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ABSTRACT

s of floating potential in the positive column

nagnetic ficld have been measured with

electric probes designed to minimizne the perturbation of the plasma. Zcker .

has showed that the shape of these distributions can provide a seansitive indi-
cation of the prescnce of enhanced electron~ior interactions. We see no

evidence for enhanced interactions; at raagretic field strengths below the

‘threshold of the previously observed helical inatabﬂi&y the resulis are com-

patible with the classical ambipolar theory of the positive column.
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. L. INTRODUCTION
The electric poteuntial distribution within a plasma is related to the
relative loss rates of the positively and negatively charged compounents. A
number of investigators experimentally have observed charged-ﬁarticle log-
ses considerably in excess of the predictions for a quasi-stationary plasma
coutained by a magnetic field; these losses lead to speculation about an "en-

IV

: T . I et
hanced" diffusion, also called "drain" diffusion.” Recent examples for fully

and weakly ionized gases, respectively, are fouad in the Stellarator work of
a1t p oy & P 14 5
Ellis et al. 7 and the glow-discharge positive column oiumcu of Hoh and Lehnert.

Many other examples of diffusion experiments can be found in the review
. o4

papers by Lcl&ne334 and Boeschoten. ~

Although the diffusion processes in fully and wé@.kiy‘ ionized gases are
basically quite &iﬁ’@ren@, some enh@_ng_&cj i_n(:era.ction process might be cornmon
to both of them. In the case of the positive columa, the increace in particle
lozses observed by Lehuert and Hoh at a critical magnetic field were shown
by Allen eé al. 6 to be as‘s ociated with the onset of a macrofscopic helical in-
stability. The theory has been given by Kadomtsev and Nedospasov.

The quecﬁtm‘n remained as to whether 2 small amount of enhanced dif-
fusion duer to other effécts might also occur in the positive column. It has

been shown by i:«:kc;v8 that the radizl potential distribution in a cylindrical
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positive column can be affected strongly by the presgence of enhanced dif-
fusion. In the present iﬁvegtigafzi@ﬂ the potential distribution in a helium
posi Live‘cmlumm has been measured as a fonction of magnetic field with
severé;l probe geometries. It will be demonctrated that radizally inserted
probes can perturb the potem:ﬁai seriously, but when this perturbation was
removed no indication of enhanced diffusion was found below the critical

magnetic field at which the spiral inatability &ovelo-ps

IL. ""I EORY

A, The Claspsical Theory

The stable positive columu is a quasi-neutral, wezkly iounized plasma.
its propertics can be predicted by considering the particle and energy balance
in a given geometry. The particle balznce is described by

Q

D

voalr) + s n(r)-— {1}
Here, n is the particle density, v, is the number of ion pairs nroduced ser second
per electron, and Da(B) is given by

D +D

' + - -t 1
D_(B) = —t -
2t} By TR vy, po B

v

(2)

D,, u, are the diffusion coefficienis and mobilities at B = 0, and volume
: v o el B

recombination and eleciron aitachment have been neglected. In a long cy-
- lindrical geometry, provided v, is independent of n, the soluticn of ejuation

(1) is

n(r) = n(0) J, 3, Vi ' {3y
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From the boundary conaitions, ewprecsioas relating the iorization rate and,

hence, the electron temperature T

be obtained.

to the paramecters of a discharge can

The longitudinal clectric field is determined by the power input
required to maintaio the clectron disiribution at a temperature T . If X7 )
denotes the fractional encrgy loss by 2 electran in a colllisbn includiny
eclastic, inclastic, and wall lossen, and if qua&ratic icnization prﬂccsses-—z e.,
icnization fr om excited atomic statcs--are excluded, the electric field is
found to be

11/4 1/2. kT
B - g 64 | 'g‘”'(r};“ % ; - yrz"'ﬂ/ .
E = § — KT e voltgfcn
z % ™ 5 i =" A ? {4)
where A is the traasport mean free path of an clectron. . The e:.fect of an

