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TURBULENCE IN THE POSITIVE COLUMN OF A GLOW DISCHARGE
Martin W. Halseth .
Lawrence Radiation Laboratory
‘University of California

Berkeley, California

. January 1969

ABSTRACT

The helical instaﬁility, whichvfirst appears in the positive
column of a glow disgharge at a critical magnetic field, Bc,:is;found
to be‘replaced by random oscillations when the magnetic field is -
greater than lS_times fhe.critical field. Measurement of the cérrela—
tion of the ion dehsity at two points along a tube_diamefer‘shows that
the oséillations are out of phase with each other.byfmore’thanﬂ90 deg
wﬁen the points:are on‘opposite sides Qf the tube and the field is
less that 15‘times_BC; indicating that_a'helical oscillation is"present.
When B/Bc‘is greater than 15,‘thevcorrelation‘decays exponentially
with radial separation of the two points and remains positive, or
nearly 80, as in a turbulent plasma. The radial e#ponential decay
length, which cofresponds tq the turbuient mixiﬁg length, and the
radial density‘profilebshow good égreemeﬁt with célculations made from
a theory for turbulence in'fhe positive column, proposed by Kadomtsev. .

Measurements were made in He for various pressures up to 400
mTorr and ﬁagnetic fields up to lQHkilogauss: Mixing lengths wére
measured and found to bevaboﬁt 30% of the radius in the tﬁrbuient
plasma at the highest magnetic fields. Frequency spectra were con-

tinuous, in agreement with the requirements for a strongly turbulent
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- plasma, and the electric field ive.s essentially independent of maénetic
field; in agreemeut w_ith‘ the theory of -‘Ka'.domtsev for a strongly fure ’
 bulent 'pla:s@. Turbulent radial perticle transport fluxes are ihde-

_1.>?endent.‘i0fv £1ie “value of the-mgnetic field, and, because of‘ the éldse : -

- agreement between measured and calculated radial mixing lengths and
radial density profiles, agree ‘well with empirical values of partlcle
production ra.tes. At lower m,gnetic fi_elds R t_he properties of the _
,plasma agree with those calculated from t.he semi-emjpirica.l theorj of
' _Sheffield based on the theory of Holter and Johnson for a large- |
a.mplitude helix in a positive column _ _

.' In the positive column for magnetic £ields below 15 B, highe.r'
modes of the helical instability were temporarily produced by use, of
- .a time-dependent electric field The frequency and elec_tri_c field
:'a.ssociated with these waves were ineasured. By. use of the theory of
HOlter and Johnson and the measured electric fields, ca.lculations of"
" the: frequencies for the higher modes were made which compared favor-

" ably with the experimental values.
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I. INTRODUCTION

'In recenﬁ years the study of particle-loé;es in the positive
column of a glow discharée has been éxpanded tQ include anomalously
large diffusion rates in high mégneticzfieldsﬂ  Becéuselof‘their.
similarity in naturevto losses in possible-thermonuclegr plasmas,
such pérticle-transport procésses haﬁe méjor signifiéanf in‘the field_
of plasma research. The work described hérein is interded to examine
the change in the nature éf-the positive column which produces these
high transport rates as the'magnetic field is raised to a high value«

In_thé ébsénce of a magnetic field, diffusion in the steady—'

.state positive column is ambipolar.l The number of charged particles

produced'in the plasma depends on the value of phe electric field. -
A pafticle balance relating,productionvahd loss shows that any in-
crease in diffusion wili automatically raise the electric field;j
provided that the éurrent.is held constant. ‘The axial electric field
dependence on distance,froﬁ the cathode2 is shown in Fig. 1. .The
region of steadiiy increasing pbtentiél-is the ﬁositive column. It
is possible, using a hot cathode filament, to considerably shorten
the distance between the céthode and the positive column, thus yield-
ing a longer positive colﬁmn region for a given tube length.

.At presgures above 300 mTorr in a positivé column, with helium
as the gas, striations begin to appear; These large, axially inco-
herent perturbations in the density of the plasma are associated with
the sfepwise ionization3 resuiting:frbm thevpresence’of me_tas’cablesLL
in the discharge. In the presence of a magnefic field, these stria-

tions are weaker but do not always disappear Shaping of‘the_eléctric
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field at the cathode and anode has successfully prevented the appear-
ance of these perturbations, hoﬁever, when no magnetic field was
applied, as descriﬁed_in Ref. 5.

In evtypical helium positive coiumn, densities of electrons and
ions are 109 te lOll particles per cmB. " The system is essentially
neutral. The eledtrons are at a temperature of a few volts and the
jons are near room temperature. The Debye length and electron-neutral
collision length are on the order of a millimeier for the pressures‘
used. Above a few kilogaues both the ion and electron orbits are
‘less than a millimeter in diameter.

The positive column femains stable in the presence of a smali-
magnetic field.6 The,magnetic field reduces the particle losses to
the wall, eausing the electric field to decrease in the positive
column.‘ Above a critical magnetic field, denoted by Bé, however,
Lehnert and Hoh7’observed an increase 1in the.electric field,_indicat-v
ing enhanced particle less to the_walle. |

Tt vas demonstrated by Allen et 21.8 ana Paulikas and Pyle”
that this anomalous riee in the electric field‘was accompanied by a
density perfurbation of a helical nafure. Using a streak eamera,
they were able to take photographs of the helix as it traveled along
the tube. The preseneevof this helix and the increase in the electric
field vere obserﬁed with several gases with different piessuresfandﬂ~a~
tube radii.v

- A current-convective insteﬁility of a helical nature at fhe ob~

served_critical field was predicted theoretically by Kadomtsev and
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Nedbspasov,lo using a pefturbation analysis of the positive column.
The result of thé instability'is a large convective loss of particles,‘
which requires an increase in the axial electric field to maintain
the same current. The perturbation grows rapidly until a balance is_
achieved between the particles lost through diffusion and convectionf
and thé rarticles produced by ionizing events. Hohll shows that the
number of particles fed into the helical instability by the perturba-
tion azimuthal electric field is balanced‘by the flux of particles»
diffusing away when the helix has ceased to grow. Although this
particular instability requires an axial.current, an aziﬁuthal drif£
instability triggered by a magnetic fieldvin a long discharge tube
with no applied axial cufrent has been observed experimentally.12
» Also, though predicted in the linear theory, higher modes than the'_
fundamental are seldom observed in the positive column unless the
electric and magnetic fields are misaligned._l3
The systematig oscillations observed ih‘the positive column néar
the critical.fiéld are replacedbby a broad spectrum of flﬁdtuations
"at very high magnetic fields.l' At magnetic fields below about 8 B,

Sheffieldl”

observés.a single broadened spectral line. In the region
above Bc Holter and Johnsonl6 predict a single fﬁndamental helical
'density perturbation altered by its interéction with the.poténtial
perturbation. ‘The resuiting quais-linear eqﬁations-were used to
predict the helical frequency and wave lengfh, and thevradiél.plaSma

density profile and axial electric field for magnetic fields less

than 5 Bc. Experiments such as those by Sheffield indicate that '



above this region of magnetic field‘the positive column may be turbu-

lent. However, he did not get far enough into this region to ke sure.

17

In this work we use the Kadomtsev ' definition of tufbulence,

‘and his use of the concepts of weak and strong turbulenée, so it would

be appropriate to quote here his definitions for the two classeé of

turbuleﬁce and for quasi-lihear turbulenqe, a particularly weak form
of turbulence. "At present we understand by turbulence the motion of
a plasma in which a large number of coliective degrees of freedom are

excited. .-+ The motion of the plasma in the weakly turbulent state,

"constituting a system of wéakly correlated waves, shows greater simi-

larity to the'motion of the wavy surface of the sea or fhe crystal

lattice than to the turbulent motion of an ordinary fluid. --- For

the case of very small amplitude, when the interaction between the

oscillations cah]be'neglected,-one can use the so-called quasi~linear

_approximation in which only the reaction of the oscillations on the

averagerveibcity distribution fuanion of the particles is considered.
In this p@ber, wheﬁ referénée ié made to the tﬁfﬁﬁlent state; strong
turbulence will be the condition impliéd unless otherwise statéd.

Similér ranges of linear and nonlinear plasma_instabiliﬁieS'iﬁ.
arcs have. been observed by.Bohm,'Burhop, Massey, and Wiiliams.l8

9

Granatstein, Buchsbaum, and Bugnolol ‘have studied fluctuations in
a plasma which are caﬁsed by the turbulent .flow of the weakly ionized
host‘gas. In general, h@wever, experiments in turbulent systems are

rare. Moreover, often the data are ambiguous and provide little proof

that the system was turbulent, because only such macroscopic guantities



as the pafticie 1oss’rate were measured. The one-over-B law proposed

by Bohm et al. for anomaious diffusion in their early experimental'

Study of arcs has not fittedvsucceeding experiments. v
Theoreticél énalysis of furbulent systems, particularly weak.

turbulence in which the various'oscillétion modes are only loosely

coupled, has yielded more information about tﬁrbﬁlgnce than experi-

mental studies. Much of the information is taken from analogy with

work in fluid hydrodynamics.. TheAtype of nonlinear equation studied

by Kolmogorov,20 Batchelor,el and Kraichnan22 is quite similar to the

‘equations of plasma dynaﬁics..
Plasmas often afe disturbed by.two completely different insta-

bilities which.individually poésess disérete spectra that are orders

of magnitude apart in frequencj and which cannot be predicted by

hydrodynamic considerations. Interactions of these perturbations can

result in a contihuous spectrum of oScillétions. .Many examples of

25

such wave-wave interactions are stﬁdied ty Kadomtsev and Sagdeev
and Galeev.ELL It is also pbssible in plasmas to‘have a wave-number
sPectrum.aominated by small wave numbers, unli%e the Koimogorov
_spectrum“of turbulent-hydrodynamics.v
| Theoretical work on the hbnlinear regiontof the positivexéolﬁmn

>

has been of two types. Works by th2 and. Holter and,Johnsonl6 have.
covered the.quasi-linear-region. In this region, the perturbations
in the potential and density can stiil be written as'single harmonic

quantities, but their product terms cannot be ignored in the calcu-

lations; Hoh has also analyzed the turbulent region in Ref. 25 by



:extending the quasi-linear analysis to the very-high-field region.

