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Thermal Conductivity of an Electron Gas in a Gaseous Plasma*
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DePartment of Zlectrica/ Engineering, University of Illinois, Urbana, Illinois

(Received June 13, 1958)

The thermal conductivity of an electron gas in a gaseous plasma is determined by experimental techniques
which have been improved over those reported in a previous article by Goldstein and Sekiguchi. A pulsed
microwave is utilized to probe the plasma parameters as well as to selectively heat up the electron gas in a
small volume of the elongated plasma. The photomultiplier tube detects the change in electron temperature
by taking advantage of the phenomenon of "afterglow quenching. "The experimental values for the thermal
conductivity, which are determined by two different methods, are in good agreement. In the plasmas investi-
gated, neon and helium, the degree of ionization is very low (10 -10 '). However, the measured values of
the thermal conductivity are still consistent with those obtained from the theoretical expression given by
Landshoff, or Spitzer and Harm for a fully ionized gas.

INTRODUCTION

A PREVIOUS article by Goldstein and Sekiguchi, '
referred to hereafter as GS, reported an experi-

mental method for investigating the eGect of electron-
electron interactions on the thermal conductivity of
an electron gas in a gaseous plasma. The thermal
conductivity (E) was determined through the selective
heating of the electron gas in a small volume of the
decaying plasma by means of a pulsed microwave.
Detection of the increase in electron temperature was
accomplished by using the phenomenon of "afterglow
quenching. '"

It is necessary to know with considerable accuracy
the value of the plasma parameters (electron concen-
tration, effective collision frequency and initial electron
temperature), both for the determination of the thermal
conductivity, and for the quantitative comparison of
the experimental results with the present theories.
However, in the previous work reported by GS, the
electron-molecule collision cross section was not pre-
cisely known as a function of electron energy for the
gases used. This is directly related to the appearance

* Supported by Air Force Cambridge Research Center.
/On leave from the Faculty of Engineering, University of

Tokyo, Tokyo, Japan.' L. Goldstein and T. Sekiguchi, Phys. Rev. 109, 625 (1958).
s goldstein, Anderson, and Clark, Phys. Rev. 90, 486 (1953).

of a rather strong "Ramsauer-Townsend e8ect" in the
heavier noble gases such as xenon and krypton. Also,
in the work of GS in which xenon was the principal gas
employed, it apparently seemed that the thermal
conductivity increased rapidly with increasing electron
concentration, if the initial electron temperature was
assumed constant at 300 degrees Kelvin. This was quite
contrary to the theory of Spitzer and Harm' in which
the value of E is supposed to increase rapidly with
increasing initial electron temperature T.o, but is a
slowly varying function of electron density m, . This
apparent discrepancy was presumed due to an unknown
variation of the initial electron temperature which had
previously been assumed constant.

It was the above considerations which made it seem
pro6table to extend these investigations to the lighter
noble gases, neon and helium, in which the "Ramsauer-
Townsend eGect" does not appear, and for which the
electron-molecule cross section has been accurately
determined as a function of electron temperature. 45

This extension was made feasible by the improved
experimental techniques that were developed since the
work previously done by GS.

s L. Spitzer, Jr., and R. Harm, Phys. Rev. 89, 977 (1953); L.
Spitzer, Jr., Physics of Ftslly Ionized Gases (Interscience Pub-
lishers, Inc. , New York, j.956), p. 86.

4 L. Gould and S. C. Brown, Phys. Rev. 95, 897 (1954).' A. L. Gilardini and S. C. Brown, Phys. Rev. 105, 31 (1957),

Copyright Q. 1958 by the American Physical Society
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APPARATUS AND EXPERIMENTAL METHOD

The experimental apparatus and method employed
to determine E and the plasma parameters are essen-
tially as outlined in GS. A brief resume with some
supplementary explanations will be presented here.