increase cf the longis

ature . by decreasing
iched longitudinal electric field. This has been confirmed cxperimentally at
et o v _— . . 410
magnetic fleids up o 6 3 gavss by the euveriment of Sickerton and von Engel
nd by the experiments of Lehnert aad Hoh at 'pag ctic fields into the kilc-
3
p PRV % ey 1o b £ T 5 £ Pt e 2oy
gauss range. A departure from the raounotonic decrease of & _ with increasing
. &
B, such as was found by Lehnert and Hok at high magnetic ficids, may con-
sequently be taken 25 an indication of a cha nge in the pzs;-t‘:cle loss,
Awnother parametcer which iz susceptible experimental investigation
is the radial potentizl distribution. Apsuminy ambinclar diffusion and
w
necglecting ion-eleciron interactione, the radial notential distribution in a
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that exhibits a monotonic incrense or decrease with radius depending ou the

relations between sl s T,, ¥ . Zickerton and von Engle zlsc observed the

-8
: -

- . )
1

cted reduction of the radial clectric ficld with incressing maguetic ficld

predi

puis

in their experiment; however, their resilts displayed large asymmetries across

the diarneter of the tubce, which they cugpesied might be cauced by unequal inter-

actions between the wall sheath and the sheath at the tip of their radial probe.

currents 1”1 » L', arc cqual. In ceder to accouunt for the large radial losses
obeerved ia low-pressure short arcs, Simoun has considercd the case in which

the radial clectron current :1 equale zero, Accordiag to Simon, sucha

P
¥
-

(C»

faes
ot
3
e C\ S
(
&
forets
Q
3
Go
83
=]
G

condition can be realized physically if the clectrons are free to fig

magnetic-ficld line to conducting surfaces at the ende of the plasma column.
has suggested that in contact with 2 plaonma ever normally fm;t.?.at\ ny materials
1
night act 28 - equipotential suriaces. (Neldigh has oblained some cxperimecrutal
i2 ;

eviderce that teads to covroborate thic supposition. ) Ecker has shown that

M Ay 2 o T 33 P o s o 5 van g bl pmm f o o '3 -
in thic case the radial potential distribution is glven by

: Y @ L . . . £ PN “ K
a result that is the same as that obtolined for ambipolnr dif
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no magnetic field. 8 it is interesting to note that the radial potential distri- .
. bution is independent of the magnetic-field strength in the case of Simon

diffusion.

C. The Theory of Ecker

Ecker has obtained the general expression for the radial potential ;-
A . I
distribution that allows for arbitrary values for c= 74.'._,1;'
e
an arbitrary electron-ion interaction term 7, that might be associated with

» and that includes

. . . 8
micro-instabilities.

Defining on,Een p n{r) and assuming that
p‘_*:’? F-+
and U=0atz=0, {
: . ! T
i - 2 P'_{_ +
ora i § B ~ & ii‘ ]
them eU _ ¢ o Ty (1- ¢)o L"f i1 - TRy B i““~ . n{0}
" kKT T O+ w0} - a
o T+{p, "+ ep, p }B
- U T A -
,+gl+-,fi-§é,’§l-2€)ui'57+ep+m Bz+p+ B (1-Ze+2@2)
b A -
% - ik . 1}
. ‘ {
3, o4 2 . 5 | 2.2 5 i1
T, R BT (e -1)7e p.+Jp._ B (e - 1) / ri+ n, B +p.+p. <B J;
f o \ '
Lop oo T0-"%u 0 | (7)
' T2 .y , : :
; 14 u,"B" +p o B e -'n{O)-«g
In? o~ . - - T
i . U'O_‘{ 00+ . {
‘ : 1 254" 2 :
- g Clep, B _-{~g¢+p_B € i
| AT y o /

Umng the Bessel. xunctmn densxty distribution obtained for the positive
column and assummg no enhanced mtc.ractmns, the previous sclution for am-
btpolar diffusion is recovered by settmg ¢ = 1, and the Simon diffusion case is

recovered by getting ¢ = 0. Intermedlate vplues of ¢ are, of course, permissible.
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The criterion .(deve‘ioped Ey Simon%l)' that is sufficient for trans-
| versé diffusion to be ambipolar in a plasma column of radius R, where.
the column is immersed in a magnetic field of length L and terminatéd

at both eunds by conduéting vsurfaces, is.