Kadomtsev26 has used an analogy with hydrodynamics to derive a
radial density distribution and decay lengfh in a-fully turbulent
positive column. No single helix is assﬁmed to dominate the diScharge,
as ih»quasi-linear theory.

In this report the nature of fhe positive column in the presence
vof a large axial magnetic field is explored experimentally. The axial
electric field, frsquency spectrum, and radial density profile are
observed as a function of magnetic field, to determine at what values
of field and pressure the quasi-linear theory breaks down and the
positive column must‘be considered in a turbulent state.\

The radial density*correlation is of particulér importancé when
defermining the state of fluctu&tionS»in the positive coiumn, and'has_
been relied upon extensivelyvhere to determine the presence of tur-
bulence. This qusntity represents the degree of correlation of the
density fluctuations measured at two boints along a éolumh diametér.

. With the two points on the opposite sides of the center of the column,
if fhe correlation is large and negative, répresenting avdifference :
in signal phases greater than 90 deg, then the system is not strongly
turbulent and the quasi-iineaf theory is still applicablé. | When this
correlation is positive, and.one can show that no higher helical mode
| than fhe first is a dominant oseillation in the plasma; ﬁhe system is
turbulent and the correlation dsta can be compared with the predic-
tions of Kadomtsev abouﬁ turbulence. |

vData are also presented describing the manner in which the plasma

-goes from the steady state to the unstable, quasi-linear state when
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the magnetic field is above the critical field. The steady state is

artificially prodﬁced with the aid of an alternating axial current.

T

Changes in the electric field, the oséiliation frequency, and the
relative phase of the oscillations at several points in the plasma
during the transitioﬁ from a>Steady~state to a direct-current dis-
charge are used to demonstrate the brief:preéence.of the higher modes
which quasilinear theory and meaéurements in a direct current dis-
charge show do not ékist in the. final state.

" A. TList of Symbols

a . Tube -radius

B Magnetic field

B, - Critical magnetic field

D, Diffusion coefficients of electrons or iopé
Da | Aﬁbipolar diffusion coefficieht
e : Charge df an-electron

E,, E Axial electric field

Iy Jl‘ Bessel function of zeroth (first) order

k _ Wave:ﬁumbef‘

y; Radial miging length .
oo Axisl mixing length

m Azimuthal mode number

Am:F Eleétrdn or ion masses

N, n Particie_densities of electrons or ions
n','ﬁ - Fiuctuating component of the density

P Pressure



q Particle flux

Ryq Correlation coefficient

T+ ‘ Electron bf ion temperature

u, Ton thermél Velocity

v' - Fluctuating component of the velocity

Ve : Eiectron or ion drift yeiocities '

v Electric potential

A Tonization potential

Yo . Turbulent radial dénsity profile as predicted by theory

z. Tonization rate per second per electron |

Bo First zero of the JO:Béssel function

.7 : Growth rate

K . Boltzmann conétant

Kv wavelengﬁh |

K¥ Mean frée péth:bf electroné‘or ions

“‘-F Eleétron or ion mobilities

Tr © Mean timérbetween collisions of'elecfrons or ions with
neutral particles |

¢ _ Calculated‘quantity representative of the coﬁvectiﬁe'
rarticle losses

w ‘ Angular ffequency"

Electron or ion cyclotron frequencies

A
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II. THEORY

A. Classical Theory

The Physical characteristics of the stable, classical positive ?
column in the absence of a magnetic[field are determined by the
pér£icle and energy balances which occur ih the system. Since the
percentage of ionized pafticles ié low in this quasi-neutral plasma,
only single-charged-particle collisions with neutr#ls are important
in.the temperature range under consideration. The major particle-
loss mechanism in & stable column;,ignoring striations, is diffusion
.along and across the tubé;- If the cylinder is sufficiently long,
radial ambipolar diffusion is dominant. The particle-balance equation
is

Far) + £ ax) - o, - (1)

where Z is the number of ion pairs produced per second per electron
and the ambipolar diffusion coefficient is
D+H+'f D_u+ D+T

D = ~ R (TI-2)

u+T_ T_

:

for a noble gas. Since n(0) is bounded, the solution to (II-1) is
n(r) = n(0)J,(or/a), - (1I-3)

vith a = a(Z/Da)l./2 and J, the zero-order Ressel function of the
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first kind. When the ratio of the ion density at the wall to that on
the axis is small (Schottky theory),27_so that n(a) may e set equal

to zero, . then
a=B, = 2.405 (11-ka)

for an average ion mean free path A+ <<a. If x+ ~ a, then the modi-
fied Schottky théory applies,

= o | (1T-4v)
au, onl(a)

in order td satisfy the new boundary condition that the ion flux at
the'wall is n(a)u+/h.

An expression relating the ionization rate per second per elec-

tron, the préssure in Torr, and the electron temperature can be found

either empirically or theoretically. Considering the electron distri-

bution to be Maxwéllian, von Enge128 found that

600ApV, 2kT [ 2KT,

- H

Z = 1+
7E L K

exp(-eVi/ka) (11-5)

T ev.

i

(A is a constant representative of the gas).

Either Eq. (II-4a) or (II-4b), when coupled with (II-2) and

(II-5), yields a relationship between the electron temberature and

the product of the tube_radius and'presSure, with the addiﬁional

requirement that T  be known when (II-41) is used.
From an energy balance'equating the average energy gain of an

)
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electron in the field EZ between two collisions to the‘average”electron
energy loss dﬁring a collision; the equation relating Ez/p to the

electron temperature. may be obtained:

. (g&)l/u. ' .

[X(T_)Tl/zKT_/ex_,_ - (11-6)

Z2

where X(T_) is the mean fraction of its random energy that is lost by :
an electron in a éoliision and k_'is the electron meéh free path.
Since the electron temperature is a function of ap, the quantity EZ/p
is also a function of ap; the experimental curve is plotted in Fig. 2.

When there is an applied magnetic fiéld léss than the critical
value for ﬁhe onset of the helical instability, then the diffusion is
still ambipolar, wit’h‘Da replaced by

: - _

Dé =‘Da/(l +),

where y = Q_u+B2. If x+'<< a then Ez/p is noﬁ a function of ap',
~where p' = pAa/l + y and o = ap'f(E/p)- Figure 2, with ap' replacing
vap, can be used tq.find the electric field-‘ If the modified Schottky
thebfy_applies; however, the Eqs. (II-4b); (II-5), and (II-6) must be
used, since Eq. (II-4b) involves functions dflE/p; ap', and p'g/p.

B. Instability Theory

Althdugh sevefal solutiohs-gsuch as Hoh's analysis in Réf{ 29,
for example--were ofiginally proposed'to explain the observed anoma-
lous rise in electric field when the magnetic field was abo?e a
‘critiéal vélue, the Kadomtsev and Nedospasov approach has been gener- .

ally accepted in preference to the other theories, which failed to
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Fig. 2. E/p as a function of ap, He gas. 0, Sheffield, Ref. 15;

o, present experiment; 0, Bickerton and von Engel, Ref. oK
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' A, Paulikas and Pyle, Ref. 9; and {0, Lehnert and Hoh, Ref. T.
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16,30 attempted to

fit the experiﬁental results. . Subsequent works
improve the mathematical basis for the fhéory. A resumé of the theory -
of Kadomtsev and Nedospasov and the improvements by Hoiter and Johnson - o
is given below. |

The equations descfibing momenium transfer in thevpositivé coluﬁn
when @ 1_ >> 1 >> Q+T+ and ¢T+ <1 gre

v+ inn + uin.[E +V, X B]_= 0. | | (11-7)

The equations of continuity are
L+ Vv, = nz. : ' (1I-8)

Kadomtsev énd Nedospasov-éésuméd first-ordef perturbations Qf the

form | |
n(r,t) =;no(r)f+'nlJl(§.83 r/a)vexﬁ[i(me +.kz - wf)} | (11-9)

and .. o . | |

V(?,t)_= Vo(r) +'V1Jl(3.83 r/a) exp[i(m9.+.kz ] wt)} (II-lO)V B

where Vo(r), no(r)iare the solu#iops to the unperturbed equations.

They substituted these solutions into the equations of momenfum and
'contiﬁuity and linearizedvand cémbingd the‘résulting é@uations; vThey' ?;
set tﬁe density at the wall ﬁo zZero (Schottky'condition) and applied ': j .

the approximative method of Galerkin,jl’sg'

multiplying the combined
equations by Jl(5.85r/a)and integrating over r, to obtain a disper-

‘sion equation in w and k = 2r/A. For stability Im{w) < O, where
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, I 1 |
m(w) = (3-83/a) = 5 - >
: b7 )7 }f0.33m \" [1+y X° u [R \
o {-—-—-——-} + + — i ’
\Q_T_u+ I L v 0.79 9+ \BfBBf J
v ' _ x H_ ' :
X -K:xb' - FXE - Gy - Gy + 0. 16mxXv ——) . ' (11-11)
. : p+ .
The requirement for stability can be wfitten as
L : * Mo _ '
KX +FX + G +Gy > 0.1mxv — , (11-12)
u+

since the first term in square brackets is always positivé;..Here_

.
v o= u_E/BoD_ and X = kQ_Ta/B.BB) where

K=(1.28 + Y)/[.’Y(Y + l)] ,
F = 0-8(y + 2)/.')/' )

. _ (I1-13)
Gy = 0.48(1 + y)/y , |

(]
il

o = 0-u_fu /(1 + ) -

At the critical field the inequality (II-12) becomes an equation and
dIm(w)/dk = O, which is apparent from Fig. 3. Hence B, and k can be

found from

={-F + |F° + 12K(G, + G,)| ' V/6K, :
{ [ KGy + ) 2}/ (II-1k4)

. ,
0.08v" = - (oK%
mu

+ F)X

1f the temperature, pressure, and electric field are known.

