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TURBULENCE IN THE POSTTIVE COLUMN
Martin W. Halseth and Robert V. Pyle
- Lawrence Radiation Laboratory
University of California
Berkeley, California
June 20, 1969
ABSTRACT

An oscillation that is helical in shape ig known to be
present when an axial magnetic field applied to the‘positivev
column of a glow discharge is greater than the cfitical mag- N v
netic field,'Bc; for the onset of the'currgnt cOnVective'
instability. 'According>to a thébry proposed by Kadomﬁsév, this
oscillation will bebreplaced by a turbulentispectrum of oscilla-
tipnsvwhen the field is several times Bc' vIn this experiment
the magnétic field has been raised to as much as»20>times/BC
to‘detérmine if and to what degree fandom oscillafions charac-
teristic of strong turbﬁlence will replace the helical instability. %
It‘was found that strong tﬁrbulence dominated the positive column _;
when the magnetic field was greatef.than 15 fimes the critical
field.. The-radial mixing length as determined from spatial
correlations with movabie Langmuir probes and the radial density
profile were found tQ agreé with fhéirésults caléﬁlatéd from
KadomtseV’s theory  for strong turbulence. _Parfigal transport
rates calculated frbm the theories of Dupree and Kadbmtéev,for
a turbulent plasma agfee within a faétor of two with the valués

deduced from this experiment.
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I. INTRCDUCTION
Particle losses in the positive colqmn of a low-pressure glow

discharge are known to be depehdent_upon,thé magnitude of the applied-
axial magnetic field. When the field is less than a critical value,
B> the éléctric—field-and‘charged—pafticle aistributions were found
to obey classical laws of transpért.l At tﬁe critical fiéld, th and
Lehnert discoVered that the particle losses weré greater than the
classical theory'had predicted,2 Experiménts by Allen, Péulikas; énd'
Pyle5 iﬁ conjunction with the theory developed.by Kadomtsev and
Nedospasovu proyed that this anomalous rise in'thé electrice field was
the result of a current-conveétive"insfabilitybassociated with a héliF
cal densiﬁy oséillétion. Hoh has provided a detaiied Physical picture
of the convective transport ﬁechanism including the driving force pro-
yided.by.the'axiai separation of the ioﬁ ahd electron”hel'ices.5

". Above theicritical field;,the behayior of the system ﬁecomes non-
linear. Holter and JohnsQn provided a theofetical deécripﬁion’of.thé
'plasma wﬁen B is greater than Bc; assuming that.fhe column would-Be
.dominated by a single fundamental helical‘denSity pérturbation.6
Kadomtsev,'Qhose definition of strong turbulence is used'thrbuéhout
-ﬁhis article, predicted_that.mény interacting helicél modes would be
‘présent, resulfing'in a strohgly tufbulent piasﬁa when the magnetic
:vfield is many times the critical field.8: Although it is not po;siblé

for both of these theories to hold for thé:same_experimeﬁtal condi-

tions, each can apply for a certain range of magnétic field'sfrengths,‘

with Kadomtsev's theory applying when B is-Very large compared to Bc’
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NReCQntly:Dupree éalédiated fhe flux in the magnetized poéitive
e ; -,'.. - column when_B is gréaﬁer»than Bc, using.a model'iﬁ Which.the phésgs qf
the ﬁatficlé orbits_éré'inéoherent;9 . Dupree predicts”that}this mddel'
wiil descfibe fadial tfanspdrt whether-there is onerheliéal oécillation
‘of several interactipg mpdes;in the plasma.. This intrpdu¢es énother
, pos;ibie interpretétién for daté taken in the highly.magnetized-posi;
tiyé colunn. - |
'nge measuiements of.épatial_éorrelaﬁiéns'of'fluctuatiﬁg dénsity -

and voltage‘at values of.th¢ maghetic,field as high as 20 B, and of the
10

3 fadiél density profile at'thrge times Bé have been made by th;ef- |
The resultg'disagree with-célculations made from the theory of~Kadomtsev.
vReaéons for the disagréement are'suggestedvin,Séction IVD.
Sheffield measured thése.same reievant par;mete;s éﬁd"othérs wbén,
fhe magnet;c field was lessvthan eigbt times Ec and-deter@ined that, .
with the possible exception of cbpditioﬂs*atvhié highest'aﬁpiiéd field,
'thé plasma was dominated-by a Single'helical mbde.ll Robertéon'meas—.
.ured the local axial electrié fielé in a cesiuﬁ positive.dolumn; and
<. at three times.the criticallfiéld found.some evidence, from the_appeér-
ance of the plasma and'the randomnesé of the field oséillafions, that
the.éolumn was‘t‘urbulent.l2 Méasurements'by Nédoépaédv'énd Sobole& of
the rédial.density profilé at 8 Bc in a veryx;ow densify plasma show a
. : v' steep aensity profile in agreement‘withbthe theory of Kadoitsev.lj
In our experiment we explore'ﬁhe,nature of the insfability in the
positive column when the magnétic fieldlis many times Bo* 'The'radiai
"and'axialicqrrelations, the frequency spectra, the deﬁsify'profile,A
'dnd th§ electric field were‘measured; The da£a,§eréktakén at Valués:

. of B/Bé'which could-nof be reached in Sheffield's experiment, and the
) ) , _ ~ ‘ : :
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results show a definite correlation with the predictions of Kadomtsevi
The measurements, unlike those made by thlér,_are sufficiently'L
detailed that a distipction can be made between a plasma dominated by
strong turbulence and one dominated>by thé presence'of a single helix.
| I1. THEORY. |