L. i” 1/2

Ry - .
where 1/f = (1/n){dn/dr), n is the clciron density, w_ is the cyclotron
frequency, and 7_ is the eleciron-neuvtral collision time. This criterion

is satisfied in mauny of the present opercting coaditions, and we have seen

no indications cof other than ambipolar transverse diffusion even in rather
short tubes. In the '"long tube'" experiment considered in this paper, we

will use ¢ = 1; for this case the radial potential variation in a positive

column is given by Py o
1 20 My + )
TR R B 7 ; “
Ufr) _ LE T 2.4x)
KT~ 2 — iy R
- 1+ gJ.J_p_B ;, 3 P
LT oo voo faar)
2§, "+ e+~ %o0- i
e p;_B.-%‘l-{-———--é 14 5 Jgt :
¢ T...J, . 1+p.+;u._B g R ?’
+ > fn DETYEETEE (9)
1+p+[¢ B R R ——L-—————z
} _ 1+ p+u_B

If the second term on the right of the equation is appreciable, i.e.,
7 # 0, the shape of the U(r)-versus-r curve is noticeably modified, aund 2
minimum is developed as shown in Fig. 1. In plotting Fig. 1, values
q and T /T * that are representative of the positive column in 2 longi-
R A

- tudinal magaetic field have been chosen; the value of o, T 9, =5
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implies the presence of a greatly enhanced interaction. In this example
. - the a}:iai electric field wﬁuld be increased above the clasgical value by

a2 large amount if the increased interaction were uniformly distributed
across.the tube. However, Ecker has argueds that enhanced interactions
could exist throughout a large f:éaction o_f éhe plasma without appreciably
affecting Ez, but potential curves of the general shape shown in 'Fig. 1
would gtill be obﬁajined. It appears possible, therefore, that 2 semi-
quantitative determinat{on of theradxal éo&cntial distribueior;can be used
as a measure of the preseunce or @bscnce of any enhanced interaction and

also to-indicate.the:magnitude of 1
III, THE EXPERIMENT

The basic phygs\ic@l arrangerent is shown in Fig. 2; this is knowa
‘as the long-tube geoméé:ry. Discl}arges in pyrex tubes 200 cm long and
2.75 cm in radius were studied; currents frou 56t0 500 mA dc were dz_‘rawn
from a hot tungsten cathode and an electronically: regulateci constant-
current power supply. | A nurx_z'ber of electfic probes made from glass-
coated 0.5 mm éurngrsten rod, ground {lat at one end. and protruding slightly

~into the tube from the tube wall,were spaced along the tube as shown in

Fig,2. “Midway between the electrodes, Langmuir probes of va.rious shapes
and types could be introduced into the tube.and moved along a diameter by
means of a micfometc;r screw, The region of the tube in the vicinity of the
radially movablé 'probe;was provided with several wall probes. The perturbing
effect of the ;éaciial probe on the plasma could thus be monitor?—'vd' to some

exztent by msaitoriug the ,a:»:.i'a.l' electric field. An oil diffusion pump with

@ réi’rig;erate‘& baffle and a liguid nittfog;eﬁ trap gave 2 system of basvé pres-

e . ’ ~ w’ “7
sure of the srder of i0

mm of mercury; there was no provision for baking
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f:Ee tube. Durix_‘lg an experimental run gases were continuously bled
through the lsystem, sometimes through a charcoal trap kept at li-
quid nitiogen temperatures. |

The ﬂéating-potenﬁ:ial difference between two probes, one fixed at
the wall, the d&her movable along a ﬁtlbe diameter containing the wall probe,
‘is shown in Fig., 3. In this cace the mavab.lé:; probe was made of 1.,5-mm-
diameter tungsten coated with glass to 2 diameter cﬁ' 3 mm and ground flat-
- at the coilecting end. These curves would appeaf to satisfy Ecker's cri-
terion for the presence Vof enhanced diffusion {see Fig. 1). Cﬁrves similar
in .shape to Fig. 3 were obtained for other gas prc::s;sures and probe diam-
eters decreasing to a 0.25-mm-diameter anodized aluminum wire as well
as for spherical and cylindrical collecting areas. The minima were often
less pronounce&, but asymmmetrical curves were always obtained. Measure-
ments of the axial clectric field as a function of the position of the i:édial
probe indi_éaﬁ:ed that the existing potential dis tributicn was significantly
perturbed by the radial probe, In view of this and in the absence of symmetry
about the center of the tube’ {see also Fig. & of ref. 10), it is clecar that
this technique is unsatisfactory for determining radial potential distri-
butions. ' ‘ S

Assuming that only the radial part of the probe appreciably perturbed
the pl._asma potential distribui:i’on, wé ceparated the collecting area f{rom the
radial portion of the probe as shown in Fig. 4. At the same time an attempt-
to ca‘icula:-t‘e the probe perturbéfzion ‘in such an asymmetric geomfztry was made