Johnson and Jerde solved the dlfferentlal equatlons of momentum ';f.i

and continuity r(II 7) and (TII- 8)] without amny assumptlon about the -
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Im (w) >o Unstable

o

Im (w) < o Stable

MU-22928

Fig 3. The general from of Eq. (II-11); Im (w) vs k for several

vvalues of B.
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form of the radial dependenée of the perturbations. The result is an

infinite determinant of eigenvalues, wj(k), and a weighted set of

Bessel functions of the first kind Jl(Bﬁ g). The value of the per-

turbed wall potential is no longér zero. Although they give no préof
that the solutiqn provided by the full determinént converges, they do
show that the first term (identical to the density perturbation of
Kadomtsev) yields resﬁltsAwhich differ by only 6% from those obtained
if the first two terms are used.

When the magnetic field has been increased above the critical

value, the interaction between the potential and density perturbations

.causes a change in the mean densityvprofiie in the plasms. For small

‘perturbations, the new "anomalous" diffusion can be calculated by

using the previous forms for the density and potential fluctﬁations

with a phase shift between the two included. Kadbmtsev and Nedospasov,

- performing a quaSi~linear calculation in the ‘same paper,lo used the

0ld form, Jo(ﬁo g), for the mean density profile, and arrived at the

same Eq. (IT-14) with new values:

K = (1+ y + 0.788 - o.5¢)/Ey(l +'y)] ;
F- = (0.8y + 1.8 + 0.68 - 0.88)/y ,
1 =0:8(1 - o.u¢)/[y(1 + yﬂ ,

5 = O'lmg(u_/u+)(l-3s - o.5¢)/(i +y) .

(II-13a)

[#]
il

(]
il

The quantity S is a constant introduced in the equation for the aver-

age potential
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dv. 1 .dn D -
.0 S . (1T-15)

S dr n, dr p (1 +y)

The quantity @ is related to S through

S = $(1.3 + X - 0.79)/(1.5 + X - 0.9¢) , (11-16)

and ¢ is a meaéure of the total particle loss, including enhanced
diffusion. Its yalue is unity at the critical field.

Since the equation involves two unknoﬁns, ¢ and Ez’ a second
equation is required. This equation comes from a knowledge of the
‘new number of ionization events per electron per unit time derived
“from above, | - |

+ -

Z=—-——s, | | (11-17)
ko (1 +y)a ' ' |

B,  D_B,

and the energy balance requirement Lfrom (II—S),(II—6)],
z = p £(E/p), S S (II-18)

resulting in a fﬁnctional dependence of E/p'On ap
[where p* = p\/(i—:f§77¢] identical to the old depeﬁdence on ap when
B = 0. This relationship assumes that the Schottky condition applies.
Holter and Johnson have imfroved upon this anélysis by discarding
the assumption that the average denéity profile_remaiﬁs a Zeroth-order.
Bessel function; The results are very similar to those of Kadomtsev,
but hysteresis can occur near the critical field 5ecéuse the electric
field is found to be double-valued in thié region for a certain range

of pressures. Holter ahd Johnson also rely upon Schottky theory and
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the energy balance equation to complete the set of equations necessary
for a solution. Their electron temperature also comes from these
equations.

Sheffield':l"5

haé attempted to imﬁrové upon the model of Holter and
Johnson by including some dafa from experiments in the calculations.
The fundamental helical mode is allowed a nonzero growtﬁ rate to be
calculated from the ﬁheory implying that, at édme time, the helix w:'L]_l»'i
break up and a néﬁ helix will start to grow. He was then forced tQ
use experimental values for one unknown gquantity, Which he.chose to
be the electric field. He found that the density profileé_predicted
by Holter and Johnson differed considerably from measufed valués, 50
he alsovused én empiripal form for‘his radial profile. He'£hén'ob—
tained reasonabie agfeément with’méasuréa waﬁelengths,lfrequengies;
and particle transport rates.
C. Turbulence

In later :ab,rticle526"'53 Kadomtsev has exfended the theory of the
unstable pbsitive columh.fo include the case of the very high magnetic
field, in which many oscillations of different wavelength and freqﬁency:
may exist.

Plane’geometryﬂié used here on the assumption, which must be
proven.by the results of the:théory, that any characteristic lengths
derived will be small compared with the radius. For electrohs, col-

lisions .can be ignored in the momentum equation for particles moving

in the plane transverse to the column axis, so one has only"
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-1 Pl -
: M

- 1 — - . D_—b —
VvV , == BxW -« —Bx Vh/n . (I1-19)

(s3]

The one other change from the équations at lower magnetic fields is
the eliminatiqn of the-e#tremely small ion-diffusion term. Again,
there is an equilibrium state, repfesented by the single equation and
a set of equations which, combined with the equation of continuity,
yields solutions for the density and potential perturbatidns which
are of the same genefal»form as‘in.Eq. (IT-9). These in turn yield a
dispersion equation which can be.solved for the fréquency of small-

amplitude oscillations. The imaginary part of the frequency when

(gg+'r+)2 >> 1 (which is true for the highest field used in this experi-- .

ment) is
HE d in nk | . k 2 1
+ ' + 1 :
y = — d.p = = ——— ,  (11-20)
2,7 ok, LL-’.(52+T+) My K '
. ' l+.____————~' 5
| o (Q+T+kz)
— 2 2 2 , . L
where kl = kx + ky . The largest growth rate exists for that per-

turbation for which_kl is so smailvthat the second term in Eq. (II-20) . :

; : '. . ‘ 2 ' = | S— ~ o T .
can be ignored, and (kl/Q+T+kz) p+/u_ = X' =1 and ky'” k . Then

"y = U d 1n n/dx, where

U=5E, yiu_. | - (Ir-21) .

An analogy with hydrodynamics was drawn at this point by

Kadomtsev to associate thesé perturbations with measurable quantities 1"

in a chaotic plasma. Because of.the’spectral continuum of wavelengths .
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in the plasma, coherent oscillations are impossible outside a small
reéioﬁ‘or cell in the plasma. This cell can be characterized by an
effective mixing iéngth, £, as in ordinary turbulence Similarly,
the density fluctuation can be wfitten as n' = £ dn/dr, andvits spéed
would bte v' = Un'/n. Kadomtsev assﬁmed that, fof insulating walls
which have no stabilizing effect on the fiuctuations, £ may be téken
as cohstant for a given tube.

In a turbulent system, turbulent diffusion is the déminant loss
mechanism. The flux of particles in a cylindrical system'can then be

17

written as
q = n'v' = D dn/dr, - (I1-22)

where D = v'4 = 7£2<‘ Here the value of y calculated in the Cartesiah
. system can be used on the tasis of the previous hypothesis. The equa-
tién of continuity, 1/r d/dr(rq) = hZ, can be solved for n with the

boundary cpnditions ﬁ(O) =.ﬁo; n'(0) = 0 and n(a).z 0. The result is

va'density profile yo(rxd/a), where the root is
. ) 2 : v‘ . -
Xy = 3_.LLO = @a5/£ U)l/B. (11-23)

This-equation may.be Simplified if one considers a‘second column
of.radius al at thé same preésure and electric field but wifhout an
applied magnetic field. .in this tube,‘the:ionizationrrate and'elec-
trqn temperatﬁre are the same as iﬁ ﬁhe tubé of radius:'av'if one

ignores turbulent heating, which depends on the value of E/a, as will

be seen. In the stable column,

’
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z = (u,/u_)T_u_B, /ea,” ] (11-24) .
Then»
o aBuJ,T_So2 2a_5T_602 / u+\l/ : | "
e e e el et B (11-25)
XO eal u XO eal EZ’&“— '

~ Using the results of previous eXperiments which measured EZ when
B >> BC,_Kadomtsév calculafed_tyﬁical.values of £/a which were of the
order of 0.15. Kadomtsev has shown also‘thét the fluctuations of the
Itotal.electric field, which‘ﬁeasure the heating of the electrons by
" the oscillations, are of the order of (z/a)EZ, so that turbulent heat-
ing has very little effecf on the electron temperatufe and can be
ignored. ' |

| Another boundafy éondition, based upon an experiment by Artsimo-

3h

vich and Nedospasov,

17

was proposed by Kadomtsev in his book on
turbulence. Since, in all experiments, the density in the turbulent
column is nonzero near the wall; Kadomtsev suggests that the extrapo-

.lated boundary-length condition bé»imposed. That is, q/U = dehsity,

il

at the wall and the extrapolated boundary length £' l/(d 1n h/dr) j 
at the wall. This leads to the relation £' = £ and a new value for
a to be used in Eq. (II-25): a =a + L, where L is the distance
between the radius of thé tube and the new position were n = O,.which »
is.to be found by én iterative method using the known form of yo. vInv
this vork a will be taken as the tube radius in Eq. (II-25), but the
curves yOIWill be drawn so that n(a) =.E(dn/dr)|r;a#

Sato55 éxtehded Kadomtse§;s aﬁalysis'to derive the axial.cbrre--

lation length, £.,. For the:system considered by Kadomtsev, Sato found

l
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that, assuming K [k = z”/z and X' = 1,

Ly = £ B. - (T11-26
” LJ._H.+ B ( I )

Sato thenvnoted that, in Eq. (II-20), if the restriction that X' = 1

is removed, and if z”/z is considered to be a constant, then y is a
function of B-l and the diffusion coefficient should also vary as,B—l.,
Then the electric field should decrease as the ﬁagnetic field is
increased.

