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The phenomenon of heat conduction in gaseous plasmas is observed in order to explore the problem of
the mutual electron interaction. In addition to the technique of interaction of pulsed microwaves in decaying
plasmas, the phenomenon of “afterglow quenching” is exploited in the experiments. The experimental values
of the thermal conductivity, in low-gas-pressure neon and xenon plasmas of adequately high charge density,
are determined by two different methods. They have been found to be of the order of 1078— 105 (joules/cm
sec degree) for the electron density range 10Y-10" (cm™) at room temperature (~300°K). The most
significant result of these experiments is that the thermal conductivity in the plasmas described is chiefly
determined by heat flow in the electron gas of the plasma. Thus the mutual interaction of the electrons plays
a predominant role in the phenomenon of heat conduction. The experimentally obtained values of the
thermal conductivity are in agreement within less than one order of magnitude with those given by the

theory of Spitzer and Hédrm.

1.

OR the complete description of gaseous plasmas,

the knowledge of the interaction processes that
occur among all plasma constituents ‘is necessary. In
recent years, efforts have been directed toward the
detailed studies of'~® the interactions between the
electrons and neutral molecules (excited and non-
excited) and electrons and ions in gaseous plasmas.
This was made possible by the advent of new and
improved experimental techniques. However, in view
of the methods used in those investigations where the
electrical conductivities were studied, the problem of
the mutual interaction of the electrons in plasmas was
not accessible to experimental studies. Indeed the
mutual interaction of electrons on the electrical con-
ductivity of a plasma is a second-order effect in the
slightly ionized gases investigated. The purpose of this
work is to remedy this situation. The paper reports the
first results of an experimental study of thermal con-
ductivity in gaseous plasmas where the mutual inter-
action of the electrons plays a predominant role.

2.

The technique of interaction of pulsed microwaves in
decaying plasmas previously described!?:5.¢ is employed
for two purposes: (1) to heat selectively the electron
gas of the plasma to increments above the temperature
of the ions and molecules, initially at 300°K, and (2) to
detect the change in electron temperature in the heated
volume as well as at various known distant points along
the plasma. The selective heating of the electron gas
takes place in a very limited volume of the plasma, of
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small cross section but elongated. The rise in tempera-
ture away from the heated portion is studied in an
equally small volume of plasma. In addition to the
microwave technique, the phenomenon of “afterglow
quenching”” due to electron temperature increase is
also exploited to detect the change in the electron
temperature both in the heated volume and at all points
along the plasma.

The plasma is contained in a 5-mm diameter thin-
wall cylindrical glass tube which traverses, perpen-
dicularly in the center, the broad walls of two identical
rectangular wave guides as shown in Fig. 1. These wave-
guides are specially designed, both in height and width
(4X33 mm), in order (1) to enhance heating of the
plasma electrons for any given radio-frequency input
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Fic. 1. Main part of experimental setup—glass tube and
two special waveguides.
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power, (2) to permit relatively high resolution in
position, and (3) to accommodate the gaseous discharge
tube without undue disturbance of wave propagation,
thus permitting a more precise determination of the
appropriate plasma parameters which are to be meas-
ured (electron number density #,and collision frequency
»). The heating of the electrons in a rather limited
volume of the plasma—contained in the guide (0.075
cmd)—takes place in wave guide 1. The maximum
power level available for this purpose is ~5/10 watt.
Guide 2 is used for probing the electron temperature
deviation at any distant point from the heated volume
of plasma. The distance (d) between the two wave
guides can be varied and fixed at any desired value by
a screw mechanism. Both guides are connected to
standard X-band wave-guide systems (independent or
not) through tapered sections. A small aperture
(diam<1 mm) is provided in the narrow walls of each
wave guide, enabling photomultiplier tubes to detect
the visible light radiated from the particular limited
volume of the decaying plasma.

The plasma is produced in low-pressure noble gases
(Xe, to 5 mm Hg; Ne, to 12 mm Hg) by short-duration
(2-psec) high-voltage dc pulses at a repetition frequency
of 400 per second. At appropriate times in the afterglow,
delayed with respect to the discharge pulse, the micro-
wave heating signal (~8600 Mc/sec) is propagated in
the lower guide (No. 1) in pulses of 2- to 30-usec duration.
The probing 9000-Mc/sec frequency wave, whose
amplitude is insufficient to effect any detectable heating
in the plasma, is continuous.

3.

