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Transport properties of a weakly lowed cesium plasmi
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The transverse component (o.T} of the tensor electric conductivity of a weakly ionized magnetized

plasma has been measured under near-thermal equilibrium conditions. Care has been taken to minimize

the effects of E X 8 drifts and finite apparatus size. For magnetic fields that are large enough, it is

found that the magnetic field dependence of err is 1/8', in agreement with theory. It is also found

that the overall density dependence of o T agrees with standard conductivity theory. At the highest

values of the magnetic field used, the data show some deviation from theoretical predictions which

include only electron transport. This deviation is attributed to ion transport, and opens up the

possibility of measuring transport properties of the ions alone.

I. INTRODUCTION

We have recently published an article' in which
the energy loss of a tenuous low-energy ion beam
was measured after passage through a plasma in
near thermodynamic equilibrium. The plasma mas

produced by thermal ionization of alkali (cesium)
vapor in a hot tantalum container. Such a plasma,
which is essentially homogeneous and isotropic,
and is in near thermodynamic equilibrium, is
mell-suited for the study of fundamental plasma
problems. In this article me present some results
using a similar plasma, but with different geome-
try, involving the study of dc electric conductivity
in a weakly ionized plasma. The main goals of the
present work mere to study how the conductivity of
our plasma depended on density, temperature, and

magnetic field (an external field can be applied
without affecting the plasma properties). Later
papers will explore other aspects of the conductiv-
ity problem in more detail, including extension to
higher fractional ionization, ac measurements,
and stronger magnetic fields.

The transport properties of fully, partially, and
weakly ionized plasmas have been the subject of
many theoretical studies. ' The experimental in-
vestigations have been exceedingly sparse, mainly
owing to the difficulties of creating plasmas whose
properties are sufficiently mell defined so that
meaningful comparison can be made with theory.
We have measured the transverse component&
the tensor electric conductivity of a weakly ionized
cesium plasma as a function of particle density and

magnetic field. The effect of the plasma tempera-
ture was also studied, although in the present work
the temperature dependence is largely attributable
to the fractional ionization dependence on tempera-
ture. The plasma used was in near-thermal equi-
librium with the walls of an isothermal enclosure,
was homogeneous, and had no macroscopic elec-
tric or magnetic fields other than those externally

imposed.
The current carriers for the parameters used

are primarily electrons. Even at weak magnetic
fields they are tied to the field lines, but collisions
with neutral atoms allow their guiding centers to
successively hop across the field lines, opposite
to the direction of the applied electric field. The
effective transport cross section for this process
is the momentum transfer cross section.

At higher values of the magnetic field, the elec-
tric current mill be dominated by ion transport.
Deviations of our data from those predicted were
actually observed. At higher magnetic fields than
those available in this experiment, the ion conduc-
tivity could be investigated in detail.

In a uniform magnetic field B that points in the
z direction, the conductivity tensor o is defined by
the equation

(ij=o'E,
where f is the current density, E is the electric
field, and 0' takes the forms

0 0 or,

where o~, o~, and ol, are the transverse, Hall, and
longitudinal components of the conductivity, re-
spectively. Equation (l) may be written in terms
of vectors as

X =orE j +os(kx E~)+ogE I(,

where E
~t

and E~ are the components of E parallel
and perpendicular to 8 respectively, and R is a
unit vector in the z direction. Assuming that cl. is
identical to the conductivity in the absence of a
magnetic field, ¹ighan~ and Roehling have mea-
sured this quantity for a partially ionized gas, and
Rynn' has measured it for a fully ionized gas. The
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transverse conductivity or for a weakly ionized
plasma, is the object of the present investigation.
It has been measured by Mullaney and Dibelius~ in
an experiment possessing a geometry similar to
ours, but which may have considerable end effects.
It has also been measured by Pikus et aL.,' but in
a geometry where the Hall current is shorted by
electrodes, rather than being allowed to circulate
freely. In both of these investigations, there was
no independent check of the neutral density.

