1
-A broad band of electromagnetic noise from 10 ke to about 2'Mc appears
at fields slightly above - .Bc' and is- assoc1gted with the tvrba.ns1t1o_n from
the rather regular spiral mode to a chaotic state of the column,
characterized by i.r-regular fluctuations of iight . 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 anomalous state of the positive colufnn,
characterized by a longitudinal electric field that rises with increasing
magnetic field, is the result of an instability which appears at B_ .
The critical magnetic field, Bc , describing the onset of the instability,
varies approximately inversely as the tube radius and directly as the
: squafe root of the ion mass. The relatively slow-developing instability
results eventually in a steady state in which the plasma density dis-
tribution has lost its azimuthal symmetry and formed a long -wave -
length rotating spiral. - Because of the absence of a net radial current,
we believe rotation of the plasma density, as well as of the luminous
‘structure, to be associated with the passing-of a potential wave rather
than an actual mass motion. The close contact between the luminous
current channel and the walls of the tube increases the losses of
charged particles and results in an.electric field cohsiderably 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 also by a broad band of electromagnetic noise.

We have calculated the onset of the instability from the theories
- of Kadomtsev and NedOSpasov21 and Hoh. %% The shapes of the ex-

- perimental curves are perhaps more like the calculations from the K-
and N:theory;'thé rapid decrease of Bc at high pressures by Hoh is
not confirmed by the experimental results in neon and argon. In-
vestigations of B.c at high pressures in helium have shown that -Bc'
is here no longer independent of the discharge current.. This suggests
that both theories may need to-be modified to include stepwise ionization
and pressure constriction. ) j

. The wave length of the instability as well as its. frequency of
oscillation is predicted by the theory of K and N.  The experimental
‘frequencies and wave lengths were obtained from the fully developed
s-tea.‘cly—s’tatevhe lix. . It is not obvious: that they should be the .same as
the quantities. calculated from .a small-amplitude théory.  Nevertheless

we find qualitative, and sometimes quantitative, agreement between
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theory and experiment: the wave '1engths'"decrgase with increasing
pressure and decreasing radius; the frequencies increase with decreasing
.radius and decreasing pressure.. The inverse relationship between
-frequency and pressure suggests a connection with the instabilities
reported in PIG-type discharges. , . , ,

- We have not:been able to unequivocally distinguish between the
theory of Hoh and the rather different approach of Kadomtsev and

' Nedospasov. Uncertainties about the ion species present in the d1scharge
- permit a latitude in the value of the ion tmobility; with'a proper choice.
either theory fits the experimental results reasonably Qvell,- Measure -
ments of BC “at high pressures, where the predictions of.these theories
‘diverge markedly, are complicated by pressure constriction.. = The
theory of Hoh, in contrast to the K and N theory, does not require a
current for the development of the i’nstability_. - A current-free plasma
might thus in principle permit a distinction to be made between~ these
theories. We are not certain that a meaningful -experiment could be
performed in the .afterglow of a glow discharge.. The particle-loss
mechanisms are not yet understood in the B = 0 case. 39 :

Our search for possible enhanced diffusion preceding the large-
scale instability just described has yielded negative results. Measure-
ments of the radial potential distributions for a number of conditions can
be explained by the classical theory of the column; we have not found
minima.in the curves 'wh:ich_,woul_d, according to the Ecker theory,
suggest the presence of enhanced diffusion. - No electromagnetic

radiation at the plasma or cyclotron frequencies has been found.
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Appendix A. Curves of Measurements of the Longitudinal

Electric Field
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Fig. A-6. Ez vs B curves: Ne gas, R = 0.9 cm, I =200 ma.
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Fig. A-8. Ez vs B curves: A gas, R=0.9cm, I =200 ma.
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Appendix B. Curves of the Measurements

of the Radial Potential Distribution
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Fig. B-3. U(r) vs d curves; He gas, 0.6 mm Hg, I = 200 ma.
Probe and tube geometry is identical with Fig. B-1.
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