Figure 1 shows the schematic diagram of the experi-
mental arrangement. The region in which the micro-
wave energy interacts with the plasma is as illustrated
in Fig. 1 of GS. An RCA type 931A photomultiplier
tube is mounted on the side of the movable wave guide
No. 2 (see Fig. 1 of GS). The attached photomultiplier
tube can be moved along the discharge tube containing
the plasma and detect the radiated light from a small
volume of the plasma in the unheated region. ~ To

6 Wave guide No. 2 in Fig. 1 of GS was originally provided to
detect the electron temperature deviation in the nonheated region
by means of micromaveinteraction techniques t see J. M. Anderson
and L. Goldstein, Phys. Rev. 100, 1037 (1955); 102, 933 (1956),
and also reference 7g. However, owing to the small interaction
region between the microwave energy and the plasma (less than
0.1 cm'), the detected signal for this purpose was not sufhcient to

detect the light output from the heated region, the
photomultiplier is attached to wave guide No. 1. A
wave-guide movable short is located in wave guide
No. 1 and shown in Fig. 1. This movable short is
positioned at a distance of one-quarter of a guide
wavelength from the plasma post. The high-frequency
admittance due to the plasma, referred to the plane
of the plasma post, is determined by means of a standard
X-band slotted wave-guide section. A vacuum system
capable of evacuating the discharge tube to 10 '—10 ~

mm Hg was employed. Laboratory grade neon and
helium gases were used (Linde, mass-spectrometer
controlled) .

The procedures for the determination of the electron
concentration e„initial electron temperature T,o, and
the thermal conductivity are schematically presented
in the form of a Qow chart in Fig. 2.

permit quantitative analysis of the photographically recorded
data.

r A. A. Dougal and L. Goldstein& Phys. Rev. 109, 615 (1958).
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FIG. 2. Flow chart for the experimental procedures.

(1) Determination of the Thermal
Conductivity (K)

Two separate methods were employed to determine
E.These are referred to as the "transient" and "steady-
state" methods. In the "transient" method, the time
it takes for heat to propagate from a heated region of
the plasma, where the electron temperature is suddenly
raised by the heating microwave, to an unheated region
of the plasma is determined with the help of the photo-
multiplier tube. The time element involved in this
method is designated as the "delay time" (tp). The
diffusivity (D) can then be found from the expression

D= d'/6/p,

where d is the measured distance between the heated
volume and a point in the nonheated volume where to

is measured.
The "steady-state" method is based upon the

equilibrium temperature distribution in the nonheated
region of the plasma, while continuous heating occurs
in the heated region. In this method the characteristic
distance involved is called the "relaxation distance"

(pp) and is likewise determined with the aid of the
photomultiplier tube. Once po is measured, the dif-
fusivity can again be calculated from

D= pp'/7,

where r is the "eGective relaxation time. "7 v. represents
the characteristic time associated with the equipar-
tition of energy through the plasma by electron-ion
and electron-molecule collisions. It may be expressed by

7 8% +84
(3)

in which k is Boltzmann's constant.

where v-, and v.„are the electron-molecule and
electron-ion relaxation times, respectively.

E can now be determined by use of the following
equation, provided we know the electron number
density (e,):
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FxG. 3. Afterglow period in the presence of the heating pulse.

compare the experimental results with the present
theory. H the dependence of v- on the electron tempera-
ture is known, we can then use this fact to help in the
determination of the initial electron temperature.

The relaxation time for electron-molecule collisions
(r, ) has been experimentally determined as a function
of electron energy for both helium' and neon. '

The relaxation time for electron-ion collisions (r„),
however, must be obtained from theoretical consider-
ations. Various expressions have been derived by
Landau, ' Spitzer" Chandrasekhar" and Dougal and
Goldstein. ~ Unfortunately, the di6erent theories do
not all give the same expression for the electron-ion

(2) Determination of the Plasma Parameters
(n„~,and T,p)

(a) The electron concentration and effective re-
laxation time (or effective collision frequency) are found
through microwave admittance measurements. These
measurements are made by means of a slotted wave-
guide section and with a microwave of suKciently low
power so that no appreciable heating of the plasma is
effected. For this purpose the plasma contained in the
wave guide is treated as a cylindrical dielectric post
whose high-frequency complex specific permittivity ~

is given by
COP P

e'=1— 1+j—,
co, +v &us

d =1.4 cm

1.9

where M„=( rse' /me)o'* is the plasma frequency (ep being
permittivity of a vacuum), v=M/2nsr is the effective
collision frequency LM and sn being the mass of a
molecule (or an ion) and an electron, respectively), and
co, is the microwave frequency. The microwave meas-
urements of the normalized conductance and sus-
ceptance due to the plasma post enable us to calculate

through microwave circuit considerations. ' The
determination of e', in turn, allows us to 6nd m, and ~