II. PLASMA SOURCE AND EXPERIMENTAL GEOMETRY

The weakly ionized cesium plasma is produced
by introducing cesium atoms into an almost iso-
thermal box that ean be heated up to 1800 K. The
degree of ionization is described by the Saha equa-
tion, '

(2„INIITfhm)s/me eyer

where n„e„andn, are the densities of the neu-
tral atoms, electrons, and ions respectively, m
is the electron mass, 4' is Boltzmann's constant,
k is Planck's constant, T is the absolute tempera-
ture, e is the magnitude of the electronic charge,
and rp the ionization potential of the neutral atoms.
Other investigators who have constructed equilib-
rium ylasmas similar to ours are Enriques and
Magistrelli, 'o and Agnew and Summers. " In con-
tainers of the size we are considering, almost all
the ionization occurs at the walls. The plasma
chamber contains several small holes for diagnos-
tics, and the particles make several thousand
bounces before escaping. The losses are made up
by steadily trickling in a small amount of cesium
vapor. The plasma should, therefore, be de-
scribed by the Saha equation to a good approxima-
tion. Except within a few Debye lengths of the wall,
n, =e& within the body of the plasma, and the dis-
tribution functions should be Mmrwellian.

The plasma is contained inside an enclosure that
is the space between a coaxial tantalum rod and a
tantalum cylinder (Fig. 1). The enclosure is
capped off by two thin boron nitride (BN,}disks,
and can be heated to 1800 K by radiation emitted
by a surrounding heater. A uniform magnetic field,
applied parallel to the symmetry axis, is produced
by external Helmholtz-like coils. A radial electric
field is created by applying a voltage between the
rod and the cylinder, and the resulting current is
measured. From the voltage, the current, and
geometrical factors, 0~ can be calculated. With
this configuration, the E x8 drift of the ionized
part of the gas results in an azimutha1, circulation,
and does not produce density gradients. The elec-
tl'ic conductlvlty of 'the ho't BN2 is Ilo't lllgll ellollgll

to short out the plasma, but is high enough to al-
low a small current to flow. This sets up a radial
electric field that exactly matches that in the mid-
dle of the plasma region. The BN, disks effectively
act as guard rings that eliminate fringing fields
from the plasma region. Table I contains a sum-
mary of the important plasma and geometrical pa-
rameters for the present experiment.
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FIG. l. - Schematic diagram of the plasma container.

HI. EXPRESSION FOR az

Consider a homogenous isothermal partially ion-
ized gas in a magnetic field that points in the s di-
rection. We assume that the fractional ionization
is low enough so that only electron-neutral and
ion-neutral collisions need be taken into account.
(From Table 1, the electron-atom collision fre-
quency divided by the electron-ion collision fre-
Iluency has values ranging from 13 to 2 x10'.} A
spherical harmonic expansion of the electron dis-
tribution function, when inserted into the Boltz-
mann equation, leads to the following expression"
for the electron contribution to cz, when the elec-
tric field is taken to be dc:

4II8 V K sf a
sag 0 v +Q 8%

where w is the electron velocity, f,' is the isotropic
part of the electron velocity distribution, v, is the
electron-atom collision frequency for momentum
transfer, and 0, is the electron cyclotron frequen-
cy. The electron collision frequency is given by
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TABLE I. Summary of plasma and geometric parameters for present experiment.

Temperature
Total number density
Fractional ionization
Estimated ratio of electron-atom to

electron-ion (&90) collision frequency
Debye length
Magnetic field
Plasma chamber dimensions

Inner diameter
Outer diameter
Length

1025-1325 K
10~~-10~5 cm 3

Sx10 8-10 4

13-20,000
Vx10 ~-8x10"~ cm
0.5-225 G

0.636 cm
3.71 cm
20.3 cm

where Q'„, is the electron-atom cross section for
momentam transfer. The ion contribution must be
added to this, and indeed, at high magnetic fields
will dominate. A corresponding expression for the
ion conductivity is

4we viW' &f,' ~
3~ v2+ Q2 8QJ

2f'=n (P/w)' 'e '
where P, =m/2kT We as. sume that in the same
limit f0 also approaches the Maxwell-Boltzmann
distribution, and

2f i -s (Pi/7/) e Bi (9)

where P, =M/2kT and Mis the ion mass. The total
conductivity then becomes

T 3 P/2 P+@2

Ben '' " vW
+ iPi i Biw dW -(10)