Theuphysicél charaéteristics 6f.the weékly iohized positive,
column are détermined by the parﬁicle, energy, and momentum balances
which dccur in the system. For a plasmé in whiCh.the Schottky 't:‘heo:r':y'l}Jr
applies, the_diffusion will be classical when the magnetic field is

less than Bc' The radial density profile is
no(r) = n(O)JO(E.Mr/a). v S - (1)

At the critical field, the time-dependent equations of particle
and momentum cbhservatibn must be useq.- Kadomtsev and Nedospasovv

assumed a density distribﬁtion'of'the form
n(r,t) =,no(r) + nlJl(3.85r/a) exp-[i(m@ + kz - am)] - - (2)

and a potential~diétribution‘of siﬁilar.form.u Here no(r) is the
éoiutioﬁ to the unperturbed_equa£ion. They substituted these distri-
butions into the equations ofvmomentﬁmvand continuity and Linearized
and combined the resulting equations to obtain such relevant'quantifies
as the axial électric field.

When the magnetic field has been increased above the critical

value, the interaction between thé potential.and dénsitY-perturbations_

causes a change in the mean density profile in the plasma; For small
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perturbations, the new "anomalous" diffusion can be calculated by using
the previous forms for the density and potential fluctuations with a
phase shift introduced between the two. Kadomtsev and Nedospasov per-

formed such a quasilinear calculation in Ref. 4, assuming that the

average density profile remains a zerbth—order Bessel function. By

discarding this assumption, Holter and Johnson improved upon the cal-
culation. L \

Sheffieldll created a model based upon that éf Holter and Johnson
which includes experimental values of‘the electric field and average
radial density profile in the calculations. The fundamental heliéal
mode is allovwed a nonzero gfdwth rate that is to be calcﬁlated,from
the theory. This implies that at some time the helix will break up,
and a new helix will start to grow. Hé then obtained reasonable agree-
ment with measured wavelengths, frequencies, and particle transport
ratésﬁ The equation_givihg»the particlé fransport is

QJIkBr)Zn(Q) ) spr (i + u_ng)

q(r) = —F—————o— | 7. (Br) + x .
' Bor(1 + s) l_ 2 H_B?(H_ +u,)

(3)

The radial profile of the oscillating portion. of the density,_Jl(Br); N

defines the_quantity B, which is of the order 1.5/a. In Eq. (3) s is

defined as

l‘ 1 ] ‘Jl(Baj]Q.
o l}‘ven(O)EZu_a2 Ba J _ | v(qj
17, (pa) ";° 1 o , '

2  Ba 1¥7Ten('O)EZu_a2
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and has a value from 0.5 to 2.0, depending upon the shape of the radial

profile of the average density.. - -

Kadomtsev has extended the theory of the unstable positive column
to include the case of a positive column in a very high'magnetic

fie1a.8715

For this case he assumed'fhat many oscillations of dif-
ferent wavelength ana fréquency may exist.

- Plane éeometry is used by Kadomﬁsev on the assumpfion, which must
be proveﬁ by the results of the fheory,;that the derived radial corfe~
lation length will bevsmalivcompared with the radius. Electron colli-
sions can bevignored_in the_moﬁentum equation/for parfiéleé moving in
tﬁe plane trans§erse to the column axis, and fhe.éitfemely small ion-
diffusion term'may be éliminated. Pertufbations of the same gerleral-
form as.in Eq.‘(E) are used. The resulting dispersion equation can be -
solvéa fér the frequency of small ampiitude bééillations:

kzu(di/a) ‘ kzum*- de(di/oz) -

w = + i -
a +4d./a d_ 4+ 4, /o
e " Ti _ e i

) (5)

vhere u = -p B, o, = (kyT_/m_Q_)(d 1n n/dx), o = T+/T_, de.=.T:kZ‘T_%m:4“
2 2.y
L + T+

(Q+T+)2 >>1 (which is true for the higheét field used in this experi-

‘and d, = k T+/(m+g The imaginary part of the frequency for

ment is . : , i ¥
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where kle = kX2 + k&z. The largest growth rate exists for that per-

turbation for which k, is so small that the second term in Eg. (5) can

1

be ignored and

[ e , . .

[ ko X 1L o '

Py Enhl NG
and k.~ k . Then we have

Yy L v
dlnn ‘
7y = U — - (8)
ax v
where ]
Sl 1/2 = ‘
U= gE, (wp)e N )

An anaolgy with hydrodynamics (Prandtll6) was drawn at this point
‘by Kadomtsev to associate these perturbationsvwith meésurable gquanti-
ties in a chaotic plasma. Because of the spectral'continﬁum of wave-
lengths in the'plaSma,'coherént oscillations are impossible outside a
small région or cell in the plasma. This cell can be characterized b&
an effective mixing length £, as in ordinary turbuleﬁcé. vSimilarly,
the density fluétuation can be wriﬁten as n' = zdn/dr, and its speedf'
will be v' = Un’/n._ Kadomtsev assumed that;'for inéulating Walls
_that have né stabilizing éffect on the fiﬁctuétions, £ may be faken as
.constant for a given tube{

The flux of particles.ih a cylindricél éystem éan be written

(ignoring collisional transport)

'q:xﬂv';DmMM3 “ o : ' (10)



8- UCRL-19203 .