In hisvpdper, Hoh25

suggests that the éingle helix of the guasi-
linear region will break up into many high-frequency helical modes,
all of which possess the‘same growth réte, when the magnetic field is
many timeé Bc' The many modes will result in a plasma that is in a
turbulent‘state..

Equation (II—25) and'thé'density profile from Kadomtsev's theory -
of turbulence yo(xor/a) provide numerical results which éan be easily
compared with experimentQ The best experimental test for the absence
of the helical m = 1 mode is a check, by use of correlafion techniques,
Qf Eq. (ITI-9). if no dominant oscillation is present, but the spectrum
is a broad contihuum‘of frequehcies, the system is turbulent. Then
one can.éhéck to find oﬁt if results compare with the predictions by
Kadomtsev'about turbulence. |

© When the helical oscillations are present, the reéults of the
theory of Holter and Johnébn and the fhéory of Kadomtsev and NedoépaSof
i(II-lﬁa), (II-1A)]'can both be compared Wwith the electric fields

measured in the experiment. Holter and Johnson's results were also
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éompared with the frequéncies of the highef modes measured. here.
'Sheffield's semi-empirical theory;_whiéh‘depends upon the theory of
“Holter and Johnsbn,apredicts’anelengthsrfor the firsf helical mode.
Finally, growth ratés calculated from the works of Johnson and Jerde
and Kadomtsev and Nedospasov (II-11) were compared with experimentally

measured growth rates.
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IITI. EXPERIMENTAL EQUIPMENT AND PROCEDURE
| A. Apparatus
The basic arrangement used throughout this experiment is shown in
Fig. 4. The Pyrex discharge tube used'had a length of 300 cm and

radius of 2.75 cm; Two easily removed electrodes with tungsten fila— '

‘ments were attached to the ends of the tube by means of ground glass

joints sealed with Apiezon wax. In some .cases, with a direct current

discharge in the tube, a flat plate was used in plaéé of a filament

as the anode. »Neither.filamenf vas emissioﬁ-limited during operatibn.
At low pfessures, the-lengﬁh Qf the tube-wés incréased 2 m to reduce
the effects of the ends on the’conditions'in’fhe central axialvregion
of the piasma, whérévmost expéfiments were performed.

A power supply wifh the capacity to supply up to 1 A of discharge

current in either -an alternating-square-wave modé or a direct mode was -

used in the study. - A schematic diagram'of,the eieCtriéal system is
shown ih_Fig. 5. The syhchronous, gateq pulser in éonjunction with
the signal generator allowed the operétor to switch from the alter-
nating to the direct dee within the driﬁer preampvat any point in
fhe éycle. Simultaneouély,'the capaéitor from the final amplifying
stagé waé shorfed but by the:thyratfén.:"Ih pracfice,‘thé Chahge Wés

triggered to occur on the leading edge of the positive cycle. TheA

range of the signal generator was O to 50 kHz. In those instances

when the discharge_ﬁas being operated oniy in the direct mode the
current was stabilized to within less than 1% deviation by a separate

regulating device.
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The magnetic field was provided by ten Q-iﬁ. i.d. water-cooled
.coils 6 in. wide and spaced 2.25 in. aparf- Photomultiplier monitor-
ing and probe insertion £ook place between the coils. With one power
supply of the type available, the maximum axial field was 7 kG. Fields
of up fo 12 kG wefe obtained by splitting the coils into three groups
’of three and uéing three power suppiiés.

The vacuum was provided by & 4-in. oil diffusion pump in conjunc-
tion with a refrigerated baffle‘system and liquid nitrogen coid‘£rép.

7

The base pressure of this syStem was 10 ' mm Hg. Control of the
helium pressure inside the tube was maintained by regulation of‘the
exit valvenear the grounded electrode and of the bleed valve through
which the gas was continuously fed. Any éignificant impurities in
the'syétém wgre.flushed out by running the discharge for an hour before.
daﬁa were recbrdea._ Satisfactory purity was signified by a deep.pink
glow throughout the column. The neutral gas pressufe was measured
with an Autovac gauée.
B. Diagnostics

. The discharge current and.the total axial'poténtial drop, V.,
were continuously monitored on a Téktronix'551 oséillqscope. ~The rms
_vélue of the'alternating poténtial was.diépiayedAon an rms voltmetér.
In all experiments wherein the mode of the ‘discharge cﬁrréntvwaé
chaﬁged the peak current of the alternating‘mode was éet equal to thé
.fihal current.of the direct mode.
' 36,37

At various times several movable double Langmuir. probes

were inserted in the plasma. Their locations are shown in Fig. 4.~
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The axiai'prObe was é dogieg probe which rested on the bottom of the
column, except for the 8;cm-iohg double bend, and reached from the

anode to:slightly past the‘center of the tube. FExcept when axial
correlations were béihg measured, thé radial probes were bent parallel
to the axis of the discharge tube several centimeters before the probe’
tips{ -Cdntinuous frequency spectra were taken on a Panoramic Analyzer '
or on a Nelson-Ross spectrum analyzer unit built for a 551 Tektronix
oscilloscope. Bofh the azimuthal electric field and the ion satura-
tion current were analyzed. The ion current was recorded on 35-mm
film during mode switching of the plasma.

| The two frobe wires wefe covered by separated slender glass
sleeves for 3 cm, terminating at the tips in e—mm—long bare wires
separated by 1 mm (Fig.vh). The wires of S-mil-diameter molybdenﬁﬁ
were protected by a largervsingle glass sleeve after the separate
- sleeves. This joined to a 6-mm glass tube which could be moved by
means of a calibrated gear mechanism, in the cése of thé radial probe.
The system used §o measure the current between the two ends of a

‘double probe is shown in Fig. 6 The 1-MQ résistqré’weré'replaced with
resistors of larger valué when ac-dc measurements were made. A-dif;
ferential voltmeter, separated:from the pfobe,ends by SOO—MQ chainé
of resistofs, measured the dec current acrossva,S X lOu-ohm resistor.

‘_ All normalized'éorrelations are definéd as a time‘average of the
product of two probe signals divided}byvthe rms values of the two
signals. If the two signals are the same,. ﬁhe correlation is 100%.

If‘they are sinusoidal and differ in phase, or possess some degree
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of randomness with respect to each other, then the yaiue is less.
Radial spatial correlation measurements were made with two probeé

entering rédially from opposife sides of the tube. Signals from the

two probes were ampiified to a common rms value and then put into a

special-function summer, shown in Fig. 6; which provided the rms values

'of the sum and difference of the two signals. The difference of the

squares of these two values divided by the sum of the squares provides

the normalized correlation of the two signals. The equation for find-

- ing the correlation is

Ryp

2 (FEN/(ED) + (52
(F, + 5D - ((F - 5D

((fA + fB)2> + ((fA - fB)2>

where T is the fluctuating part of the quantity f.

Photomultiplier tubes were used to measure the time-dependent

_light infensity. They provided a check of the signals from the

Langmuir probes;' The radial bank of tubes was also used to detect

azimuthal phase shifts nécessarily present if the oscillationé are

~helical.
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IV. RESULTS

A. Electric Field in a dc Discharge

The axial electric‘field in the positive column was measured in
two independent waysl The potential difference bétﬁeenithe two elec-
trodes and the potential difference measured by a;moﬁablé probe between
two axiai ﬁositions'on the same field line were both useéd as sources
of axial electric field vélues. Results of the measurements are shown
_'in Figs. 7 through 11.

By the theory of_Kadomtsev, the electric field should no longer
.be affected by the magnetic field when the plasmé is strongly turbu-
-lent. The results indicate agreement with this theory when the ratio
of B to B, is large.

Neither meaSuring technique is without error. The total potential
drop across the‘length of tﬁe_tube is not-an'aécurate measure of the
electric field because tﬁere is a different axial electric field at
;'the ends of the tube, and this varies in its own wéy with magnetic
‘field. .The averagé field représents the'larger electric field at the
eﬁdsvand the smailer value in the centér;:Whére the magnetic field
lines ére straight. -

An axially ﬁovable ﬁrdbe-was used ﬁo récord the potenfial at
several positions along the tube, providiﬁg a second method of measur-
ing Ez' The probe was observed to affecf the plasma potential and
there was difficulty in keeping the probe on the saﬁe field line dur-
ing the measureméhts, resulting in errors in the'galculated»electric

field. Since the radial variation in potential near the center of
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the tube was about 16 V or less, the error caused by the failure of the
probe to remain on é field line wa.s éstimated to be no mofé’than 2V
for each measureﬁéht of pofential. This is_an error ofilo% at most if
the electric fiéld is measured ovef a distance of. 30 cm.

These probable errbrs lead to some uncertainfy in the shape of
EZ(B), particularly at high magnetic fie]._dsﬂ where E_ changes slowly
with B. Since the axial probe data were takenvnear the center of fhe
tube, thesé were the measurements used in calculations of the turbu-
lent decay length in Section IV D.