(or o) from Eq. (5).
The effective relaxation time ~ can also be -measured

by a diBerent method involving the use of the photo-
multiplier tube. For this purpose a microwave heating
pulse of short duration (1—4 microsec) and low power
level is used. The decay of the "quenched" light
intensity of the plasma in the heated volume, im-
mediately after the cessation of the heating pulse, is
observed by the photomultiplier tube. For small
electron temperature deviations the decay of the
electron temperature can be expressed as a single
exponential e "'

(b) As will be seen later, the determination of the
initial electron temperature is necessary in order to

8 The equivalent circuit representation of a dielectric post in a
rectangular wave guide for the dominant mode of wave propa-
gation is shown in 8"ave-glide Handbook, Massachusetts Institute
of Technology Radiation Laboratory Series (McGraw-Hill Book
Company, Inc., New York, 1951),Vol, 10, p. 266.

2.4

2.9

3.4

FIG. 4. Heat propagation phenomenon in neon plasma at 5.2
mm Hg pressure. The heating pulse (trace a) is of 20 usec duration
and is applied 150@sec after the dc high-voltage breakdown pulse.
The incident microwave power leve] P;n= 275 mw. Time scale=1
nsec per division. (See Table I, experiment No. 4.)

e L. Landau, Physik. Z. Sowietunion 10, 154 (1936).IL. Spitzer, Jr., Monthly Notices Roy. Astron. Soc. 100, 396
(1940); Physics of Fully Zonked Gases (Interscience Publishers,
Inc. , New York, 1956), Chap. 5."S.Chandrasekhar, Prfnceple of Stellar Dynamics (University
of Chicago Press, Chicago, 1942), p. 4g,
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collision frequency or relaxation time. This diGerence
has its origin in the nature of the assumptions made by
each author. However, they all do have a similar
functional form for singly charged ions:

(6)

d =2.9 cm

where M;, A, J (e„T,s) are the mass of an ion, a
constant, and a slowly varying function of e, and T,o,

respectively. The expressions given by each of the above
mentioned authors di6er only in the constant A and
in the form of the function F. (The largest value ofr„.calculated from the various expressions is only
about twice as large as the smallest. ) Dougal and
Goldstein~ have recently performed experiments in
which they verified the theoretical dependence of v„
on M; and e, in Eq. (6). However, they were unable
to verify as closely the dependence on T,o, because of
several secondary processes which existed in their
experiments. As Dougal and Goldstein's experimental
results for the electron-ion relaxation time were found
to be most consistent with their own derived expression
for r„(ar oun droom temperature), their expression
has been used in this article for the estimation of the
initial electron temperature.

3.4
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Fxo. S. Curves of the delay time versus the square of the distance
from the heated volume for various incident power level (Z& ).

EXPERIMENTAL OBSERVATIONS AND RESULTS

The general nature of the afterglow period is illus-
trated in Fig. 3. The detected envelope of the heated
microwave pulse is labeled a. The horizontal trace b is
the baseline for the microwave signal. Point s denotes
the time at which the high-voltage dc pulse is applied
to break down the gas. In the case illustrated in Fig.
3, the 20-@sec heating pulse was applied 300 @sec after
the 2-psec breakdown pulse. Trace d shows the photo-
output current (detected by the photomultiplier tube)
in the decaying plasma in the absence of the heating
pulse. The small signal c standing on trace d is due to
the heating pulse u. It is the quenched light output
arising from the electron temperature increase which
was efr'ected by either direct heating, or by heat con-
duction to an unheated region of the plasma. In Fig. 3

&??