3p. 17 i v +0
To ascertain the general behavior of v~, it is

convenient to assume that v, and v, do not depend
on the velocities. This is equivalent to assuming
that the cross sections vary as (velocity} '. The
integrals in Eq. (10}are then easily evaluated.
Figure 2 is a plot of the results for four different
neutral densities, T=1225 K, q', =(3.12x10 '/
iv) cmi and Q'i=(1.2&&10 8/W) cmm, where w and
W are in cm/sec. The constants chosen give con-
ductivities commensurate with those determined

where W is the ion v'elocity, p, is the reduced ion-
atom mass, f, is the isotropic part of the ion ve-
locity distribution, v, is the ion-atom collision
frequency for momentum transfer, Q, is the ion
cyclotron frequency, and Q', is the ion-atom cross
section for momentum transfer. There may be an
addition to v, owing to the resonant charge-trans-
fer reaction Cs'+Cs-Cs+Cs'.

For very weak applied electric fields, it can be
shown that f', reduces to the Maxwell-Boltzmann
distribution,
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FIG. 2. Calculated values of the transverse conductiv-
&ty Oz as a function of magnetic field B', for the four
values of the neutral density assuming momentum-trans-
fer electron-neutral (Q~~&) and ion-neutral (Q' &) cross
sections of (3.11x10 /ao) cm and (1.2x10 /W) cm
respectively, where co and W are the electron and ion
speeds. The downward arrows represent fields for which
Q~ = p~.

from this experiment. For these curves, the ar-
rows pointing down represent the magnetic field
values B, for which 0, = v„and the arrows point-
ing up represent the magnetic field values B, for
which 0, = v, . For B&B„o~is dominated by elec-
tron transport and approaches a constant as Bis
reduced to zero. This is illustrated by the parts
of the no=10" cm" and n, =10" cm ' curves to the
left of the downward arrows. As B gets larger than
B„asin parts of the above two curves to the right
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of the downward arrow, o'~ is still dominated by
the electron flow but now has a 1/B' dependence.
If electrons were the only charged particles pres-
ent in the plasma, o ~ would continue to decrease.
For ions this is still a low-field region (0, «v, )
and the ion conductivity is not yet decreasing as
1/B'. As B is raised still further, or will level
off for a short region with increasing magnetic field
until B&B„where it shows a 1/B' dependence
again. In this region the conductivity- is almost en-
tirely due to ion transport. This behavior can be
seen in the no=10" cm ' curve to the right of the
upward arrow If.one has a large enough magnetic
field, it would be possible to investigate the ion
conductivity in detail.

In this experiment, the conductivity at zero field
is not an accurately measured quantity due to the
presence of the sheath resistance. Also, the mag-
netic field strength is limited and does not allow
investigation very far into the region where ion
conductivity is important. In the region of primary
interest in these measurements o~«o~, and 0,
» v, . Equation (10) then reduces to

8e2~ ps/2
(11)

Letting 0, = eB/m, v, = n,Q', w, and P, = m /2k T,
and using Eq. (4) to express n, in terms of no, Eq.
(11)becomes

2s/4gl /4~17/4~3/2+ -8&/2kT
0

3h3&2(kT) s B

such inverse-power cross-section dependences in
obtaining cross sections from transport data.
However, this is not a justifiable procedure in
those cases where the actual velocity dependence
of the cross section is more complicated, as it
may very well be in the case of electron-cesium in
the thermal energy domain. " There is some indi-
cation that in this region the cross section may go
through a strong maximum.

IV. APPARATUS

The plasma chamber, heating element, heat
shields, and cesium feed are shown in Fig. 3.
These are surrounded by a water-cooled baffle.
The vacuum envelope is a stainless-steel cylinder
18 in. in diameter, and 50 in. high, which is
pumped by a trapped 10-in. oil diffusion pump.
With the plasma chamber at 1400 K, the pressure
is 5&10 ' torr.