B. Radial Density Profiles

Measuréments of the relative ion density as a function of fadius
have been made in thé positivé'column in the pressure range from p = 20
to p = 400‘mTorr. Results are shown in Figsf 12 through_l?»for ma.g-
néti@ fields up to B = 12 kG in a constant discharge current of 400
mA. In Fig. 15 results aré included for a different current, I = 200
mA, when B is lQIkG. for the'séke of'comparison, the JO Bessel func-~
tion and the function yo(xor/a) of Kadomtsev's turbuleﬁce theory are
included. |

The data were‘obtained with‘a double probe which'had probe tips -
several centimeters axialiy reméved from the point Of entry of the.ﬂ
- probe into the plasma. The measured profiles were symmetric-about the
center of fhe plasma, which was alwaYS'within 2vof 3 mm of the geo-
metric centér?of fhe tube. ‘Densities were measured from abouﬁ_O;S
dm'from‘thg near wall to about 0.5 cm from fhe faf wall. No more than |

SOIHA was ever drawn between the two probe tips.
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The data et the higher megnetic fields agree with the Kadomtsev
profile yo X r/a), even in some cases in Wthh the correlstions would
.1ndlcate that the plasma is not in a hlghly turbulent state. The
' flattenlng of the profile at the intermediate magnetlc fields is in
agreement with the theory that assumes the presence of a dominant
helical instability at such fields.

The conditions here are quite similar to those in an experiment -

3k

’by Nedospasov and Arts1mov1ch in which, from the close correspondence
of their radlal profile to that of the theory, they deduced that agree-
~ment was obtained with the turbulence theory of Kadomtsev. Since the

38

criterion of Simon”  for ambipolar diffusion is violeted by . the rei-
atiyely small ratio of length to radius for this pressure and magnetic
'field, it was-feif,thatvthe results of Nedospasov might not reflect
turbulence. - o
" A longer tube, with two meters of the cathode‘end'extending ont-

side the field, was also used in the experiment presented here.
Aithough this added length does not prevent the region outside the
field from affecting the magnetized plasma if the field region'is too
short to satisfy the Simon criterion, it does eliminate cethode_effects -
in the field region. Dehsity profileé_shown in Fig. 12_imp1y-£hat

these effects are absent in the shorter tube.

C. Oscillation Spectra and Fluctuation Level
The spectrum of azimuthal electric field oscillations and spectrum. :
of density oscillations were recorded with the spectrum analyzer when

thefradial double probe was located 1.5 cm from the center. This
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position was alwaysvnear the maximum in the helical fluctuation in-
tensity. The results are shown in Figs. 18 through 23. No fluctua-
tions, including striations,.were found when the field was lower than
the critical field, ﬁrovided the pressﬁre was not greater than QOO
.mTorr._ | |

An m = O--i.e., azimuthally symmetric--mode (not a striation) is
observed in the pesitive column when the magnetic field is greater
.than the critical value. This oscillation, Huchital end Hoit39 dis-
covered experimentally, is associated with any small transverse mag-
netic field that may be preseht, perhaps because;ef a slight misalign-
ment between the electricvand magnetic fields. It is measurea along
wiﬁh the helical oscilletion when density fluctuations are observed.
Azimuthal electric field.fluctuations are associated with the helical
instability, and do not measure any'azimuthally‘symmetric oscillation.

Hence any peaks in the E_, spectrum signify the presence of helical

2]
_oscillations.
At 12 kG, for all pfessures except 406 mTorr, the spectra give

no indication that they are.deminated by any single oscillation. The.
spectfa are continuo@s, implying the presence of turbulent fluctﬁationsf
At lower fields, the specffe,are dominated 5y a single oscillation at
the frequency of the first heliéal mode. ﬂThe-frequehcy spectrum is
particularly eharﬁ,when B is nearch. At intermediate fields some

of the m= 0 mode.is'presenﬁ beeause of imperfect common-mode rejec-

tions by'the electrical system. .

The relative level of density fluctuations with respect to the
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Fig. 23. Fluctuating density spectra. .p = 200 mTorr.
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average density was measured at r = 1.5 cm as a function of pressure
and magnetic field. The radial variatibn of this quantity for a pres-
sure  of 200 mTorr as a function of magnetic field was also measured.

Results are shown in Figs. 24 and 25.

| e D. Corfelations

Both radial and azimuthal COfrelations were obtained at magnetic

15

fields up to 12 kG in the positive column. Earler data, taken at
lower magnetic fields, have indicated only the presence of anm = 1
helical mode accompanied by a regular oscillation with no azimuthal

variation.

Radial dénsity correlations (Ri) taken for pressures ranging from

8Q to 400 mTorr and a. current of 40O mA are shown in Figs. 26 through .

30. The points were taken with the fixed probe located 1 em into the
plasma. This permitted data to be taken with the movable'probe on the
opposite side of the axis.. If the m = 1 mode is domihant, it will

i
appear as a significant nmegative correlation when the probes are on
; . .

opposite sides of the column axis. The presence of higher modes can =

be discounted in most cases because the highérffrequencieé éssociated_
with these modes are hot obsered invthé fréquenéy spectra.

| For é different axial current, I = 200 mA, and for B.=-7 and

Bv= 12 kG when the pressure is 200 mTorr, ﬁhe radial cdrrelations are

" shown in Fig. 31. The results are eSséntially'idehtical to those

obtained for a current of 400 mA.

Small negative correlations are observed at 12 kG when the probes -

are 180 deg apart. These‘may be attributable to experimental‘error,
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Fig. 24. Relative level of denSity fluctuationévvs magnetic field.‘
A, p = 80 mTorr;. o, p = 120 mTorr; O, p = 200 mTorr; 4&; p = 400°

‘mTorr. -
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Fig. 25. Relative level of density fluctuations vs radius.

o, B=B_ (700 G); &, B=3.5kG; 0, B=7kG; o, B= 12 k.
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Fig. 27- Radial density correlation vs radial separation. p = 120
mTorr. e, B=2.1kG; A, B=3.5%kG;0, B=7KkG; & B= 10 ki

o, B = 12 kG.
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Fig. 28.  Radial density correlation vs radial separation. p = 200
nTorr. e, B = 2.1 kG; A, B= 3.5kG; 0, B=7kG; 4, B = 10 kG;

0, B = 12 kG-
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Fig. 29. Radial density correlation vs radial separation. p = 300 .

mlorr. e, B=2.1kG; A, B=3.5KkG; 0, B=75kG; o, B=12 kG.
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Fig.'BO. Radialbdensity correlation vs radial separation. p = koo

mTorr. e, B=2.1kG; A, B= 3.5KkG; o, B=7TkG; o, B=12 kG.
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Fig. 31. Radial density correlation vs radial separation. p = 200
mTorr. O, B= 7 kG, I =200 mA; o, B= 12 kG, I = 400 mA;
e, B=12 kG, I =200 mA; A, B = 12 kG, I = 40O mA, probe tip

diameter = 2 mil.
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since the possible error in the correlating electronics is about 10%.
The fact that all results are siﬁilar,vhowever, would indicate that a |
small portion'of the”fundamehtal helix does not decay.’

At lower magnetic fields than 12 kG, the helical mode is clearly
dominant. The signals would be 180 deg out of phase on the two.probes
when the prébes are on opposite sides of the axis except for the pres-
ence of the m = O mode. The shape of the radial correlation at 7 kG
éuggests thaf there 1s turbulence in the plasma, but a comparison with
the correlation at 12 kG when the probes are in radial positions such
that the helical portions of the two signals are out of phasé ShOWS.
that the fundamental helical mode is stronger at T kG.

Radial correlation of the azimuthal électric field and the ion
density when the two probes, located equidistant from the axis on a
diameter, were 35 mm apart, was made (Fig. 32) to éheckvthe density
correlation meésurements. If the iop density correlation at 12 kG
is in error becaﬁse of the influence of the azimuthally symmetric
mode, this error will be apparent here. Only the helical portions
of the electric field and density signals provide a nonzero correla-
tion, which in this case will be negative if the heiix is present.

In order to determine the relative amounts of m =0 and m = i
fluctuation, density correlation measurements were made between a
radial probe and an axial probe seﬁarated by 90 deg and both located
at the same axial position and 1.5 cm from the center. Unless the
system is turbulent, the positive value of the signal:is the fraction

of" the oscillations in the plasma that are azimuthally symmetric. In
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the case of turbulence, the signal is a measure of the transverse
- decay in the Spatial correlation between fluctuations.‘fReSUlts are

v © given in Table I.

Table I. Fraction of signal that is azimuthally stmetric.

N

\N\\\f (mTorr) 80 120 | 200 300 400
B6) SN |
11.4" 016 0.21  0.38  0.59° 0.48
3.5 0.07  0.25 0.32 0.03 0.1k
7.0 B 0.05  0.11 ‘0;09 0.03 0.21
12 _' - 0.0k : 0.07 0.05 0.07 .o.ou

The degree of hoﬁogeneity of the plasma turbulence was determined
by'comparing.the results_taken when the fixed probe was 1 cm from the
wall nearest its ehtrahce port with measurements of thé radial .corre-
lation with the fixed probévlbcatéd 3 mm from the center on the same
side as thé movable.probe; 'Restlts for a pressure of 200 mTorr are

‘ o - Shown in Fig. 33. The results at 12 kG in Fig. 33 differ only slightly
from the results of Fig. 28 taken with the fixed probe 1 cm from the._
sidé, indicating that_the turbulence is homogeneoué in the’region
within 2 cm of the tube center. Results at lower fields differ
because the helix is présent.