where D= v'fl = 722, Here the value of y calculated in the Cartesian

/

system can be used on the basis of the previous hypothesis. The equa-

tion of continuilty,

B
QJIQJ
=

can be solved for n with the boundary conditions n(0) = Ny, n'(0) = 0,
and n(a) = 0. The result is s density profile n(r) = n(O)yO(xOr/a);

where the robt is

fZaB-\l/3 - ' .
—_— = XO = 3.40,' S - o (12)
\zUﬂ ' . o
cand the flux is
o 2 2 | | | -
LORS CIt-T R - W)

Kadomtsév has calculated a value of Z.to use in Eq. (12) by first

1 at. the same pressure and

considering a second column of radius a
electric field but without an applied magnetic field. xIn this tube,

the ionization rate and electron temperature are the same as in the.

tube of radius -a if one ignores turbulent heating, which, as will be

seen below, is a reasonable assumptibn in this problem. 1In the stable

colunn we have

b, Tu_(2.4)7

i | (14)

L. ea

Then using Eq. (12), we can write _ \

(r) =z, . @y




)

lation length £
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L eadm (2.2 [ \M/?
- + | . .
_ XO eal EZ p_} ' : ,

Using the resﬁlts of previous experiments which measured EZ for B > Bc’

Kadomtsev calculated typical valueé of B/a which were of the order of
0:15. Kadomtsev has shown also that the fluctuations of the‘tétal
‘electric field, which measure the heating of the electrons by the
oscillations, are of the order of (z/a)EZ, so that turbuléntlheating
has very'iittle'effect on the electron temperature and can be ignored.

Another boundary condition; suggested by an experiment by

~ Artsimovich and Nedospasov_,l3 was used by Kadomtsev in Ref. 8. Since,

in all experiments, the density in the turbulent column is found to 56
nonzero near the wall; Kadomﬁsé§ proﬁéses that an extrapolated boundary-
length condition be imposed. Then q/U equals.fhe density at the wall,
andvihe extrapolatea boundafy length is £' = {id(ln n)/dxgrtékfl. Th;s 
leads to the felation ' = £ and a new value for a to'bé used in Eq.
(15) which is the distance between the center of the tube and the point
oufside.the tube where the extrapolated density goes fo zerb. -This -
distance may be approximated by the sum of the tube radius and the
mixing length.

Sato17 extended Kadomtéév's analysis and dérived an axial corre;

. Sato assumes that the condition X' = 1 is merely a

description of the onset of turbulence, and»that-ﬂ“ and £ are independ-
ent bf B;'but y and E are not. Then, assuming kl/kz'z ﬂ“/ﬂ, Sato

found that
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1/2

BX'=.]_. | (16)

1’/” = 4(u_p,)

With the restriction on X' removed; 7y becomes, for very large maénetis'
fields, proportional to B_l, as does the diffusion coefficient. In this
case the electric field should'decrease’as the maghetic field increases.
Hsh suggests that the single helix of the quasilinear region will
break up into many high-frequency helical msdes, and concludes that all
of these will possess the same growth rafe.18 The many modes will
result in a plasma that is in a strongly turbulent state similar to
that predicted by KadéﬁtseV;
Dupree has used an entirely diffefeht modei of,the positive
column.9 He, too, arrives at the samé.basic linear equaﬁion (5) for
a particular mode of oscillation as does Kadomtsev. The collisional

Vdamping ,decrements_de 5 unlike those defived in the linear theory of

2

'Kadomtssv,.inciude wave'cosfribgtiOns dwe,wi in Dupree's theory. The‘

| nonlinear features of the plasma'have beén accounted for in these addi-
tions to the démping decrements. The decrements may be calculated in
%erms.of_Re(w) if thé grswth_rate is sef equal to zero.

The radial flux is essentially the convective flux, which Dupree

calculates:

-4, o / o -ku on
alr) = =221 - 2|
2k | \ » or

(xn)

Here kr is the radiai wave number, which Dupree takes as l.2ﬂ/a, since

~ the radial standing wave is essentially an .approximation to Jl(3.83r/a).'
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From the experimental data, the total rédial flux can be-caléulated
and compared with the experimeﬁtal value. ]The'theory does not predict
such quantities as frequency, wavelength, and electric field, but
requires experimental values fof these terms. _

Eéﬁation (15) éﬂd the>density profilévfrom Kadomtsev's theory of
turbulence, yo(xor/a),.provide numerical results which éan be easily .
compared with exﬁeriment. The 5est experimental test for the absence
of the helical m = 1 mode is a check of Eq; (2) by the use of correla-
tion techniques. If no dominant oscillation is present, and instead |
the spectrum is.a broad continuum of frequencies, the systemiis turbu-
lent. Then oné can check to find out if results comparé with the
predictions by Kadomtée& about Strong turbulence. Calcylationsrof the

loss rate’[Eqs. (3), (13), and (17)] will be compared ﬁ&ﬁh the meas-

- ured production rate in the plasma.

ITI. EXPERIMENTAL EQUIPMENT AND PROCEDURE
A.. Apparatus
The basic arrangement used throughout this eiperiment.is shown in :
Fig. 1. The Pyrex discharge tube uséd héd a length of 300 cm and a -
radiﬁs of 2.75 cm. Two easily removed glectrodes were attached to fhe
end of’the'tube-by means of ground-glasg joints Séaled with ApiezonA
wax. At low pressures, the length of the tube was increased Evm to

reduce the effects of the ends on the conditions in the central axial

_region'of the plasma, where mqst'experiments’were performed.