Fzo. 6. The decrease in the light intensity, as a function of the
distance from the heated volume, due to the heat conduction in
the plasma, for the "steady-state method. " (Heating power level
P~,= 110 mw; see Table I, experiment No. 4.)

both the detected amplitude of the heating microwave
and the magnitude of the light output are increasing
with downward deflection of the oscilloscope trace.
Since, in general, n, and T,o vary in time in the after-
glow period, E may be obtained as a function of these
two parameters by applying the heating pulse at various
times during the afterglow. The time scale in Fig. 3 is
100 microseconds per division which unfortunately is
too large to see the details of the phenomena in the
vicinity of the quenched light signal.

Figure 4 presents a typical series of photographs
which magnify the region near the leading edge of the
heating pulse. These photographs clearly illustrate
how the delay time (ts) varies as a function of the
distance (d) for a fixed heating power level. " Ld is as
de6ned for Eq. (1).$ The symbols in Fig. 4 are the same
as used in Fig. 3. The sequence of photographs, such
as shown in Fig. 4, has been taken at various power
levels of the heating microwave, as well as for diferent
values of d. In Fig. 5 the delay time (ts) is plotted

'~ Figure 4, which is for neon, is of the same nature as Fig. 2
of GS which is for xenon. The reduction of the noise which existed
in the previous experiment permits the determination of to more
precisely.
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TAmz I. Experimental results compared with theoretical calculations.

No. Gas
Pressure
(mm Hg)

Time
position

in
afterglow

t
(gasec)

me)(10 '2

(cm~) (@sec)

10iiX +eo
Po (meas. ) (estimated)

(mm) (watticm deg) (deg Kelvin)
10sK

(theo. )

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
Ne
He
He

1.0
1.0
5.2
5.2
5.2
5.2
95
9.5
9.5
9.5
9.5

14.5
14.5
14.5
14.5
21.4
21.4
21.4
5.3
5.3

40
80

100
150
200
250
100
150
200
250
300
130
180
230
280
120
170
220

70
90

1.07
0.44
1.50
0.74
0.49
0.36
1.15
0.595
0.41
0.31
0.25
1.40
0.74
0.57
0.41
0.93
0.43
0.27
0.95
0.60

3.5
5.7
3.4
44
5.8
6.8
3.8
4.3
5.6
9.4

11.0
2.5
3.8
4.3
7.9
3.2
4.7
6.8
0.49
0.72

5.6
7.0
5.1
5.4
7.0
7.7
5.1
5.8
6.9
9.2
9.8
4.0
49
5.2
7.0
4.5
5.9
8.3
1.3
1.7

1.99
0.784
2.38
1.03
0.858
0.650
1.63
0.963
0.722
0.578
0.452
1.855
0.968
0.741
0.527
1.22
0.659
0.567
0.680
0.499

365-400
300

490-550
340-390
325-365
~300

450-520
300-320

300
~300

300
325-385
310-360

300
~300

330-400
~300
~300
~300

300

1.06-1.30
0.63

2.10-2.65
0.92-1.20
0.70-0.96

0.58
1.7-2.4

0.65-0.71
0.61
0.57
0.56

0.86-1.23
0.69-0.99

0.63
0.60

0.84-1.30
0.61
0.57
0.69
0.63

bTe
Teo NEON

P = 5.2 mm Hg
t =15ops

1O'

FIG. 7. Curves of the
relative electron tem-
perature deviation ca-
sus the distance from
the heated volume.

7

2
2 3

DISTANCE, d(cm)

against the square of d; the resulting straight lines con-
firm the use of Eq. (1).The slope of each straight line
determines the diffusivity (D) for a particular heating
power level (I'; ).

The photographs in Fig. 6 show the decay of the
"quasi-steady-state" electron temperature deviation in
the nonheated region of the plasma as a function of the
distance d from the heated portion. The heating pulse
has a duration long enough for the electron temperature
to reach an equilibrium condition (for Fig. 6 the heating
pulse is 30 microsec long). The symbols are the same
as for Fig. 3 and 4. The ratio of Is/It in Fig. 6 deter-
mines the relative electron temperature deviation
d T,/T, s by means of Kq. (11) of GS. Figure 7 depicts

the temperature distribution in the unheated region
along the plasma, for the particular case given by the
photographs in Fig. 6."The slope of the straight lines
determines the relaxation distance po.