The annular plasma region is 20.3 cm high, and
consists of the space between a 0.635-cm-diam.
tantalum rod and a 3.71-cm o.d. x0.051-cm-wall
tantalum cylinder. As previously remarked, the
annual region is capped off by two BN, disks. The
vapor pressure of BN, is low enough (&10 ' torr)
in the temperature range used in this experiment
so as not to present any outgassing problems. At
the top, the plasma chamber is joined to a rigid
50-0 coaxial line to enable rf measurements to be
made if desired. At the bottom, not shown in Fig.
3, a crude but flexible coaxial line allows the
plasma chamber to expand downward upon heating,

)( Q8 ~se 1tcto /kT d~
0

(12)

Equation (12) cannot be reduced further without
knowledge of the dependence of Q', on m. For data
at a constant temperature, the 1/B' and no'~' de-
pendence of o ~ can be tested by assigning a con-
stant to the value of the integral. For data at dif-
ferent temperatures, some assumption has to be
made about the velocity dependence of Q', . A con-
venient assumption which leads to integrals that
are easily evaluated is Q', = C&/w', where I is an
integer and C& is a constant. Using this expression
for Q', in Eq. (12) we have

25/4&1/4 7/4 /2~ e-eq/2k'
(g) 1I m 80 ge I 13)

3h'"(kT)7~4B'

where
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a~ is the theoretical expression for o'~ obtained by
assuming that Q', = C,/w', where I is chosen to
optimize the theoretical fit to the experimental
data. Many transport experiments have assumed

FIG. 3. Cross-sectional view of principal elements
of plasma source.
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and also permits rf transmission measurements
to be made. In addition to having the inner and

outer parts of the plasma chamber electrically in-
sulated from each other, the entire assembly is
insulated from ground.

The source is similar to many "ovens" used in
atomic beam work, except that in addition to heat-
ers, there is a quenching coH through which water
or air is passed as needed. Thus, the oven tem-
perature and hence the total particle density is
controlled independently of the plasma chamber
temperature. The cesium is fed from the ov'en in-
to the plasma chamber via a hole drilled in the
center rod. An Ohmic heater surrounds the plas-
ma chamber, and heats it by radiation. The heat-
ing element is constructed from two coaxial tanta-
lum cylinders with 0.001-in. walls welded together
at one end. The upper ends of the cylinders are
attached to two electrically insulated water -cooled
plates. The plates supply the current, which flows
down one cylinder and up the other. With this ge-
ometry no appreciable magnetic field from the
large heating current is created in the plasma re-
gion. Similarly, all other current leads both in-
ternal and external to the vacuum system are co-
axial. About 0.7 kW of filtered de will heat the
plasma chamber to 1200 K. Surrounding the heat-
ing element are four cylindrical heat shields fab-
ricated from 0.001-in. -thick tantalum. For diag-
nostic purposes three small holes are drilled in
the plasma chamber, and corresponding holes are
cut in the heating element and heat shields. The
plasma chamber temperature is measured by
sighting into one of these sets of holes with an opti-
cal pyrometer. No emissivity corrections are
necessary, as the chamber is a very good black
body. A correction to the measured temperature
is made because of losses in the window of the
vacuum system. The neutral density in the plas-
ma chamber is determined by measuring the flux
of neutral atoms emanating from one of the holes.
A portion of the flux falls on a heated 0.01-in.-
diam. tungsten wire and is surface ionized. The
resulting ion current is measured, and the neutral
density determined from geometrical factors and

the plasma temperature. A beam flag is positioned
between the hot wire and the exit hole in the plas-
ma chamber so that the neutral background from
the hot wire and vacuum chamber could be differ-
entiated from the desired flux emanating from the
plasma chamber. Problems arising in the mea-
surement of the neutral flux will be discussed in
the next section.

A magnetic field of up to 220 6 was supplied by
two large Helmholtz-like coils mounted outside the
vacuum system. The field was measured with a
Bell model 120 gaussmeter. The values obtained

were within 3% of those determined by measuring
the frequency at which maximum electron cyclotron
absorption occur red.