The magnetic Tield was prdvided by ten 9-in.-i.d. water-cooled
coils 6 in. wide and épaced 2.25 in. apart. Photomultipliér monitor-

ihg and probe insertion took place between the coils. -With one power
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supply of the typé available, the ﬁaximum axial field was | kG. Fieldé
up to 12 kG were obtained by splitting the coils into.three groups of
three and using three power supplies.

The vécuum ﬁas provided by a h-in. oil—diffusion Pump in conjunc-
tion witﬁ avrefrigerafed_baffle.system and liqﬁiéénitfogen cold trap.

7 mm Hg. Control of the

The base pressure of this system was 10
heliumnm pressuré insidé the tube was maintained by regUlatién of the
exit valve nearvthe groUnded electrdde and ofvthe bleed valve through
which the gas was continubusly féd. Any'significant impuritiés.in the
systém weie,ﬁluShed out by'rﬁnning the discharge for an hour before
data.were recorded. Satisfactory purityvﬁas signified By a deep pink
glow %hroughput,thé'éoluﬁn. The neutral géé fréssuré,waé measufed with
an Autovac gauge. |

At varibus times sevefal mqvable double Langmuir probes were
inserted in the plasma. Theif locations are shown in Fig. 1. The
axial proﬁe wa.s é dogleé probe»Which rested onvthé'bottém of the column,
except'for the 8-cm-long double bend, and reachéd frém the -anode to
slightly past the center of the tube; Except when axial correlations’
Qere being;megsuied, fhe radial”probes were bent pafallel to the axié
of £he dischargé tuﬁe Se§éral centimeters before the prébe tips. Con-
.tinuoﬁs.frequency speétra'were taken én a.Neléon-Roés spectrum analyzer
unit built féf a 551 Tektroﬁix oscilloscope° Both the azimuthal;élec-
tric field and the ion satﬁration current were analyzed.

The two probe wires were covered by separated slender glass

sleeves for 3 cm, terminating at the tips in 2-mm-long bare wires
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séparated by 1 mn (Fig. 1). The wires of 0.125-mm aiametér molybdénﬁm
were protected by a'lafger single glass sieeve after the separate
sleeves. This joinéd to a 6-mm glass tuﬁé:which could be m&ved by
means of a calibrafed gear mechanism in thé case of the radial-p:obe.f
The system used to measuré the current.béfweén fhe two ends Qf a
double probe is described in Ref. 19. |

Radial spatial correlation measurements were made with.two probes
entering radially from opposite sides of the tﬁbe. Signals from the
tw0‘proﬁes ﬁeré amplifiéd to the same rms value'and:then put into a

19

special function summer, ~ which provided the rms values of the sum o
and difference of the two signals. The difference of the squares of

these two values divided by the sum of the squares providés the nor-

malized correlation of the two signals. The equation for finding the

correlation is

j=e]
il

~ o ~ 2y gx 2y
L = 2{(5A5B)>/({6A )+ {532>)

(B, +5)%) - (8, - 8

A B B . -
=T ~ PO s (18)
(B, + 8% + (B, -85~

where‘g:is the fluctuating part of the quantity 6..
Photomultiplier tﬁbes were used to measure the time-dependent
light intensity. They‘provided a check of the_signéls from the
Langmuir probes. A radial'bénk of tubes waé alsoiused to detect
azimuthal phase shifts necessarily present if the oscillétions aréﬁ

helical.
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IV. RESULTS AND DISCUSSION

A. TLongitudinal Electric Field

The axial electric fieid in‘the pOSitive column was measured in‘ 
two indépendent Ways. The potential difference beéween the two elec-~
trodes ana the poténtiai difference measured by a movable probe bétween
two axial'poéitions on the same field line were both used as sources
of axial electric fieid values. Results of the measuremehts for
pfessures of 80, 200, and 400 mlorr are shown in Fig. 2.

According to the‘theory of'Kadomtsev, the electric field should
no longer be.affeCtedvby the‘magnetic.fiéid when the plasna is_Stfongly
tﬁrbuienf.‘_Within experimental accuracy the results show agreement
with this theory when the ratio of_B to Bc is large.'\There-is no
indication'of a l/B depeﬁdence when the field is very high.v

Neither measuring techﬁique is withouf erfér.' The total potential
drop'aérdss the length ofvthe‘ﬁube gives”an upper limit to the eléctric
field.ﬁécauseIthe'electric field is highgr outéide'thg maénetic field.

The axially movable probe was observed to affect the‘plasma'
potentiai and the critical magnetic field slightly, and there.was
difficulty in keeping the probe on the-same field line during the
measyurements, resulting -in errors in the_calculatéd electric field.
Siﬁce the possible efror resulting -from a gross -error in the placement
of the probe was less'£han 1v, the‘errof caused by misalignment,-if
' -the electric field was measured over a distance of 30 m, must have
been about 3%. | |

There is, therefore, some uncertainty in the slope of-Ez(B),

o)

Wy
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Particul;rly at EighimagneticAfields'wnere Eé Changes-slpwiy.with‘Bg I
Since the.axial probe data wers taken near the center of the tute,"f
these were the msasuréménts used in calculatidnsiof'the turbulent desa&
length in Section IV D.. | J