The experimental results for E, as well as for the
measured values of m„~,and po obtained for neon and
helium, are tabulated in Table I, together with the
experimental conditions under which Ewas determined.
The values given for ~ are those obtained from the
direct method using the photomultiplier tube. "Figure
8 presents some of the measured values of E determined
by both the "steady-state" and the "transient" methods
as a function of the heating microwave power level. "
The numbers labeling the different curves correspond
to those shown in the column designated by "No." in
Table I. The microwave heating power level (I'; ),
which is the abscissa in Fig. 8, is a measure either of
the electron temperature deviation in the heated
volume or the electron temperature gradient in the
unheated volume of the plasma. The strong dependence
of E on I';„,determined by the steady-state method,
implies that the value of E increases with increasing
electron temperature and its gradient. The steady-state
values for E are shown as short, solid horizontal lines,
since this method is justified only when the tempera-

"The reasons why some of the curves deviate from a straight
line have been described in Sec. 4 of GS.

14 Because of the limitations imposed by the microwave meas-
uring apparatus, and the fact that the interaction volume of the
microwave with the plasma was quite small (see reference 6), the
measured value of the high-frequency conductance, which pri-
marily determines v, was comparable to the error involved.
However, the use of the photomultiplier tube led to a more
precise method for determining ~. Nevertheless, n, was determined
quite precisely by microwave measurements, since it is primarily
dependent on the measured high-frequency susceptance, which is
at least one order of magnitude larger than the conductance.

'~ Figure 8 corresponds to Fig. 3 of GS, in which neon and xenon
were used, respectively.
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ture gradient is small (see Sec. 4 of GS). An inspection
of Fig. 8 shows that the values of E determined by
the two diferent methods are in good agreement for
smaller temperature gradients, that is, for low values
of P;„.The values of the thermal conductivity listed
in the column designted as "IC(meas.)" in Table I
were found by the steady-state method.

Steady State
Method

Tra nsient
. I

Method o

U 4
E

—
O3

2

I-—10 0
D

—
O~

0 7Z
pg

8

LJ
X

10'
100 2 4 7 101 2 4 7 102 2

HEATING MICROWAVE POWER, P/n (mm)
4 7 103

COMPARISON WITH THEORY

The thermal conductivity for electrons in a fully
ioeised gas has been calculated by Cowling, "Lands-
hoG ""Chapman and Cowling" Spitzer and Harm, '
and Chapman. " The most extensive calculations are
those of Landshoff, and Spitzer and Harm who have
taken into account the electron-electron interaction.
For this reason the values of E obtained here will be
compared with the theoretical values given by these
theories. "This comparison is justified even though the
degree of ionization is quite small (10 '—10 ') in the
experiments performed, the reason for this having been
presented in Sec. 5 of GS.

zec
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FIG. 9. Theoretical curves for the thermal conductivity as a
function of electron temperature for various values of electron
concentration, evaluated from the expression given by Spitzer
and Harm.

of the measured value of v listed in Table I, and the
method described previously. The theoretical values
of X, obtained from Fig. 9, and the estimated values
of T,o are also tabulated in Table I. To facilitate com-
parison, Fig. 10 is a graph of the experimental eersgs
the theoretical values of E. If both values were the
same, all of the points would lie on the straight line of
45' slope. This figure shows that the theory and experi-
ment give consistent results.

DISCUSSION

The experimental results shown in Table I and Fig.
10 confirm the statements made in the previous article
by GS, Sec. 5. The value of E has no appreciable
dependence either on the gas pressure in the pressure
range considered, or on the kind of gas employed. The
present set of experiments also gives further support
to the statement made in GS that "the rate at which
thermal energy is transferred from a small volume of

FxG. 8. Experimental results for the thermal conductivity as a
function of the heating power level. (See Table I, experiment No,
3, 4, 5, and 6 for the experimental conditions. )

Figure 9 shows the values for the thermal conduc-
tivity (for singly charged ions) calculated from Spitzer
and Harm's theory. It should be mentioned that the
results of this theory are for the case of small electron
temperature gradients, and it is therefore appropriate
to compare these theoretical values with the experi-
mental ones shown in Table I. In order to make this
comparison, it is necessary 6rst to know the absolute
value of the initial electron temperature T,o and the
electron concentration e,. T,o is estimated by means