As mentioned above, we are concerned with decaying
plasmas in low-pressure Xe and Ne gases. The measure-
ments of thermal conductivity K in such plasmas are
performed after the electrons have attained thermal
equilibrium with the heavier plasma constitutents
which are isothermal at 300°K. It has been previously
shown!'5 that, in view of the long range of the Coulomb
forces, the interaction of the electrons with ions is more
important than with the neutral plasma constituents in
plasmas with a degree of ionization of >107%. The
properties of the decaying plasma vary as a function of
time since the degree of ionization decreases in time.
However, such a plasma is suitable for the study of
thermal properties as a function of electron density.
The thermal properties of such a plasma are expected
to be a function of the temperature of the electron gas,
its temperature gradient, and its geometrical configu-
ration, as well as of the degree of ionization.

The determination of the thermal conductivity in
the plasmas as defined above, in which the electron gas
is locally heated above the initial plasma temperature
Ty, involves the measurements—at appropriate times
in the decay—of the electron density (), electron
temperature (T,), and its gradient (VT.). In the
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determination of the thermal conductivity (K) in such
plasmas, it is necessary to know the “relaxation time’’
() or the corresponding electron collision frequency
for momentum transfer (). The quantities #,(f) and
v(#) are determined, for the geometry of Fig. 1, from
the measurements of the complex reflection coefficient
of the heating microwave signal. It is also possible to
measure » or 7 by two different and independent
methods, described elsewhere.}%:5 The knowledge of »
or g enables us to estimate the electron temperature
(To).

The experimental value of the thermal conductivity
K has been determined by two different methods. One
is based upon the measurements of the ‘“time element”
involved in heat propagation, and the other is based
upon the analysis of the “quasi”-steady-state tempera-
ture distribution along the plasma. These are referred
to hereafter as the “transient method” and the “steady-
state method,” respectively.

The energy balance equation for the electron gas in
a plasma, written on a per electron basis, is

U, [dUE] l(U U) [ 1
=|— ——(U—~Ug)—| ——V-(KVT,) |, (1
ot dt Jsource T ° e ( )] M

where U,=3kT, (k being Boltzmann’s constant) is the
mean thermal energy of an electron and U,=3kT) is
the mean thermal energy of a neutral molecule and/or
an ion. In view of the low degree of ionization, even a
high transient electron temperature rise cannot produce
a noticeable temperature increase of the neutral and
ionic plasma constituents. The mean thermal energy of
these heavy plasma constituents can be considered as
always equal to the kinetic energy corresponding to the
initial temperature To. The left-hand side of Eq. (1)
represents the net time rate of energy increase of an
electron. The first term of the right-hand side is the
time rate of energy absorbed by an electron from the
heating microwave, and is given by
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where w=2rf and E, are the angular frequency and
root-mean-square value of electric field of the heating
microwave signal in the plasma, respectively; ¢ is the
electrical conductivity of the plasma; ¢ and m are the
charge and mass of an electron, respectively ; and 7 is the
“relaxation time” referred to above, which is related
to the effective collision frequency (v) through the
expression »=1/Gr, where G=2m/M (M being the

8 :]The ;e'laxation time (+) represents the characteristic time for
eqtéxPartxtlon of energy through electron collisions with molecules
and ions.
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mass of a molecule or an ion). The second term,
—(1/7)(U,—Uy,), is the time rate at which the excess
mean electron energy is transferred to the neutral
molecules and ions (through elastic collisions). In Eq.
(1), —V-(KVT,) represents the time rate at which the
thermal energy flows outward because of heat conduc-
tion from the unit volume of plasma. The division of
this quantity by the number density of the electrons
(ne) gives the time rate at which a single electron loses
its thermal energy by heat conduction.

Strictly speaking, the thermal conductivity K, being
a function of #,, T, and VT, will vary along the plasma.
However, for a small temperature deviation, for a
slight temperature gradient and constant ., the
quantity K can be regarded as a constant. Hence
V-(KVT;)=KVT,.

Equation (1) can be written in terms of T, as

0T, [ATe 1
=( )——(T,— To)+DV?T,, 3)

at T T

where
D=2K/3kn., 4
2¢2E;?
ATeOE o (5)
3kma’G

D can be regarded as the “diffusivity” of the plasma.
For 9T,/0t=0 and D=0, T.=To+AT «; hence AT
would be the electron temperature rise in the heated
plasma volume under steady-state conditions in the
absence of outward heat flow due to heat conduction.

Equation (3) includes neither the possibility of heat
transfer by mass diffusion, which is proportional to
(Vn.-VT.), nor heat losses by radiation and absorption
of quanta. As will be apparent later, both of these
effects may be considered negligible under the conditions
of our experiments.