13, 14

for the B = 0 case by Masterson ct al. They found quanﬁitﬁative agree-

ment with the experimental results, but their analysis has not been extended

|

|

1

i PN [N R
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to the B >§ regimé. i‘hese probes were made of 0.25-mm- _diameter
: anbdized wire. The anodizing process provides a gielectric coating

of excellent guality 0.025 mm thick., The portions of the probes that

were paraﬂd to the o:::m of the discharge tube varied in length from

3 to 10 cm. |

If the tip of the probe was uot adjacent to a wall probe {Fig. 4), it

was found that suitable reference poteutiale could be obtained either at the
ancde or ’b-\yvmeans of a voltage divider connected to two wall probes span-
-ning the pogition of the radial probe. Typicel results are shown in Fig. 5
through Fig. 7. The lines are not theoretical curves but are drawn in to
show the trends of the experimentai distributicns, and data forv the various
magnetic fields havc been normalized {o the maximum ie the B = 0 curve.
The shapes of the curves are independent of the length of the part of the

probe that is parallel to the magnetic field, provided that it iz greater than

by

X

a2 minirnum value that varies with pressure. The results in all cases are
relatively symmetrical about the tube axis cxcept for a general tilt--perhap#
dw s to.a remnant effect of the radialstauy of the dogleg!' probe. P’eréurbra-
~tions are otill visible very close to the tube walls.. At magnetic ficlds
reater than BC, the fields at which the columins changed from azimuthally -
symmetric to helical dischar 'rea;!," the distributions are not particularly -

.

In order to remove the collecting area still further from any possible

radial asymmetric effects, the geometry chown in Fig., 8 was used. Anodized
aluminum wires 0.25 mm in diameter with a l-mm-long bare spot as the col-
lecting areca were used. {Problems of sag due to Ho ting of the wire in the

dmc‘nrde precluded the use of thic type of probe in the 300-cm tube.) The
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1

. . N . O
all probes were actnally located along a diameter rotated 90 fromn the.

)

9

nositions indicated in Fig. 8 so that the bare pbrtion of the anodized wire
did not approach them, Measurements of the axial electric Ifield as the
anodized wire nrobe was. moved about in the discharge showed rerturbations
that were less than 5% of Athe magnitude of the field. A second anodized
wire 0.25 mm in diameter, parallel to the tube axis and movable: along a
diameter perpendicular to the moticn of the probe wirve, was installed in
the éystem depicted in Fig. 8. The radial potentizal was monitored while
thigipertarbing wire was moved about the discharge; we found that the radial
poteatial wag not altered by more than 5% by the prescace of the second wire.
Some of the reseits obtained with these vrobes ave given in Fizs, 9 to 11.
Once again, the curves at and above B“ arc not cacily interpreted because

they are time averages of the potentials in unstable discharges,

IV, DISCUSSION . /

A comparison of the data from the dogleg probe in the long discharpge

tube and the axizl probe in the short tube--e.g. Figs. 6 and 10 at 0.6-mm-Hg

pressurce and Figs, 7 and 11 2t 0.9-mm-Hg pressurc--shows that the results
obtained! with these t{wo fometries are nearly ideatical. There are two
minor exceptions: The cur‘}ej clopes are differen t when the probing area is
few millimeters of ithe tubke wall, and they are quite different when

b3

the magnetic fields are so large that the discharges are unstable., The latter

fact is pr‘obably due to the very different tube and eﬁcct“cc.e frcometrles. The
general agr ement between results chiained with these two probe geometries ’

and the demonstration in the short tuke that a second cxial probe perturbs the

measurements only in a minor way provide a measure of confidence ir the

technigue.
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To compare the experime hal resulis with theory, it is necessary

to correct the curves for sagging of the probes when they czre heated in the

had =3T3

3

discharges, and, more bmportant, to make an assumupntion about the ion tem-

nerature. Ap an examuple, cousider the case chown it Fig, 9. The observed
maxima do not occcur exacily at the center of the tube; the probe posi-. .