The difference_in‘results>obtained when straighﬁ‘double probes

are used in correlation measurement instead of the bent probes, which



62

1.0 . —T |
p=200mTorr

- l | . | |
o 5 10 15 20 25
| r (mm) -

-1.0

XBL6812-7426

Fig. 33, Radial density correlation vs radial_separation; fixed
- probe 3 mm from center on same side as movable prdbe. p' = 200 .

mTorr. e, B=2.1kG; A, B= 3.5 kG; 0, B= 7 kG; o, B = 12 kG.
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isoiate the data-gafhering‘probe'tips from the bulky entrance segments
gf the probes, is shown in Fig; 34. The increase in corrélatién is
quite probablj a reéult of the.interference between the two éntéance
lengths, which ére at the same axial positions as the probe tips.

rAt 12 kG the‘ion éyclotron radius is 2 mils for an ion at room
temperature. This is.approximately équallfd.the_radius of a probe
tip, and there méy fe intérferehce effects because of the ions that
aré‘revaed from thevplasma by the probei. To determine the magnitude
of_this effect, a fédial correlationvwas made with é-miljdiam probe
'ﬁips on the usual bent probes. Results, seen in Fig. 31, indicate
_that interference effects are not serious for the'S-mil probé tipsf

Turbulent fluctuations have a cell size associated with their
waﬁe length beyond Which there is no interaction with other fluctﬁa—
ktions. The mixing length defined by Prandtluo for hydfodynamic tur-
vbulence is essentially the integral of the correlation integrated over
the path of separation, i.e., the average cell siie. Since to a good
approximation a correlation curve in fluid turbulence is an_exponenti-";
-‘ally décfeasing funétion, the mixing length can be taken as the decay
length of the correlationvfunction. |

Figure 35 shows the caleulated length at 12 kG, obtained by fit-
.ting the data to a decéying exponential and ignoring the region of
negative correlétions. Aléo included is the mixing-length curve pre-
dicted in Kadomtsev*s théory for.the turbulent posiiive column‘and
obtained with the aid of the measured electric field at 12 kG.

If the m = 1 mode is stillvstrong at high pressures, at which
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Fig. 34. Radial density correlation vs radial separation. p = 200
mTorr. e, bent probe (standard configuration used in experiment); .~

A, straight probe.
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‘Fig. 35. A COmparisbn Between the radial mixing length as a functionl

of pressure as calculated from Kadomtsev's theory of turbulence

and the radial correlation length as measured in this experiment.
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B overvac is less for a giveh'B, the radial correiation is dominated
by!the helical oscillation rather than the random oecillations also
presenb. .Tbe mixing length taken from the data is bhen inereased
because the effect of the helix is to increase the vaiue of the corre-
lation when the two probes are on the same side of bhe axis. Then tbe
mixing length should increase with-pressure'for‘high pressures; in |
opposition,to theepredicted trendee 7—e7; —_ T
Axial cofrelation meaeurements were obtain in_the.same manner as

were the radial data..'Reeults are shewn in Figs. 36 through 41. Tbe
exially mobile probes were built wibh.a double bend in the shape of a
dogleg in order to reduce the dlstortlon induced by the probe arm.
The fixed probe was stralght with only the tips bent along the field
lines. ,With the fixed probe in place, the axial probe could be ro-
tated to read the signalvdn or near the field lines passibg by the
fixed probe tips or the signal at the same radial poeitions 180 deg
away from tbe fixed pfobe.

| Resﬁlts of- axial density correlations maylbe ambiguous because
there are two typesbof oscillations'present, one of which, the m =vO,
is azimuthaily symmetric. However, if data are taken with the_axial
probe separated‘azimuthally by 180 deg from the fixed probe's-field.
linebas well as being takeb with the probe near the field line; the
two modes can be separated,‘ The correlation between one signal and
a secobd_signal'at another axiai position is’independenb of the aéie
muthal separation in the case of the m = 0 wave, and proportional

to the cosine of the azimuthal separation for the m = 1 wave. The
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Fig. 56; Axial m = 1 density correlation vs axial separatiohs
p =80 mTorr.  All curves drawn to fit data, except for the
curve. for B = Bc which is fit to a cosine shape. O, B = Bc

(560 G); A, B = 5.6k o, B=12 kG.
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Fig. 37. Axial m = 1 density correlation vs axial separatién-

p = 120 mTorr. O, B = B, (630 G); A, B= 5.6 kG; o0, B = 12 kG.
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Fig. 38. Axial m = 1 density correlation vs axial separation.
. : . p = 200 mTorr. All curves drawn to fit data, except for the .
curve for B = B, which is fit to a cosine shape. O, B = Bé

(700 G); A, B= 5.6 kG; o, B = 12 kG.
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Fig. 39. Axial m = 1 density correlation vs axial éeparation.‘
P = 300 mTorr. All curves drawn to fit data, except for the
curve for B = B, which is fit to a cosine shape. 0O, B =‘Bc

(805 G); A, B = 5.6 KG; o, B = 12 kG.
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Fig. 4o. Axial‘m = 1 density correlation vs axial separation.
p = 400 mTorr. All curves drawn to fit data, except for the
curve for B = Bc which is fit to a cosine shape. [, B = Bc'

(910 G); A, B = 5.6 kG; o, B = 12 kG.
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Fig. 41. Axial density correlation vs axial'separation. B = 12 kG,
curves drawn to fit data. o, D ¥_80'mTorr; A, p = 120 mTorr;

00, P = 200 mTorr; e, p = 40O mTorr.
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weighted difference between the two corrélations, assuming that no
highér modes exist and assuming that the m = 0 mode is perfectly

correlated radially, gives the shape of the fundamental helix:

6 = 180°)

I

I
0°) R(Zl’ZE’e o) - R(zl,zg,

R(zl,zl,e = 0°%) - R(z

Rpe1 (2952006 =

122750 = 180°)

From this, the wavelength and the amount of akial decay of the helix
éaﬁlbe found. Results are shown in Table II. |

Included in Table II are calculations of the axial wavelength
found by using the linéar theory of Johnson and Jerde when B = Bc and
the quasi-linear semi-empirical:theory of Sheffield when the n = l‘
mode was dominant. The temperature of the electrons was calculated
from the experimental~éurve oﬁ page 474 of Ref. 6. Tt was assumed
that the electron tgmperature wés a unique function of Ez/p, but not
a unique function of ap.

When the magnetic field. is at 12 kG both.the correlation along
the field line (Fig. 41) and the correlation used in Figs. 36 through
40 are important. Both show no sinusoidal variation. This fact and
their rabid decay;'except in the L0oO-mTorr case, indicate absence of
both the helix and the azimuthaliy symmetric qscillation: Decay
lengths measured by.fittingvexponential curves tq the data in Figs.
36 through 41 wefe included in Table ITI (an average value of the
results from Figs. 36 through 40 and from Fig. 41 was used), and the
results were compared with the calculations ofﬁH made with Eq. (II-26)

from Ref. 35.
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Table IT. Axial wavelength and cofrelation_length.

p .
(nm Hg)
80 .

iEOY

%00

100

B

c

B
(xG)

3,

12

"0.560

5

0.630
6

0.710

——

0.805

0.910

measured
140

256

96
185

76
- 175

80

172

 65’
195
195

A(cm)
computed

.170

153

132

o2k

96
134

76

109

6
T8
75

measured

£(cm).
computed




=75- .

Presence of the helix gt lowér magnétic fields'is observable in
Eall fhe data taken.. To check the apprdpriateness of the_procédure
for sefarating>but the heliéal portion of the‘correlation,.wavelehgths
Qere also measﬁfed'af.the critical field.. The resulfs agree with the
‘theofy (Table‘II),-énd the signal shoﬁs little décay even inithé .~
presehce of a 1afge'm_= 0 mode; indicating that separafion ofvﬁhe'
two modes was obtained. |

No measurements were made in the de plasma at pressures above
400 mTorr because of the presence of striations and the low value of

Bmax/Bc'

E. Properties of the Electric Field During Transition from

an ac to a dc Discharge

As a further inspection of the properties.of the positive column
when Bjis‘mudh'larger thdn the critical field, the discharge was oper-
ated in an ac mode and measurements were made as the discharge'was

- switched to a direct current. The discharge, which‘is,stable'in the
k1,42 ‘

aé mode, develops & helical ihstabilitj when the current is
direct. Any higher modes generatéd should affect the behavior of the -
electric field dufing the time taken by the plasma to reéch its final
state. ”

Figure 42 illustrates thé effects of the square’wave on fhe elec-
tric field. Note that, although the magnetic field is ﬁuch greater
fhan the~critical field in the dc case, the eledtric field is much

lower thdn the value when B = 0. Also shown is the transition in

electric field and current when B = O. When a frequency less than
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Square wave : ac - dc
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Fig. 42. Tube voltage and current vs time. p = 200 mTorr.
I(dc) = I(ac, rms) = 400 mA. (a) B=0, f =20 kc; (b) B=2.8
kG, f=30kc; (c) B=0, f=20kc; (d) B =3.5KkG, f=20ke <

N

critical frequency.
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the:frequéhgy necéssary ﬁo prevent the growth of the'instability is
used in-a -high magnetic field, the transition té'dc will be uninforﬁa—
tive becausé of.ﬁhé'disruptive éffect the previqus half.cyéleihad on
the plééma. This is,also.shown in Fig. 42! .

figure h3.$howsla typical transition in the electrié fiéld when
the frequency is greater than the critical frequency. The time-
 dependeht.vbitage obsefved after the transition_to a direct cufrent
represents the modes that are dominant in the piasma. Theory pre-.'
_dicts that the electric field increases with mode number, and that
the growth rate for the highest mode is largest. VThis agrees with
the observed maximum in the electric field, Wﬁich>oécurs aboﬁt‘SO
usec after the e}ectric field changes directioh.

.Tﬁo hundred microséconds-after the onset of instability, the
final state is reached. This state corresponds in detail o that -'
situation which-exists if the magnetic'field is faiséd from zero to
the same value as in the transitional plasma. In both cases,.né
higher modes than m = 1 are found.