The “transient” method is based upon the time ele-
ment that is involved in heat propagation which takes
place in the nonheated region of the plasma (x>0) at
time >0, when the electron temperature at =0 is sud-
denly raised by AT in the plane £=0. The smaller of
the time constants involved in the energy transfer from
the warm electrons to the heavy plasma constituents
within the heated volume is about one order of magnitude
larger than the measured time length of the electron
temperature increase detected at distances of one
centimeter or more away from the heated volume. For
this reason it seems justifiable to neglect, in a first
approximation, the term —(1/7)(T.—To). Heat loss
to the wall of the tube, where the electron density is
considerably reduced, occurs through direct electron
transport by diffusion. However, on grounds of experi-
mental observations, the time element involved in this
process is also considerably longer than the time
mentioned above. Consequently, such a term can also
be neglected within this approximation. On the basis
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of these considerations the problem can be treated as
a one-dimensional case. Thus Eq. (3) reduces to
T ./ 0t=D(3*T./d%).

The solution of this equation is given by

AT (x,)= (ATo)[l—é(z(;)%)], (6)

where AT (x,f) is the electron temperature rise at the
plane x at the time ¢, and & is the error function,

2 z
®(3) =\—/;J; exp(—A?)dA.

Equation (6) gives the curve of AT, versus time ¢ for
fixed value of x. The point of maximum slope (“in-
flection point”) on the time axis, #, is

to=22/6D. ™)

It can be readily seen from Eq. (6) that the value of
AT, at t=1, is only about 8%, of the final temperature
deviation (AT,). This particular value of the time
(t="t0o) will be referred to hereafter as the “delay time.”
Equation (7) provides a means to determine the experi-
mental value of the thermal conductivity K for known
values of #,, through the diffusivity D, by direct
measurement of the delay time (7).

On the other hand, the “steady-state’” method is
based upon the temperature distribution along the
plasma in the steady state of heating while only a
limited volume of it is heated continuously. In our
experiments, pulsed microwave heating occurs. The
duration of the heating pulse is such that steady-state
conditions are reached within the pulse duration,
Therefore we observe a “quasi”’-steady-state tempera-
ture distribution along the plasma. Upon again as-
suming one-dimensional heat flow in the elongated
plasma, Eq. (3) for the nonheated region reduces to

T,
dx?

1 .
__<T6— TO) =01 (8)

since 97T ,./dt=0. .

If it is assumed that the range of variation of electron
temperature is rather limited so that 7 as well as K can
be regarded as constants, the solution® of Eq. (8) has
the functional form of ¢=2*; « is the electron tempera-
ture “attenuation” constant of the plasma and is given
by a=1/(D7)% A ‘“relaxation distance” po or charac-
teristic length can also be defined as

po=1/a=(Dr)}. &)
A direct measurement of the relaxation distance po

allows an independent determination of the thermal

9The distribution of steady-state temperature in both the
heated and nonheated regions of plasma will be presented in
detail in a later paper. .
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Fi6. 2. Heat propagation phenomenon: for xenon plasma at 2 mm Hg pressure. Heating microwave pulse (trace a, 20 usec
duration, applied 400 usec after the dc high-voltage discharge pulse) and the consequent “delayed” light “quenching” pulse (trace c)
observed at various distances (d) from the heated volume of the plasma. Incident rf power level of the heating wave, P, =215 milliwatts
(fixed). Electron number density 7,=9.9X10" (cm™3); electron temperature 7%,~300°K. Time scale=2 psec per division. The base line
of the light output traces coincides with the highest horizontal line of the scale.

conductivity K, provided that the electron density
(n) and the effective relaxation time () are known.

4.

It has been ascertained previously from the observa-
tion of the light “quenching” pulse in the heated volume
(guide 1) that the increase of the electron temperature
in the heated volume starts with no measurable delay
with respect to the leading edge of the heating wave
pulse. The phenomenon of heat propagation in the
plasma is demonstrated by a typical series of photo-
graphs of the oscilloscope traces in Fig. 2. Each photo-
graph in this figure shows the detected envelope of the
heating wave pulse in waveguide 1 (trace a) and the
corresponding ‘‘delayed” light “quenching” pulse
(trace c) observed at various distances (d) from the
heated volume of the plasma for a fixed incident power
level (Pin) of the heating wave. Trace b is the base line
of the detected microwave signal and trace d is the
photocurrent output that is produced by the afterglow
in the absence of any heating microwave 400 usec after
the gas discharge pulse. Both the detected amplitude
of the heating microwave and the magnitude of the
light output are increasing with downward deflection
of the oscilloscope traces. The experimental conditions
are those indicated in the legend of Fig. 2. It is seen that
the “delay time,” corresponding to % as defined by
Eq. (7), varies with the distance (d).