B.  Radial Density Profiles

Measnrements of the relatite ion dsnsity as a functisn of:radius -
hsve teen'madevin the positive coltmnvin the prsssnré.range‘fromfp =“20'
to p = 400 mTorr. 'Resultsifor several pfessures_afe shown in Fing 3
_ aﬁa hifor'ﬁagnetic fields up to B = 12 kG in a constant discharge. |

current of 400 mA.v In fig. 4 rssnlts,aie included for a differsnt
current, I = 200 mA, wnen B is lQ‘kG, and the results are similar to
those for I.= 400 mA. »For the sake of coﬁparisbn,'the'JO'Bessei'fuan
‘tion and function yo(xor/a) of Kadomtsev's turbulencs theory are
included. - |
: The measured profiles were sjmmetric'absutithe center'of the t

plasma, which was fonnd‘to:be ainays within'2.or 3 mm of‘the‘geometrisr
centef of the tube; Because of the size of_thevprobe sten, density‘
. measurements were sXCludéd from the region within.absut 0.5 cm from the
wall. . |

| v__Thevdata at the highest valuss of'B/Bc cnnSidered agree with thet
Kadomtsev profile yo(xor/a). The fiattsning of the profiie at lower
field ratios, ' e.g., when B = 12 kG and p = k00 wTorr or when B = 7
kaand pv= EOO‘mTorr, is in agreement with theories that assume thei,_i
presence of a doninant helical instability at such fields.

The conditions in Fig. Biafe quite similar to those in an experi-

13

ment be Nedospasov and Artsimovich ” in which, from the close
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correspondence of their radial profile to that of the theory, they
deduced -that agreement was obtained with the turbulence theory of
7 .

Kadomtsevs. The criterion of Simongq for ambipolar diffusion is vio-
lated; hqﬁever, by fhe relétively small ratio of iength fo radius for
their pressure (éOvaofr) ahd magnetic field. '

A longer tﬁbe, with 2 mefers of the géthode end extending outside.
the field, was used during part of the present eXperiméht.' Although
this added length does not guarantee satisfaction of the Simon.criterion,
it does elimihate cathode effects andjreduce the number of'fast'elec-
trons in the»field'regiohr Den;ity pfofiles éhown in Fig. 3 imply
that thése effects are absenﬁlin.the shorter tubé.

C. Oscillation Spectra

The spectrum df azimUthal—éleCtric-field;osciiiations and spectrum
of;density,oscillations were'recordéd with the spéctrum'dnalyzer whén '
the fadial doubie probe was’locatedll.5'cm froﬁ the center. This poéi—
tion was always near the maximum iﬁ the hélical fluctﬁétion iﬁtensity.
Typical results are shown in Fig..s. The results in the'field range
dominated by the helixvagrée with results reported by Sheffield and by
ANedoépasov and.Sdbglev.gl -No flﬁctuatidns;Iinclﬁdingvstriations, were
found when the field was lower tha# the!Critical field, provided the
pressure was not greater than th mTorr. No indication of promineﬁt
hafmonics of the fundamental heliéal mode'were found;‘

Anm = 0, i.e., azimuthally Symmétric, ﬁode'is:qbserved in the
‘posifive column when the'magnetic field i$ gfeater than the criticél

value. This oscillation (not a striation), which Huchital and Holto2

%
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discovered éxperimentally, ié associated with any small t%ansvéfse mag-
netic field that may be present, perhaps because of a - slight misalién—
ment between the electric and magnetic fields. It is messured along
with the helical oscillation when dénsity fluctuations are observed.

To elimina%é éontributions'from the m = O mode, only ézimuthél electric-
field fluctustions were recorded. Because of impeffeét commop-modé
rejection by the measuring system, not all of fhe m = O mode could be
excluded.

At 12 kG, for éll ffessures excepﬁ 400 mTorr, thé spectra give no
inaication that they are dominated by ény single oscillation. The
spectra are confinuous, implying the preéénce of turbulent fluctuations;
At lower fiélds, the spectra are dominated by a single oscillation atv
the frequency of the fifst helical mode. For example, see Fig. 5.

For a field of 2.1 kG, at a pressﬁre of lEO_mTorr; this frequency is
18 kHz.  The freQuency spectrum is pafticulariy shérp when B is near
Bc' :

| Kadomtsev's theory of strong turbulence also ?redicts the’approxi

mate value for the maximum in the turbulence spectrum. The frequency

for which the growth rate ig the greatest: is

N
i

—u_' 1 ]— T_X' d 1n nJ

s — | E_+
(14 xf) I L “ (u_/u+)l/2 ax

£ (19)

The value of X' can again be taken as 1. The aXial_wavelength can be‘

found frow Eg. (7). The value of kg is the minimum possible, so x”

must be_a maximum and may be approximated by"the lehgth‘of the tube.
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The calculated value for the conditions which apply to the 12 kG curve_
in Fig. 5 is 16 kHz, which is about twice the measured frequency cor-
responding to the maximum amplitude of the spectrum.

D. Correlationsr

Both radial and azimuthal correlations were Obtaihed:at magnetic
fields up to 12 kG in the positive colﬁmn. Radial density correla-
tions (Ri) were taken for pressures ranging from 80 to 400 mTorr and

a current of 400 mA; typical results are shown in Figs. 6 and 7.

The points were taken}ﬁith the fixed.probe located 1 cm into the plasma.