V. EXPERIMENTAL PROCEDURES

A glass capsule of cesium was frozen in liquid

nitrogen, cracked, and loaded into the oven. The
system was then pumped out as quickly as possible.
When the pressure reached -10 ' torr, the plasma
chamber heater was slowly turned on so that the
temperature of the plasma chamber rose at about

25 K per minute. This prevented the BN, insula-
tors from breaking due to thermal shock. After a
day or two of outgassing, with the oven kept cold,
some measurements were made of the current
through the plasma (I) vs the voltage across the

plasma (V) in order to determine the resistance of
the hot BN, end caps. A value of -V&&10' 0 was
measured, which was independent of the magnetic
field. The cesium oven was then heated until the
desired density was obtained in the plasma cham-
ber as measured by the hot wire. I-V curves were
then taken at very low values of the applied mag-
netic field, which was vertical, to determine the
value at which the vertical component of the earth' s
field was cancelled. This corresponded to maxi-
mum conductivity. The tangential component of
the earth's field was ignored. A series of I-V
curves were then taken as a function of the mag-
netic field. o~ was calculated from the formula

1n(b/a) 6I
2m'I b V

d, I/4V is the slope of an I Vcurve and 5-, a, and

L, are the outer radius, the inner radius, and the

height of the plasma chamber, respectively. The
resistance of the end caps was neglected, as in

the worst case it was more than 100 times the re-
sistance of the plasma.

The hot wire signal consists of three parts: al-
kali ions emitted by the wire, a cesium flux orig-
inating from cesium background vapor in the vacu-
um chamber, and the desired cesium "beam" flux

originating from the hole in the plasma chamber.
The beam flag, consisting of a rectangular plate
1 &1 in. , is supposed to separate the last from the

first two. The beam flag is swung completely in or
out of the beam and the difference in the hot wire
signals is recorded. At higher densities, and after
the vacuum chamber had not been exposed to air
for awhile, the "background" flux in fact became
higher than the "beam" flux. Eventually this effect
was traced to cesium emitted from the outside of
the plasma chamber, near the exit hole. To elimi-
nate this spurious signal, a slit was cut in the mid-
dle of the beam flag, and the flag "open" measure-
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where e is the thermoelectric coefficient. From
Eastlund's work, "we estimate an a (in zero mag-
netic field) of 10' G'~'K ' sec ', and from our own
measurements, we estimate a or of 10 ' mho/cm
at zero magnetic field. With the above values, Eq.
(16) predicts 33 mV for 10 K temperature differ-
ence, which is the order of magnitude of the zero-
current voltage observed. The thermal bias does
not significantly affect the conductivity measure-
ments.

Figures 6 and V present measured values of the
conductivity vs magnetic field. The data are listed
in tabular form in Tables II and GI. In Fig. 6 there
are four sets of data, all taken with n, =—10"cm '.
The four sets were taken at temperatures of 1021,
1106, 1213, and 1326 K. Because of thermal time
constants. in the cesium supply and plasma system,
it was not practical to experimentally adjust np to
be exactly the same in all four cases. The solid
straight lines are plots of Eq. (13)with/=2 and C,
= 59.8 cm . Recall that this expression is valid for
B,«B&B„nadpredicts a 1/B' dependence of the
conductivity on magnetic field. The arrows point-
ing downward are the values df B, calculated using
the above values of / and C&. The dotted lines are
corrections to Eq. (13) obtained by adding in the
ion conductivity as given by Eq. (I) with the as-
sumptions that v, is constant and Q'„,=1.2x10 '/W

cm'. For magnetic fields of 30 to 100 G, attempts
to fit the data to values l =0, 1, 3, or 4 result in
worse agreement than with l =2.

Table IV contains values of the fractional differ-
ences of various o~ from o(~ for various temper-
atures, assuming the density is constant. The C&

are chosen so that the o ~ =o&~) at 1200 K. These
percentage differences are large enough so that
l=2 is clearly the best value.

In Fig. 7 are five sets of data, all taken at tem-
peratures close to 1225 K. The five sets were
taken with n, =1.2&10", 6.1x10", 1.3x10'~, 4. '7

x10", and 1.1x10"cm '. Again, the solid
straight lines are plots of Eq. (13)with I =2 and

C, =59.8 cm', and the dotted lines are obtained by
adding in the ion conductivity as in Fig. 6. It must
be emphasized that in Fig. 7 all the temperatures
are quite close together, the integral in Eq. (12)
which contains the unknown velocity dependence of
Q', is almost a constant, and the temperature
variations that do exist are compensated for by an
assumed velocity dependence that fits a 325-K
temperature variation of the plasma. Figure 7 is
hence an excellent test of the 1/B' and n', ~' pre-
dictions of Eq. (12).