$0""g—
7o

10 Ottl
Cl' ~

4
O

4P

O.
Ct w

I W
0

10
~ O '

"T.G. Cowling, Proc. Roy. Soc. A, 185, 455 (1945)."R.Landsho8, Phys. Rev. 76, 904 (1949).
'e R. Landsho8, Phys. Rev. 82, 442 (1951)."S. Chapman and T. G. Cowling, Matheraatica/ Theory of

Norstsmforra Gases (Cambridge University Press, Cambridge,
1953), second edition, Chaps. 9, 10, 13, and 18.

~ S. Chapman, Astrophys. J. 120, 151 (1954).
~'Landsho8 has employed an approach different from that of

Spitzer and Harm. However, the result of the former, in the case
of zero external magnetic Geld, coincides with that of the latter.

Q7 2 4 7 106 2 4 7 10
Exper imental Values of Thermal Conductivity K(watt/cm deg)

Fxo. 10. The experimental results for the thermal conductivity
compared with the values from Spitzer and Harm's theory.
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warm electron gas to equal volumes of cool electrons
within the same plasma is considerably faster (at least
one order of magnitude faster) than the rate of heat
transfer to any of the two other heavy plasma con-
stituents (ions and neutral atoms). " From Eqs. (1)
and (2), the delay time to, which is a measure of how

rapidly heat Rows through the plasma, can be written
as

to (d'/——6po') r. (7)

As an example, consider two small volumes of the
plasma which are about 1 mm apart. Putting d= 1 mm
in Eq. (7), and using the values for pp from Table I,
we have the ratio of d'/6pp' ranging from 0.0015 to 0.01
for neon and from 0.1 to 0.05 for helium.

It is worth while to consider one aspect of the role
of the heat conduction phenomena which has not always
been realized thus far. If the effect of heat conduction
can be assumed negligible or the gradient of the
electron temperature does not exist, then the electron
temperature deviation in the heated region, in the case
of microwave heating, is given by Eq. (5) of GS under
the equilibrium condition. However, if this is not the
case, the temperature increase should be different from
that given by the above-mentioned expression. Since a
general discussion of such a situation is complicated,
only a particular case which has appeared in our
experiments will be considered here.

As shown in Fig. 1, the electron gas in the limited
volume of length t (4 mm) is heated by the microwave

energy. This limited volume of the electron gas is a
portion of the elongated plasma and is contained in
the specially designed wave guide. The high-frequency
electrical conductivity $o = ego„'i/(co,o+v')], which is
a function of m, and T,p in general, may be considered
as nearly constant over the heated volume of the
plasma. The reasons for this are as follows:

(1) The major disintegrating mechanism of the
decaying plasma in our experiments has been found
to be the electron-ion recombination process rather
than difFusion. Since this is the case, the electron
concentration (n,) is almost uniformly distributed
along and across the discharge tube, except in the very
riear vicinity of the glass wa, ll where n, is considered to
have a very small value.

(2) As long as the heating level is low, the effect of
thermal diffusion to the glass wall may be neglected
to a first approximation, in view of the thermal barrier
existing in the vicinity of the wall. ' "

Furthermore, since the diameter of the discharge
tube (5 mm) is much smaller than the width of the
wave guide (33 mm), and since the dominant mode

(Hoi) of the wave propagation is used, the ef'fective

high-frequency electric intensity P&, (Eq. 5 of GS) may
be considered as constant over the entire heated volume.

By means of the above considerations the problem
can be greatly simplified. The microwave p'ower ab-

pp H. Schiraier, Aypt f8'. Ro'sea, rsh $8, 196 (i985).

sorbed per unit volume is o-EI, and this energy is uni-
formly dissipated over the entire heated volume of the
plasma, thus raising the electron temperature. A portion
of this energy is transferred to the molecules and ions
through elastic collisions. The remainder is removed
from the heated region to the cooler regions by one-
dirnensionat heat glow, which arises from the thermal
conductivity of the electrons. What we wish to investi-
gate is how signilcant this heat conduction by the
electron gas is.