This permitted data to De taken with the'm0vable.probe‘on the opposité
side of the axis. | | |

Small negative cbrrelations are observed at 12 kG when the pfobes
aré 180 deg apart. _Thesé may be attribuﬁable td experimeptal error,
since the possible_error in the correlatingvelectfons is about iO%.
The factlthat all results.are‘similar,.hbwéve;,'Wouid indicate that a
small’portioﬁ of the fﬁhdamental heiix‘doeévrémaiﬁ;v

_Af magnetic fields lower than lé.kG, the helical mode is clearly

stronger than at 12 kG. The signals would be 180 deg out of phase dh_
the two probes when the probes are on.oppositebsidés of the éxis,
except for the presenée of the m = O mode. The shape of the radial
correlation at 7 kG suggests that there is some strong turbulence in
. the plasma. 7 |

in order to determine the rela£ive amounts of m = O and m =.i
fluctuation;‘densityvcérrelation méasurements were made'between a

radial probe and an.axial probe’ separated by 90‘deg and both located




&

-19- , UCRL-1920%

at the same axial position and.l.S cm from the center. Unless the
system is turbulent, the positive value of the correlation is the frac-
tion ofithe oscillations.in the plasmajthat are azimuthally symmetrrc.
In the case of tmrbulence, the correlation is a_measure.of.the-trams—
verse decay in the'spetial.correlation. Results'are given in-Table-I.u
The low values of the 90—deg‘correlation'at hiéh fields indiCate that
the azimuthally symmetric mode is essentially absent.

To determine the degree of homogemeity of the plasma turbulence,
the results obtained when the fixed probe was 1 em from the wall near-
est its entrance port were compared with measurements of the radial

~

correlation with the fixed probe located 3 mm from the center on the
same side as the movable probe. A comparison of the results at 12 kG19
indicates that the turbulence is homogeneous in a region within 2 cm

of the tube center.

wohlerlo has made correlation measurements in helium for a pressure

“of 150 mTorr when B/Bc = 20 and found £ = a. These measurements were
. made on only one side of the axis. As a result, if a nelical mode were
‘dominant, rather than strong turbulence, this fact could not be deter-

"mined from the data. TFluctuations were measured with straight probes.

There is a real possibility that, because the support-arms were on‘theu

same radial line as the probe, there was strong interference between - -

the probes.

A comparison between straight'end bent'probeeihas been made in
the present experiment. The difference in'resulte obtained when

straight double probes are used in correlation measurements instead of
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the bent probes, which isolate the data—gathering probe tips from the
bulky entrance segments of the probes, is shown in Fig. 8. The in-
crease in correlation is quite probably a result of the interference
between the'two entrance lengths, which are at thé same axial positions
as the probe tips.

To determine the.effect of the finite size of the probe tip on
the measurements, ;adial correlafions were made with 0.050-mm-diam
‘probe- tips under the same conditiqhs as'those fo% the 0.125 mm tips
(Fig. 7)«- Resulté are similaf.for the two pfobexradii,_suggesting
that thé size,bf the prbbes ﬁsed has littie'efféct dn thé measuremenﬁs.

To a good approximation a spétial—correlétion curve in fluid tur-
bulence is‘an exponentially décféasing fucfion bf‘separation, and so
the mixing length may be faken as fhe expoﬁential-decay length of the
correlatioﬁﬂfunctioﬁ. By analogy, the m1x1ng length in this experlment
may be -obtained. by flttlng the data to a decaylng exponentlal and
ignoring the reglon of negatlve correlations. Flgure 9 shows the
calculated length at 1 xG. Aléo included is -the mixing-length curve
vpredicfed in Kadomtsev's theory for thetturbulént positive column and
obtained with.the aid of the measured electric field at 12 kG. |

‘The eléctrbﬁ temperature usedlin our Calculatiohs was fouhd-from'
experimental values.of T as a function of Eé/p as déduced”from.Refs;b
1l and 11. The ionization rate, Z, was calcﬁlétgd from the von Eﬁgel
and Steenbeck relation, which for atomic helium is

Z~615XlOpT3/2\2+5 1}e><p<_%h_) - " (20)

2 T

v - - -
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ionizations per electron per second.l In his equation for the correla-
tion length (12) Kadomtsev has used the Schottky condition for 7 (14),
and the resUlfing values of 7 ﬁay be tWiqe_as:large as those calcu-
lated from Eq. (20) at low préssures. Tt has been assumed in all
calculations but.thosé for £ that Eq. (20) will apply even in the
presence of a strong magnetiC-field.' Curves using both calcuiations.
of Z are shown in Fig. 9..

If the m = 1 mode is still strong at high pressures, at which B/Bé

is less for a given B, the radial correlation is dominated by the

~helical oscillation rathervthan the random bscillations also present.

The mixing length taken from the dafa is then greater than it would' be
for strong turbulence, because the effect of the helix is to yield
values of the correlation that are cloéé ﬁé one whén the two probes
are on the same side of the axis. Then the apparéntwmixing length
should increase with pressure fox'highqpressures, as shown in.Fig. 9,
in opposition to the predicted trend in the. case of strong'turbﬁlence.

The fit with the calculations made from the turbulence theory of
Kadomtsev of the measured radial density profiles and radial correla-
tidn lengths provides definite evidence of the presence of bSéillationé
characteristic of strong turbulence when B is 12 kG. The correlation

S o

as mentioned previousiy (rig. 8).