 In Figs. 44 through 53 the measured peaks in the electric fields
and - their final values are plotted. Quasi-linear calculations cor-
responding to the Kadomtsev-Nedospasov theory and.- the Holter and.
Johnson theorvaere made for the first three modes. These are shown
in the figures. The agreemént.between experimental and theoretical
values as shown in the figures is not good except near the critical
field. A mobility ratio of 100, an electron teﬁperature of 3 eV, ahd
~an electron mobiliﬁy of 76.0/p mQ/V—sec were used in the calculations.

The elecltron temperature is not a strong function of pressure in this
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Fig. L, Electric field vs magnetic field. p = 120 mTorr. Com-
. parison with Kadomtsev and Nedospasov curves, Ref. 10. o, dc

signal; A, maximum transition field.
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Fig. 45. Electric field vs magnetic field. p = 200 mTorr.. Com-
rarison with Kadomtsev and Nedospasov curves,:Ref: 10. o, de

signal: A, maximum transition field.
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"Pig. 46. Electric field vs magnetic field. p = 400 mTorr. Com-
parison with Kadomtsev and Nedospasov curves, Réf. 10. o, dec

signal; A, maximum transition field.
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Fig. 47. Electric field vs magnetic field. p = 600 mTer, Com-
parisoh with Kadomtsev and'Nedospasov curves; Ref.le, o,'dc

signal; A, maximum transition field.
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Fig. 48. Electric field vs magnetic field. p = 800 mTorr. Coin-
- parison with Kadomtsev and Nedospasov curves, Ref. 10. o, dc

signal; A, maximum transition_field.
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Fig. 49. Electric field vs magnetic field. p = 120 mTorr. Com-
parison with Johnson and Holter curves, Ref;,l6. o, dc signal;

A, maximum transition field.
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-Fig. 50. Electrié field vs magnetic field. p = 200 mTorr. Com-
parison with Johnson and Holter curves, Rzf. 16. o, dc signal;

A, maximum transition field.
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~Fig. 51. Electric field vs magnetic field. p = 400 mTorr. Com-
: parisbn with Johnson ahd Holter cur"ves; Ref. 16. o, dc signal;

- A, maximum transition field.
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Fig. 52. Electric field vs magnetic field. p = 600 mTorr. Com-
rarison with Johhson and Holter curves, Ref. 16. o, dc sighal;

A, maximum transition field.
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‘Fig. 53. Electric field vs magnetic field. p = 800 mTorr. Com-
parison with Johnson and Holter curves, Ref,‘l6. 0, dc signal;

A, meximum transition field.

S ey et v e ee e D et e



: s

range of pressures according to both experime_n’cul and semi-empirical
calculations using Ref. 6. Sincé both ¢ and the electric field are
unknown in thé quési-linear equation,'a'last condition. is neCessary
for the calculation of the electric field; This is determined by
calculating ap* for a given valuevof ¢ and compafing fhe value of

: E/p from Fig. 2 with the value from the ﬁheory. whenithe calculatiqns
were made no lower or higherlmodes were_assumed to exist in the piasma.
In reality, higher modes wére often still pfesent_as the lower modes
:were grovwing.

Although there is qualitative agreement, the'quantitative agree-
ment between the measured and calculated dc electric fields is poof-
This is a éommon result ih dc plasma experiments in therpositive
- column. Better agreement is found between (a) the measured increase
in E during transition over the final value and (b) the differential
increase in electric field calculated for higher modes over that cal-
_ culated for m = 1.

The disagreement between the.measured and calculated values of

. E may be explained by the approach used in Sheffield's paper.15

His
use of a density profile which was allowed to differ from zero at the
wall énd & nonzero growth rate reflecting the presence of an oscilla-
tion that 1s not stable, producedireasonably good aéreement between
predicted and measured values of o and k.

.In Figs. 45'£hroughv57 growth rates calculated according to Réf.

41 are compared with the inverse of the time to reach the peak in

electric field and the time to reach the final dec condition. The rise
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Fig. 54%. Growth rate vs magnetic field: Kadomtsev and Nedospasov
curves, Ref. 10. p = 200 mTorr. A, growth from transitioﬁ

to peak; lj, growth from transition to final value.
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Fig. 55. Growth rate vs magnetic field: Kadomtsev and Nedospasov

curves, Ref 10. p = 800 mTorr. A, growth from transition
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to peak; O, growth from transition to final value.
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Fig. 56. Growth rate vs magnetic field: Johnson and Jerde curves,
Ref. 30. p = 200 mTorr. A, growth from fra.nsitic-n to peak;

0O, growth from transition to final value.
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[j, growth from transition to final value..
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ti@e should correspond to thekhighest modo in ﬁhe Plasma. The:longer
time should match the growth rate for ﬁhe m = 1 mode. The calcula-
tions come from Kadomtsev's iinear theory and from Johnson and Jerde's
improvement on that theory.

. F. Density Fluctuations in a Transitional Plasmab

In order to classify the modes present in the transitional plasma,
a frequency'analysis of double‘Léngmuir:probe signals was made for thev
féw hundred microseconds when the state of the plasma was changing.
Because of the rapid growth and decay of the higher modes, only the
first few modes coﬁld be observod by analyzing the saturéted ion-current
signals. The préssure and magnetic field ranges of observation were
limited because of the intérféfence between the modes when B was
 greater than 5 kG or p Was_greater than 200 mTorr.

Photographs of the probe current during thevperiod spanning the
‘alternating, transitional, and direct current portioné of the dis-
charge were taken with a 55~mﬁ camera. The record on the film was .
then feduced by a system of lenses ahd-electronics to computerized
information which could be anolyéed. Two sample photograﬁhs of the_'

. probe current during two differont runs‘wi£h the same plasma parameters
are shown in.Figs. 58 and 59.

/The time cOrrelations and power spectro of these curves, taken
from computer curves, are- shown in Figs. 58 through 60. The general
theory on which.thé computer program was baséd canlbe found in ﬁef.'
_MS.  Use of fhe.time autocovariance reduced the erfor introdﬁced by
thellimited periods of'dny mode that were available on any one

photograph.
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Fig. 58. fThe fluctuations in ion density (top) and the autocorrela-
“tion of the fluctuations (bottom) during the transition from

an ac to a dc plasma. B = 4.2 kG; p = 200 mTorr.
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Fig. 59. Plots of fluctuatidns in ion density (top) and their
autocorrelation (bottonbfor’another trial at the same

conditirns as Fig. 58.
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The presence of other modes in the signal and the shortness of
the record resulted inAsome.shifting of_fhe spectral maxima and also
produced extraneous'seéondary méxima. As a result, only those second-
ary maxima which had'amplitudeé of greater than 50% of the dominant
peak were included in the data recorded in the figures-v -

| Figures 61 and 62»show the spectral'peaks as a function of field. -
Frequencies calculated by using fhe_tﬁeory of Holter and Johnson and
expérimentally measured.elect#ic fieldé are also shown. Data taken
with a spectrum_analyéer andiaafé taken from computer analysis of
{_photographs, both for a‘dc plasma, are included for comparison.

Jon saturation currents mea;ured on four radial fixed probes
located 90 deg from each other at the same radial and axial positions
- are shown in Fig. 63. They wereitaken in the transitional plaéma to
aid in mode-number identificatioh; If a mode is correlated with it-
éelf over a cross section of‘thefplasma, the phéée relationvshould
, appear in the figure. Although Fhere are some time segments when all
the signalé appear to be out of bhase by iéo deg, indicating thg m=2
ﬁode, the general phase relatiéﬁfhip apﬁears to be random. Apparently
too many other modes intrude inf? the picture, and the ddmindht_mode at . | w

one azimuthal location may not have achieved full amplitude elsewhere.
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. Fig. 61. Oscillation frequency vs magnetic field. Comparison with

Holter and Johnson curves, Ref. 16. p = 200 nmTorr.  0, frequencies-
‘measured at final dc conditions; A; frequencies measured during

transition (— — — drawn to fit data).
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Fig. 62. Oscillation frequency vs ‘magnetic field. Comparison with
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. measured at final dc. conditions; A, frequencies measured during

| transition (— — — drawn to fit data).



i

-101-

p=200 v Relative - p=120
: az imuth
(deg)
0
90
180
270 .

t=50 psec/cm | - t=50 )us‘e»c/cm

XBB 692-925

Fig. 63. Relative ion current received during transition on four
equally spaced azimuthal probes. (a) B = 2.1 kG; (b) B = 4.2

kG; (c) B = 2.8 kG; (d) B = 4.2 kG.
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V. DISCUSSION OF RESULTS

The results of the dc measurements show that the oscillations in
the positive column can be separated into two types, according to the
magnetic field strength.

The first type is the well-documented helical wave. At the
critical field, this is predicted by Kedomtsev and others to be a
wave with a discréte frequency and wavelength. The predicted vaiues,
as calculated by Johnsbn and Jerde, of these two QUantities agree well

with the results in Table II.and Figs. 36 through 40. The critical
magnetic field is iarger by as much as a factor 3 than the values
derived from either Kadomtsev'and Nedospasov's theory or that of
Johnson and Jerde, as are the fields reported in ofher pa.pers.ls’34

.At higher magnetic fields than Bc’ a spread in the spectra occurs,
bﬁt one frequency still dominates the'épectral curve. The radial cor—‘
relafions demonstrate the presence of a helical mode in the plasma.
The frequencies and wavelengths in this intermediate region (up to -
15 BC) show_rough agreement with the sémiFempirical theory of Sheffield.:i
Just as Shéffieldain his paper has observed, we find that the density
profiie is flat in comﬁarison with ﬁhe,profile meaéured at B = 0. -Iﬁ ’ w
fact, éll the data taken in.the quaéiAlihear'region agree wifh the
vmeasﬁrements taken by Sheffield, if allowancé is made for the differ-
ence in tube radiﬁs.t As in other experiments, fhe electric field hefe
differs<yantitati§ely from theoréticai prediétions. Tt shows a slow
rise as a function of B; and'the &alue of E may‘be fivevtimes the

theoretical value.
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Since the theory of Kadomtsev and N¢dospa30v was written only
for small amplitudes, it shéuid not be’e#pected to work.for a magnétic
field more than 10% above the cfitical field. Apparently, the quasi-
linéar theory of quter and Johnson‘is'aléo adequate only for oscilla-
tions of smaller amplitude than those present here, since it does‘not
fit the experiment either.