- A relatively simple calculation results in the following
expressions for the equilibrium electron temperature
devia, tion hT, at the center and boundary of the heated
volume (Appendix I):

where

&T,p(1—e ') at center
AT, =

~ AT, po(1 —e oo) at boundary,

q
=3/2po = (3k/8) l(n./Er) &t.

(8)

(9)

(10)

AT p is given by Eq. (5) of GS. The factors in the
brackets in the above expressions represent the eGect
of the heat conduction of the electrons. The ratio (E)
of the total power swept away from the heated volume
due to heat conduction, to the total power supplied by
the microwave energy source to the entire heated
volume of the plasma is given by

R= (sinhq/q)e &.

In our experiments the electron concentration and
effective collision frequency are known quantities
(r=M/2mr). The high-frequency electrical conduc-
ti»ty Lo= opp, 'v /( p.o+o'i)$ can then be calculated,
which enables us to estimate the effective high-fre-
quency electric intensity E& through the relation
Po VoEi'. (V is——the net volume of the heated region
of the plasma. ) In addition, of course, the microwave
power (Pp) absorbed by the electron gas in the heated
region must be known. The microwave power absorbed,
I'p, is measured by microwave measurements so that
Ep and AT, p can be computed by Eq. (5) of GS. The
value of q can also be computed from the experimental
results shown in Table I and Eq. (10). Finally, the
efFective temperature deviation in the heated volume
and the value of R can be found from Eqs. (8)-(10).

The equilibrium temperature in the heated volume
can also be estimated roughly from the experimental
results alone. Figure 7 shows, for example, the relative
temperature distribution AT,/T, p in the unheated
region along the axis of the plasma at 150 psec after
the breakdown pulse. Since we already know the value
of T p from Table I, the extrapolation of these curves
to the plane d=0 permits us to obtain an idea as to the
order of magnitude of the temperature devi. ation in
the heated volume.

The computed values of AT, p, hT„R,and also AT,
estimated by means of the latter Inethod, are given in
Table II for the 150-ttsec case. It was previously ex-
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TABLE II. Equilibrium electron temperature deviation in the heated volume of plasmas.

Neon, pressure $.2 mm Hg
Time position
in afterglow

t (psec)
Pin

(mw)
Po

(mw)
+eO

(OK)
Te (comp. )

Center Boundary
Te (meas. )
boundary

100
150
200

' 23
14
29

3.5
0.73
0.48

4960
2670
3530

1610
820
880

1350
700
770

1/20(+ 100)
640(F50)
660(+40)

0.69
0.71
0.73

plained that it is possible to describe the decay of the
electron temperature as a single exponential only for
the case of small temperature deviation, that is, for
low heating power I';„.Therefore in Fig. 7, which
corresponds to 150 p,sec, as is true for the 100- and
200-psec cases, the curves which are linear over the
largest range of d correspond to the lowest value for
I';„.For this reason the lowest power level curve in
Fig. 7 was used for the extrapolation purpose mentioned
above. It can be seen that the values of AT, p which
have been obtained by the two different methods are
in fair agreement. An interesting result is that R turns
out to be around 0.7, which implies that 70% of the
total power absorbed by the electrons from the energy
source is swept away from the heated volume of the
plasma to the unheated region, due to the thermal
conductivity of the electron gas.

There are two additional points to examine. In our
experiments the microwave frequency which has been
used to probe and heat up the plasma was fixed at
8580 Mc/sec. This frequency corresponds to a plasma
frequency with e,=9.78X10" cm '. However, as seen
from Table I, some of the measured values of e. vrill

give values for the plasma frequency which are larger
than the microwave frequency. The question appears
as to the validity of these measured values of e„since
electromagnetic waves are not supposed to propagate
in a plasma in which the plasma frequency is greater
than the frequency of the electromagnetic wave.
Fortunately, a semiquantitative analysis shows that the
skin depth of the plasma, under the conditions described
in Table I, is much larger than the radius of the plasma
cross section used, so that the high-frequency electric
field penetrates the plasma sufficiently (Appendix II).