Axial éqrrelafion measurements were obtained ih!the same manner
as were the radial data.: Resulﬁs are shown.in Fig;'ld. The ?ixed

radial probe was straight, with only the tips bent along the field lines.
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Results of axial density correlations could be émbiguous because -
there are two.typeé of oscillations present, one of which, the m = O,
is dzimuthally ;ymmetric. However, if datavare téken with the mobile>\
axial probe separated azimuthally by 180 deg ffom the fixed probe's
field line as well és being taken with thg prbbe ﬁéar the field line, |
the two modes can be éeparated. fhe correlation betweén one signal and v
.a second signal at another axial‘position is independent of the azi-
-muthalvéeparatiOn in the Case'of the m = 0 wa#e, and - proportional to
the‘cosiné_of‘tﬁe azimuthal separétibn-for the m = 1 wave. The wave-
'lengtﬁ and fhe amount of axial decay of the helix can be‘foﬁnd‘from
' theweightéaldifférence 5etween the twb cérrelations, assuming that no
higher modes existuand that thévm =0 mpde is perfectly correlated

radially: "

_ ’ - R“(zl,22,9 = 0 deg) - R”(zl,zg,e = 180 deg)
R”:mél(zl’ZE’e = 0 deg) =

~ R”(ZlQZl:Q =0 d?g)“ R“(Zl,zl,9‘=‘180-deg)

Results ére shown in Table.iI-

Included in Table II are calculations of the axial wavelepgth_fbund
by using tﬁé linear theory of Johﬂéon and Jerde.e3 when B = Bé and the
'-quaSilinear semi;empirical‘fhéoryvof Shéffield when thevm = i mode was
domigant and B > Bé., wavelengths Which Wefe measured at the critiéal.

- field agree @ith-fhé theory (Table II), and the signal shapé (ﬁig. 10)
is & réasohafie'apﬁroximation'to‘a cosine,‘although‘a large m = O mode
wés presént gn.the'plasma{ indicatiﬁg that separation of the two modes

T was obtained.
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When the magnetic field ig at 12 kG, boﬂh&the correlation along
the field line (Fig. 41 of Ref. 19) and the correlation ueed in Fig.
10, except in the‘hOO nTorr case, indicaﬁe absence of both the helix
and the azimuthally symmefric 6scillétion. Decay iengths neasured by
fitting eprnential curves to the axial correlation data ét 12 kG were
included in Table II’(én average value of the results such as those
from Fig. 10 and Fig. 41 of Reff 19 was used),vand the results were
compared with the calculation of ﬂnvmade with Eq. (16).

The segments of thé positive column at the ends of the magnetic-
field fegion.were affected by the diverging or converging field lines.
End effects resulted in changes in the plasma color at the anode end
andvseparation of the plasma from the wall at the cathode end; The
work éf Nedospaso&:and Sobolev21 in the quasilinear fegion suggests

“that it would be worthwhile to suppress these entranée phenomena at
the cathode.end and study the resulting effects upon oscillations at
all valueé of the magnetic field. Axial measurements in this experi-
ment were confined to the large central section of the plasma where
entrance effects were absent.

No measurements were made in the dec plasma at prgséures above'v
400 mTorr because of the presence"of sﬁriations and the low value of
max/Bc'

E. Particle Transport’

Radial transport may be' calculated from many of the theories of
the unstable positive column. Among these, the theory of Sheffield

provides an estimate of the radial flux at any radius whenever the
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plasma is dominated by the m f’l helix. The semi-empirical theory of
Sheffield is used in these calculatiqns in.preference to other quasi-
linear theories, such as that of ﬁolter and Johnson, because of the
treatment of the radial density profile by Sheffield. Fitting the
profile to the measured value as Sheffield has done allows the wall
density to be nonzero, as it is in this experiﬁent.

If the radial density profile is steeper than JO(Q.HSr/a), then

guasilinear theories of the positive columnu’6’ll

are inapplicable,
since they assume the presence of the zeroth-order Bessel distribution
plus some contribution from the helical mode which broadens the profile.
Whén the plasma is strongly turﬁulent, transport can be calculated
from either Kadomtsev's or Dupree's theory. When the oscillations in the
plasma are clearly not random, however, Kadomtsev's theory is invalid.
The two regions of instability are both covered by the work of
Dupree. A mean wavelength and freguency for use with the model of Dupree
can be measured even when B = lSBc, although the amplitude level is very
small compafed to the total level of osciilations.
The éxperimental values of the particle fluxvused in the compari-
son with theoretical fluxes are deduced from the values of the produc-
tion rate, which is a function of the experimental vaiues of EZ and

n(r). The production rate, 9 is

P

a,(p) = Z/p_]ﬁ n(r)rdr, o | (22)
0

which must equal the particle flux through a unit area on a cylinder
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located at f = Da

The formulas to be used are Egs. (3), (13), and (17), and the
rédius at which the flux is calcuiated is 0.6a, where the instability
appearé to be stfongest. Results are given in Table: III.

, At high'vélués of B/Bé the density profile used iﬁ the Sheffield
model is in contradiction to experiment. ~Otherwise, this gquasilinear
theory fits the data. The calculations from the theory of Dupree
approximate the experimental Loge rater within a factor of 2 for qu:I;
the measurements made here. Kadomtsev's theory shows agreement only
~at 12 kG. For.B/BC < 10 the measured radial correlation lengths are
so large that Kadombsev's theory should not be appliéd. .