Particle transport in a tubulent system is described by Eq. (II-22).
The general form.of the producfion term is a4, = 1/p foﬁn(r)z r dr,
which, of course, must equal q(p) theoretically. - Because of the good
fit between the theoretical and'experimental density‘profiles, and the
reasonably good_agreement'between measured and calculated mixing

lengths, q{p) = qp(p) experimentally. Nowhere is there a term speci-
.fically dependent on the magnetic fiéld, implying that, for a given
gas, tube, and pressure the electric field and mixing length remainé
constant. The experimental value of E is essentially constant above
T kG fér every pfessure at which.measurements were made. The fre-
guency spectrum seems to saturate, along withvthe electric field, at
10 Bé; as seen in Fig.'l9. The-radial correlation, however, shows
signs Of:the m = 1 helix at all fields, although its contribution to
the correlation.steadily décreases above T kG as the field is raiséd
(Figs. 27, 28). |

-Productiéﬁ-terms qp can bé calculated.without a detailed know-
ledge of thé'density profile by using the relationshiﬁ betwéen the
axial currént and the a&erage density, I = 2Wp_Ef-ar n(r)dr. The
pfoducfion term can be Written.as.qp(a) = IZ/2weaS_E. As examples of  '5£

the particle flux at the wall (which must equal the production term)
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values were calculated at B = 3.5 kG and 12 kG. Equation (II-S) was
used for Z, with T_ caiculated from the experimental curve in Ref. 6.
The flux rose from 4.8 x lOlu/cmz-sec fo 6.2 x lOlu/cmg-sec when the
plasma changed from the quasi-linear (B = 3.5 kG) to the turbulent
(B = 12 k@) regime. .

From the'transitiOnal plasms data taken at intermediate magnetic
field, comparison can be made with a higher-mode extension of the
- Holter and Johnsoh theory, in which only the development of the higher
.mode is considered. Again, the frequencies are in much better agree-
ment with the theoretical calculations than are the electric fields.
The calculated increase in electric field for the higher modes also
agrees with the hypothesis that the growth of such higher modes is
respondible for the témporary increase in the observed electric field
during transifion; Signals from the four azimuthal probes provide
somevindicatidn that an m = 2 mode was produced for a short time.
The.inéohsistensy'of freQuency iﬁ these signals suggests phase insta-
bility resulting from the many competing modes in the plasma. This
in turn suggests that such competition can exist in the dc plasma.,
which can lead to turbulence-if there are a sufficient numbér_of modes.

The fit'ﬁith the caléulations'made from the_furbulence_theorysof
Kadomtsev of éhé measured rsdial density éroviles and corfelatioﬁ
.lehgﬁhs provides definite eVidense of fhe presénce‘of the secona,
turbulent-typ% of Qsciliation.when B is 12 kG. Prefiousvevidence of
turbulenée‘inifhe positive coiumn consists of the radial density |
vrorile measurnd.by;Nedospasév énd Artsimovich56 Qhen vaas eight

times the critical field.
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 'The'correlation measurements made here atle kG disagree with
the results of w8hler.lu In thét.papér, for é comparable ratib of B
to the critical field, the correlation length was found to be four or
five times as large as measured here. Density profiles measured by
WBhler were very'flat.: However, his probes were straight, rathér than
vbent toward the cathode, and Fig. 34 illﬁstrafes the effects of this
- type of probe on the radial correlation. The interference Qf the
probe stems is sufficient té‘make the corrélation many times the value
‘determined by probes whose tips extended toward the cathode severél
centimeters from their support. |

Another study of turbulence in the positive column by_Nedospasov

E:Lnd.SobolevM'L yields frequency spectra which agree with the results
- of Sheffiela. Their ﬁse.of an enlafgement at the'cathode énd of the
| tube has ﬁrevented the tubé walis from charging positively near the
cathode.54 When there.ié a high axial field applied, the electrons
are focused along the axis as they enter the field region, and radial
tragspoff cannotvcompletely cOmpeﬁsafe for £his end effect until the
partiéles have traveled several centimeters along the axis. Increas-
ing the tube diameter at the entrance region increases thé éize of
the cylinder'into which the electrons are swept. The enlargement
used in Ref. U4 was found to bevsufficiént‘to make the electron cylin-
der the same size as the column diameter inside the field. Potential
fluctuation'correlations, made at the maximm ratio of B tO‘BC of 10,
between a probe at the wall énd a.radiai probe T-5 mm from the wall,

indicate the presence of an oscillation which has a frequency near
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the frequency of thé second helical mode in the tube with enlargement.

The radial cross-correlétion in space énd time is lower in the
tube without an énlafgement, and the peak is displaéed slightly in
time in comparison with the signal from the tube‘with enlargement.
Abparently, the authors have~succeeded in inhibiting the m = O mode
and have observed a new osciliation,which may be a highervmode of the
helical instébility or another type of azimuthally symmetric drift .
wave. - Because of the different type of:radial correlation and the
lowér Qalue of B/Bc those results are not directly comparable with

this experiment. -

7



- -107-

VI. SUMMARY AND CONCLUSIONS

The.result of applying a magnetic field with a value greater than
15 times the critical field to a positive column is shown to be the
production of a turbﬁlent plasma with parameters which compared closely
ﬁith the prediétions from Kadbmtéev’s theofy26 of turbulence in the
positive column. Transport is.dominated by the radial convection of
charged particles under the ihflﬁence of random oscillations of the
eleCtric,fieid in accordahce with this theory. For fields with lower
values, convection causéd‘by the helical instability rather than tur-
bﬁlent'convection appears to be the dominant transport mechanism, in
agreemenﬁ with other experiments. The parameters such as electric
field and wavelength that are measured in this quasi-linearrregioﬁ do

not compare well with the results predicted for this instability by ‘

Kadomtsev and Nedospasov.;o

Considering the appafent dominance.of the first helical mode at
fields up:to T-kG, where one.would expect other modes to be present,
it is not possiblé.to éay unequivocally that the turbulence observed
wag a fesult of the presence of many cdmpetitive helicai modes unless

the data (correlation lengthé, etc.) at 12 kG fit a theory such as

~that of Kadomtsev26 which relies upon the presence of these modes.

Experiments have established thathigher modes grow in but arevunstable

when the plasma makes a tranéition from a steady state to a helically

unstable column. It is possible--and the ac-dc experiments provide

some indication of this--that higher modes do grow in the positive

column at fields as low as 2 kG, in agreement with theoretical pre-
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dictions, but then are destroyéd,'resulting in a power spectrum which

15

is cenﬁered about the first mode. The work of Sheffield indicates
that the first mode becomes a:reldxatidn_oscillafion at 5 Bc but that
the new wave is nearly in phasé with the old. In comparison, higher
modes upon rebirth may be unrelatedvto their previpus forms. This
Qould account for their lack of effect upon the ppwer spectrum_and
radial_correlation,_which are avéraged quantitiés that are measured
over many cycles'of the oscillatidns' gfowth'and destruction.

The close fit between expefimental and theoretical values of the
mixing length and the densit&'profile at very_high'magnetic fields
shows.that the Kadomtsev model of turbulence in tﬁe ?ositive columﬁ
fiﬁs the conditions'oflthis experiment . Transport is a matter ofv
small turbulent celis conveéting radially outwérd with an average
velocity determined by their size-ahd grthh rate. A better descrip-
tion of transporf, 5bwever, should include the effects of inhomogeneous -
turbulenée at the bbundaryt Such an analysis would avoid the need to
invent.anvextrapolatibnflength boundary condition such as fhat usea
by Kaddmtsev. Thg work of ﬁeddspaéov,aﬁd.Sobolevhu_in the quasi-
linear region suggésts'thét it woﬁld.also be worfhwhile to Suppress A Y
the entranceveffects of_the'magnetic field at'thé caﬁhode end and -

_study the effeqts ﬁbon oscillatiqns'at all values of the-magnetic
field. | |

In the quasi-lineaf.region, agreemept between-theofetiéai ahd

vexperimental transpor£ fates is hot so.good; Thé'theories which are
10,16 | |

not empirical yield eleétric fields and density profiles which
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do not agree well with eXperiment'except néa£ the critical field.
Reasonable comparison with éxperiméntal values of the frequency is
obtained for the helical modeé if'experimental vdlues of the electric
field are uséd in thé theory of Holter and Johnson. Experimental
aensity profiles as well as electric fiéld values are needed in the
semi-empirical theory of Sheffiéld;5 in»order to obtain agreement
between experimentalland theoretical values Qf the wavelength of the
first mode. If the equivalence of the transport and pxoduCtionvrates

is considered, then one can make good estimates of the. transport rate

at the wall if one knows the electric field. Above 4 B, the electric

- field has essentially saturated at a value slightly larger than the

valué without an applied axial magnetic field, and, consequently, the

transport rates have also ceased to_deﬁend‘upoan.
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