We estimate that the measurements of o~ and B
are accurate to +3%. The temperature, after cor-
rections have been made for window losses, is
adjudged known to +15 K. The relative values of
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FIG. 6. Measured values of conductivity oz vs magnetic
field, for a neutral density of about 10 cm 3, for four
values of the temperature, as indicated.

FIG. 7. Measured values of conductivity o~ vs magnetic
field, for a temperature of about 1225 K, at five values
of the neutral density, as indicated. .
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TABLE II. Summary of measured conductivity o'~ vs magnetic field for several tempera-
tures at approximately constant neutral density.

T=1326 K
n p=1.07x 10 cm

T =1213 K
n p=1.0x 10 cm

T=1106 K
n p=1.Qx1Q cm

T =1021 K
np=1.2x10~4 cm ~

0'p

(pmho/cm)
B (Tj

(p, mho/cm)
B
(6)

0'&

(pmho/cm)
0'z

(p mho/cm)
B
(G)

3481
3351
3360
3126
1932
1101

615
387
188
115
58.1
33.0
28.0

0
0.9
1.81
4.0

13.0
22.0
33.0
44.4
67
89

134
179
224

1404
1412
1419
1263
959
612
313
160
77.6
37.5
22.6
10.3
6.6
4.5

0
0.9
1.8
4.0
8.5

13
22
32.3
44.4
67
89.1

134
179
224

265
262
256
233
169
107
56
26
14.2
6.8
3.8
1.7
1.0
0.67

0
0.9
1.79
4.0
8.5

13.0
21.5
32.7
44.4
67
89.5

134
179
224

43.6
41.9
42
39.3
28.9
10.2
5.0
2.7
1.3
0.76
0.38
0.26
0.18

0
0.9
1.8
4.0
8.5

21.5
33.6
44.4
67
90

134
179
224

the neutral density depend primarily on the mea-
surement of the hot wire current. These relative
values are estimated to be accurate to +4%. The
absolute values of the neutral densities are known
'much less well, primarily because of the large
neutral background and uncertainties in dimensions.
We assign an uncertainty of +40% to the absolute
values of the neutral densities.

VII. DISCUSSION AND CONCLUSIONS

With respect to the magnitude of the magnetic
fields used in this experiment, there are two main

regimes of interest. The first is at zero or low
values of the field where B has no effect on the
conductivity. The second is at higher values of B
where the conductivity is essentially falling off as
1/B', but not so high that ion conductivity has be-
come important. In the low-field region it is well
known that the resistance of the sheath may be
large enough to affect the conductivity measure-
ments of the plasma. Rynn' has observed this for
a fully ionized plasma, and has developed a theory
that does not depend on the details at the surfaces
for the order of magnitude of this effect. Extending

TABLE GI. Summary of conductivity &~ vs magnetic field B, for several neutral densities at approximately constant
temperature.

T =1220 K.
np=1.2x10 cm

T=1218 K
n p= 6, ].x 1Q cm

T =1228 K
np=1.3x10i4 cm ~

T=1225 K
np=4. 7x10i4 cm 3

T=1241 K
np=1. 1x10 ~ cm 3

0'g

(pmho/cm)

B
(G)

0'z

(p mho/cm)
B

(G)

0'z

(p mho/cm)
0'z

(pmho/cm)
0'p

(p mho/cm)

225
216
143
60.1
33.3
13.6
5.7
4.1
3.2

0
0.9
4
8.5

13
22.8
45.7
66
90

1204
1002
928
594
343
158

85
50.6
24
13.9
7.4
4.9
4.1

0
0.9
4
8.5

13
22.8
32.7
43.5
66
89

134
179
224

1717
1715
1670
1622
1564
1246
896
510
236
149
69
38.4
17.4
10.6
7.1

0
0.9
1.8
2.9
4.0
8.5

13
21.3
33.6
44.4
66
90

134
179
224

969
974
816
639
477
280
190
91
57
36.1

0
13.3
22
33
49.4
67
90

134
179
224

1082
1012
1053
1015

955
811
541
489
300
200
140

0
1.8
4.0

13
24
44.4
67
89

134
179
224
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TABLE IV. Fractional differences of the o & from-
the o 22 for various temperatures.