V. SUMMARY AND CONCLUSIONS |

Application of a magnetic field with a value greater than 15 times
the critical field to a positive column is shown to produce é turbulent
plasma with parameters that compare closely with the predictions from
Kadomtsev's theory of turbulence in the positivé colump} Transport is
‘aominated by the rédial convection of charged particles under the
influence of random oscillations of the electric-field‘in accordance
with this theory.' For fields with lower values, convection caused by
the helical instability’réthef than turbulent convection éppears to be v
the dominant transport ﬁéchanism, in agreement with other-experiments.a’ll
When B is raised above 1OQBC, the fluctuaﬁions in the plasma change
" continuously from helical oscillations to turbulent oscillations.
Particle transport when the magnetic field is greater than B'Bé

is a very slowly varying function of B, as can be seen in Table III.
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The various theoretical predictions of radial flux appear to be reliable
within a factor of two‘within their ranges of applicability. Kadomtsev's
and Dupree's theories of turbulence both provide reasonable estimates of
particle transport in the positive column for B >> ﬁc.

The close fit between experiﬁental and theoretical values of the
mixing length and the density profile at very high magnetic fields
showg that the Kadomtsev model of turbulence in the positive column
fits the conditions of thig experiment. TIn this case, transport is a
matter of small turbulent»celis convecting radially outward with an
average velocity determined by their size and growth rate. A better
description of transport, however, should include the effects of in-
homogenequs turbulence at the boundary. Such an analysis would avoid
the need to invent an extrapolation-length goundary condition such as
that used sby Kadomtsev. Nevertheless, the results do indicate that a
model of turbulence analogous to the hydrodyﬁamic model can be used to
‘describe the positive column for B/B_ > 15.
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Table I. Fraction of signal that is azimuthally symmetric.

B (kG)

1.4
3.5
7.0

12

P (mTorr) = 80

0.16
0.07
0.05

0.04

200

120 300
0.21 0.38  0.59
0.25 0.32 0.03 -
0.11  0.09  0.03
0.07 0.05 0.07

400

Vo.n8
0.1k4
0.21

0.0k
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Table IT. Axial wavelength and correlation length..

D B | o a(em) £(cm) ~
i . [ 2]
(mTorr) (k@) " Measured Computed Measured Computed i
80 B_ = 0.560 o . 170 - -
3.5 - 260 150 - -
12 | - —— 2% el
120 B_ = 0.630 100 - 1% -- -
5.6 1180 . 200 - -
12 _ S 7= P
200 B, = 0.710 80 100 . - -
5.6 180 130 - -
12 - —- 30 21
300 B, =0.805 - 80 go - - --
T 170 110. - -
12 ae- S - 28 13
400 B, =0.910 70 - -
T 200 80 -- -
eo12 T 200 80 - 11 .




-31- — ' UCRL-19203

Table ITII. Redial particle transport rates. Blanké indicate that the

s o “assumptions used are incompatible with experimental conditions.

" Transport rates (J_OllL particies/cmg-sec)

P B Sheffield Dupree Kadomtsev Experiment
{(mTorr) (kG) o

120 3.5 v 21

(B, = 650 6) 7 25 33 50 23
12 -- ho 18 31

200 3.5 18 10 -— 20
(BC;= 710 &) 7 20 20 210 20
12 - 29 36 26

300 3.5 13 9 -— 1k

(B, =8056G) - 7 1 15 _— 17
12 20 RV 0 18.
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Schema%ic of positive column experiment and probe construc-
tion.

Electric fiéld as measﬁred by é probe (A) apd as measuréd
from the inferelectrode poteﬁtial (Eij; (a), p= 80 inrr;
(v), p= 200 mTorr; (c), p‘:vhod”mTorf; The curves are drawn
to aid the reader.

Normalized density profile. p = 20 mTorr, B_ = 250 a.

®

-
o'
|

= 2.1 kG, tube 5 m long; O, B =1 kG, tube 5 m long;

N
o
1l

1 kG, tube 3 m long; A, B = O, tube 3 m long.

Normalized density profile. p = 200 mTorr, A, B = O kG;

O, B= 3.5 kG; &, B= T kG, o, B =12 kG; all at I = 400 mA.

®, B =12 kG, I = 200 mA.

Fluctuating azimdthaléelectric-field spectra. p = 120 mTorr.

‘Radial density correlation vs radial sepération. p = 80

mTorr. e, B=2.1k0; A, B=3.5kG O, B=7ket; o, B=12

kG. Curves are‘dfawn through poinfs'for B=12.1 and 12 kG
to aid the reader.

Radial density corfelation #s radial separation. p = 200
mTorr. e, B = 2.1 kG;.cJ, B=TkG; &, B= 10 kG; o, B =12
kG; all.data measured uSing O.lES-ﬁm diameter'probe.tips. :
A, E = 12-kG; probe tip diameter = 0.0SO mm, - Curves drawn
throvgh the points for B = 2.1 and 12 kG to a1d the resder.
Rédial dénsity correlation vs radial separation. p = 200
mTorr; B = 12 kG. e, bent probe (standard configuration |
used in experiment); A, straight probe, with curves drawn

to aid the reader.

U/




: Fig; 9.

Fig. 10.
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A comparison between the -radial mixing length as a function

of pressure as calculated from Kadomtsev's theory of turbu-

lence (solid curves) and the radial cofrelation length as
measured in this expefiment (5), For curve (a) 7 was cal-
culated.usihg Eé{ (14), and for curve (b).Z Was_calculated
using Eq. (20). V

Adjusted axial-density correlation vs axial separation.

p = 200 mTorr. AllL curves drawn to a8ld the reuder. The

curve. for B = Bc‘is ﬁit to a'cosiﬁe_shape. O, B= BC

(700 G); &, B-= 5.6 kG; o, B = 12 kG.
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XBLE97-3172
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used In the above, "person acting on behalf of the Commission” -
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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