indicated onthe micrometer screws. MNear the center, the probe wire

(oo
P
o
=
ptc
@
™)

wags observed to sag aboul 2 mm when the discharge was turned on, whereae
no deflection was noted when the orobe was near the tube walls., If we make
the crude assumption that tt

sity, theun the eifect can be

metrical curves--cxamules

actual sag ve position do not ¢ we can use these examplec only as a

semiquantitative argument for the exnlanation of the observed asymmetries.
Also shown in Fig. 12 are saraple potent ia‘; curves calculated {rom
Eg. {5). TFor this case, T was measured to be 3.2 eV at B = 0 and 2.9 ¢V

B = 4"'7? G the mobilities were obtained from ref, 13, The ratio ‘I‘_,/”‘

Q)

1.

iz not known but is generally thought toc be ia the range 107" to 1077, We
£4 ald ; 3 -2 a3 £3e 1
from Fig. 12 that /T = 10" gives 2 reasonably good fit except in
the region close to the tube wall., This geaeral conclusicon appears to hold

crour roage of pressures.  No cxamples of a revercal in the radial field

EA

i =]
were obtained below Bc
There is little published literature on potential mea curements in a

positive columen in a magnetic ficid. The straight radizal probe measure ..

ATy

10
ment of Bickerton and von Engel iz af 2 lower pressure than we used,

but the resultant asymmetries are simi with
. s o o s vty . L
straight probes, Von Glerke and Woliler have reported” ~ measurements

a radially movable probe that consisted of two

Z-mm~diam tu='*{31°cocu at a2 fized separa tion of l em, We would expect

rhation of the potential by the probe, but no data ave given
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2 nrobe in

a positive colummn. Unfortunstcly, no guantitative comparison with gur exner-

iment ig posesible at this time becavse (1) the crlculations do not include an

which we hove observed,

i1y

V. CONCLUSIONS

The radial stem of an insulated probe can seriously perturb the

.. NP S 4 13 S o 1 .
potential digirioution

would, according to

.'.(:5
(e N3 ion.

3 MY E ol T = e
: ratic of the number of charged

arge pertur-

ern

bations can be introduced by a radial probe slem-- in asrecment with the effect

reveal

radial

et
B
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Figure (,apf,v ons
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Fig. 1. The ambipolay radial potential dw tribution {rom the theory of
Eckerp ™ plotted as a function of the relative radial dictance r/R

for walues of the parameter g = p i

LB B0, + 0y =5 T /T, =10

2. The primary experimental arrangement {long-tube cystera).

ij
[
o]

)
R ks
G2

3. ?oteni:ial with respect to wall probe vs radius. He gas at
0.2 mm in 55-mm-i.d. tube. Magnetic ficld in gaues 28 ia-
dicated. Curves have been norzaalized to center. Ei-c =760 G
is the fmld a2t which the helical inst ability develops.

Fig. 4. Dcmﬂo of probe arrangement in long-tube syctem,

R
Y RrOond,

using 0. 25-m m-diam anodized aluminum doglicy
Fig. 5.. Radial potential U {r) vs distance of probe tip from tubc wall,
© 0.3 mm Hg, He gas, I =200 mai. Do
300-cm-long tube, R = 2.75 cm. Magretic ficld B in gauso.
B'c ig the magnetic field at which the helical instability develops.
- Fig. 6. Ul{r)-ve-d curves; He gas, G.b-mm Hg, I = 200mA. Probe and
PRRRRE tube geometry is indentical with #ig. 5.
Fig.' 7. Ulrj-wvs-d curvesr; He gas, 0.9-mm g, I = 200mA. Probke and

tube geometry is identical with Fig. 3.

Fig. 8. Secoundary, short-tube gystera. The ancdized aluminum wire
was movable along a dmmctc“ for #adial potential measuremento.
Fig. 9. Ulr)ews-d curves; He gas, 0.2-mam Hg, [ = 200 mA. Probe and

tube geometry é_s shown in Fig. 8; R = 2.75 cm.
Fig. 10. Ulr)-ve-d curves; He gas, 9,6-mm Hg, I = 200 mA. Probe and

-
B

tube geometry as shown in Fig, 6; R = 2,75 cm.

~-17- ' ' LJC-\M—l()fS?“‘
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11, U{r)wve-d curves; He gas, 0.9-mm Hg, I = 200 mA,. VPrzobe aand

tube geometry = 2.75 cm.

)

te and theory [Zg. (B)

i2, Comparison

Lot

for
Fe ot 0.2-mam Hg and I = 200 m&. The probe and tube geometry
are shown in Fig. 8, The date hove been corrected for probe sag:

n

bed in the text; this correciion is too small to iadicate
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