Temperature 1000 K 1100 K 1200 K 1300 K

(~(O) ~(2))/~( 2)

(o(i ) o(2))/~(2)

(o(2) o(2))/o(2)

(o(3) o(2))/o(2)

(o(4) o(2))/o(2)

-0.167 -0.085

-0.086 -0.045

+ 0.10 + 0.045

+ 0 ~ 199 + 0.090

+ 0.081

+ 0.041

-0.039

-0.078

Rynn's results for plane parallel geometry to our
cylindrical coaxial geometry, we obtain for the
sheath resistance R,

4 mkT ~ A+A
e 2 Ag~ n, ' (17)

where 4, and A~ are the areas of the inner rod and
outer cylinder. When expressed in terms of an
equivalent conductivity, Eq. (17) predicts values
of the sheath conductivity which are several times
higher than that measured but not enough higher to
justify neglecting it entirely. . Furthermore, an
attempt to extend the good theoretical fit to the data
at higher values of B down to low values of B re-
sulted in some success, but the results were not
good enough to be reproduced here. Even when Eq.
(17) was introduced in the theory, there were some
discrepancies at one or two values of the density.
The obvious way of determining the sheath resis-
tance is to change the radius of the inner rod or
outer cylinder of the plasma chamber, which was
not feasible in the present experiment.

As B is raised above B„the conductivity of the
plasma falls rapidly, while that of the sheath
should be relatively unaffected, as the cyclotron
radius of the electrons is large compared to the
sheath dimensions. The agreement between theory
and our data as shown in Figs. 6 and 7 is excellent
for values of B much above B,. The one exception
to this is the data for n, =1.2 &&10" cm ' in Fig. V.

At this low density the mean free path of the elec-
trons is approaching the dimensions of the cham-
ber and inaccuracies in the theoretical fit are to be
expected.

At the highest magnetic fields used, the data
deviates slightly from the solid lines. By including
in the expression for the theoretical electron con-
ductivity a term representing the conductivity of
the ions, better agreement is obtained. Clearly
higher magnetic fields than the ones used in this
experiment are necessary to investigate the ion

4''
Q', =, (1+1)sin'(g, -ri„,),-m-- (16)

where g &
is the phase shift for the lth partial

wave. In general the g& are slowly varying func-
tions of m except near resonances. Thus, far from
resonances Q', should vary as 1/w'.

Finally, it should be noted that in our experiment
the relative values of the neutral density are quite
accurate, but the absolute values are not so accu-
rate due to the large neutral background. With ap-
paratus modifications, the absolute neutral density
could be measured to much higher precision, and
accurate values of the integral containing the mo-
mentum transfer cross section obtained.
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conductivity. Such an investigation would be par-
ticularly interesting because of the additional ef-
fect of charge transfer.

It can be concluded from the excellent agreement
between the predictions of Eq. (12) and the data
taken near the temperature of 1225 K (Fig. 7) that
the 1/B' dependence predicted by Eq. (12) is well
satisfied for B&B,. This dependence results from
the dynamics of collisions, and the dynamics of
charged particles in magnetic fields. Care has
been taken in the geometrical design of this exper-
iment to minimize end effects, and E xB effects.
We believe that this experiment has determined the
magnetic field dependence of o~ to a precision not
previously attained.

The n,' ' dependence of rrz results from fact that
o~ depends on the densities as n no. From the
Saha equation n is seen to be proportional to n', '
resulting in a no

' density dependence. The good
agreement of the spacing between the five different
sets of data in Fig. 7 with the theoretical predic-
tions indicates that both the Saha equation, i.e.,
near thermodynamic equilibrium, and the basic n
dependence of 0~ in weakly ionized conductivity
theory, obtain in the present experiment.

The data taken at approximately the same density
but different temperatures (Fig. 6) indicates that
in this temperature range assuming Q', varies as
1/w' produces a better agreement with the data
than any other simple power law. Not too much
should be read into this, as the velocity dependence
of the cross section might be very complicated,
with 1/w' just happening to produce the best re-
sult. On the other hand, it is interesting to note
that a partial-wave expansion of Q', gives"
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