Also it was found that for the manner in which these
experiments were performed, there was no need to
consider the effect of the direct transfer of the micro-
wave energy from wave guide No. 1, through the
plasma, to wave guide No. 2. The reason is that such
transfer occurs only when the value of n, in the after-
glow is much larger than that for which the measure-
ments of E were taken.

CONCLUSION

Improved experimental techniques have enabled us
to verify the results of the previous paper by GS, and
also to determine the thermal conductivity of an elec-
tron gas in a gaseous plasma more precisely. The results

are in good agreement with the theoretical values given
by the theories of LandshoG, and Spitzer and Harm.
The experimental values for the thermal conductivity
were determined by two separate methods. The results
of these different methods are consistent and in fair
agreement. It has also been shown that thermal conduc-
tion in a plasma is determined largely by the thermal
conductivity of the electron gas of the plasma.

APPENDIX I. EQUILIBRIUM TEMPERATURE
DISTRIBUTION IN THE PLASMA IN

THE PRESENCE OF HEATING

In the equilibrium condition and for the situation in
our experiment, Eq. (3) of GS becomes

8Tg 1
D (T, Tp) =——— —

X T

QT, p

Under the assumption that the electron temperature
deviation is not large, so that the quantities D and r
can be regarded as constants, the above equation
reduces to a linear differential equation with constant
coeS.cients.

Taking the coordinate x along the plasma and its
origin at the center plane of the heated region with
length l, the boundary conditions are as follows:

(I) As x~ ~, T, Tp~0. —
(2) At x=0, B(T,—Tp)/Ox=0 (owing to the sym-

metry).
(3) At x=l/2 (at the boundary plane), T,—Tp is

continuous.

The solution of the equation for the temperature
deviation DT,= T,—Tp is given by

AT =AT, pLI —e p cosh(x/pp)g

(~ x~ ~l/2, in the heated region),
=AT,p(sinhq)e- '»

()x~ R l/2, in the unheated region).
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8(AT,)R= —2E
i9x g~p2

loEg, '.

By means of the expression for R, and with the solution
shown above, we get Eq. (11).

Putting x=0 into the erst equation gives Eq. (8).
Likewise, Eq. (9) is found by putting x=l/2 in either
of the equations above. Next, from the definition of the
ratio R, we obtain

law" LEq. (2-12) in reference 3g reduces to

1 Bz z

6gG7& 8$ K

where ~ is the dc conductivity of a plasma and is equal
to e,e'/mv= ego, '/v.

The complex propagation constant y for the con-
tinuous sinusoidal wave, which can be derived from
the above two equations, enables us to calculate the
skin depth of a plasma. The skin depth d is dered by
the reciprocal of the real part of y. The result is

APPENDIX II. SKIN DEPTH OF A PLASMA WHEN
SIGNAL FREQUENCY IS LOWER THAN

PLASMA FREQUENCY

Under the assumptions, which are here evident, that

(1) the signal frequency is much greater than the cy-
clotron frequency of ions, (2) the pressure gradient and

the gravitational force are neglected, and (3) the mag-

netic 6eld is zero, so that the macroscopic current i may
be taken parallel to the high-frequency wave front, in

which case no charge accumulation occurs, Maxwell's

equation LEq. (4-1) in reference 3j for a plane wave

becomes (in mks rationalized units)

O'E 1 O'E Bi
+Po

Bx~ c2 Bt2 8$

With the same assumptions, the "generalized Ohm's

where q= v/co—, and t =&u./—&ov Fo.r the special case of
v=0 (no collisions), the above expression for the skin
depth reduces to Eq. (4-9) of reference 3.

For e,= 1.5&(10"cm ', v =3.4 psec (or v= 5.45&(10'
sec '), and f,=8580 Mc/sec, the value of d is calculated
to be 6.89 mm. If we assume v=0, with the same value
of e„the value of d becomes 6.94 mm. It should be
noted that this value of e, chosen from Table I is the
largest value given. The values of d for most of the
cases shown in Table I were found to be much larger
than this value. The use of the above expression of the
skin depth is justified only for the propagation of a
plane wave. However, this expression seems to deter-
mine semiquantitatively whether or not the high-
frequency electric Geld penetrates suKciently into the
plasma in our experiments.