A sequence of photographs, such as shown in Fig. 2,
has been taken at various power levels of the heating
wave as well as at various values of &, under different

experimental conditions both in Xe and in Ne. These
photographs reveal that the “delay time”® (f) is
proportional to the square of the distance (d) for fixed
values of Piy,. This result is an experimental justification
of the validity of Eq. (7). The slope of the curves of %
versus d* (straight lines) determines the value of the
diffusivity D [Eq. (7)]. By knowing D we may find the
experimental value of the thermal conductivity K,
through Eq. (4), the electron number density #, having
being determined independently. The values of the
thermal conductivity K obtained by the “transient”
method are shown in Fig. 3 as a function of the power
level of the heating wave (P;,) for both xenon and neon
under the experimental conditions indicated in Table I.

We shall now describe the results for K obtained by
the “quasi”-steady-state analysis. The luminous in-
tensity, I, of the afterglow, which results from recom-
bination of electrons with positive ions within the
decaying plasma, is proportional to the electron-ion
recombination coefficient, the electron density (#,),
and the ion density (V). The recombination coefficient
is dependent upon the electron temperature. If one
assumes a temperature dependence of 7,73, as suggested
by Bates,! the luminous intensity becomes (for

- 10 Since the inflection point on the light-quenching pulse was not
always clear, the time point at which the light-output trace begins
to diverge from that in the absence of heating pulse has been taken
here to determine the value of £,. This seems to be justified to some
extent, since, as mentioned before, the electron temperature
deviation at the inflection point is theoretically only 8% of the
final (quasi-)steady-state temperature deviation.

1 D. R. Bates, Phys. Rev. 78, 492 (1950).
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Ne= N.')
Taen2T 2. (10)

The analysis of the light output from the afterglow
showed that the electron-ion recombination process is
the predominant disintegrating mechanism of the
plasma in the time range in the afterglow where our
experiments have been carried out. Except for a very
high power level (Pi,) of the heating wave, no ap-
preciable variation of #, has been observed either during
the application of the heating or in its wake. Therefore,
the decrease in light output at various points along the
plasma in the “quasi”’-steady state (from-I, to I; in
Fig. 2) may be attributed to the increase of the electron
temperature due to heat conduction. Consequently
Eq. (10) yields an estimated electron temperature
deviation AT,

AT, =T.[ (Io/Il)Lf 1],

where T, is the initial electron temperature.

If the temperature distribution along the plasma can
be expressed by a single exponential ¢~** as described
before, the curve of In(AT,) versus the distance (d) for
fixed values or Pi, must be a straight line. The slope of
this curve determines « or the relaxation distance po.
Examination of the photographically recorded data,
obtained under varied experimental conditions, shows
that the above statement is verified by the experiments
for larger values of d and lower levels of heating power
(Psin). This is no longer the case for smaller values of d
and higher levels of P;,. This is understandable because
in the latter cases the temperature gradient may be so
large that the temperature decay along the plasma
cannot be expressed by a single exponential. Other
reasons are that due to drastic electron heating (up to
inelastic collision levels) ‘‘excitation” of the heated
plasma and enhanced diffusion of the electrons occur.
The effect of “excitation” has been observed on the
light output for the higher range of Pi,. Therefore, the
determination of o (i.e., po) and consequently K from
the slope of such straight lines is applicable only for the
case of relatively small temperature gradients, which
corresponds in these experiments to the lower values
of P;, (Fig. 3).

The values of the thermal conductivity K, deter-

(1)

TasLE I. Experimental conditions of Fig. 3.

Time position Measured Measured
No. of Pressure in afterglow Ne »
curve Gas (mm Hg) (usec) (102 cm™3) (100 gec™1)
1 Xe 2.0 200 2.8 34
2 Xe 2.0 300 1.7 2.0
3 Xe 2.0 400 0.99 1.8
4 Xe 1.1 300 0.96 29
5 Xe 2.0 500 0.59 1.5
6 Ne 11.2 300 0.50 0.39
7 Xe 3.2 300 0.39 2.0
8 Xe 2.0 600 0.37 1.8
9 Xe 4.0 300 0.32 2.2
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F1G. 3. Experimental results of thermal conductivity (K)
(by “steady-state method” and “transient method”).

mined from the analysis of “quasi”-steady-state data,
are also shown in Fig. 3 in horizontal, short, solid lines.
Each of these lines corresponds to the curve of K, with
the same number, that has been obtained by the
“transient” method.

Inspection of Fig. 3 shows that the experimental.
values of the thermal conductivity K in the plasma
described, which are determined by the two different
methods, are in fair agreement. This agreement is
closest for the lowest heating power level (Pin), the
only case where the “quasi”-steady-state treatment is
applicable.

5.

The most significant result of these experiments is
that the thermal conductivity in plasma of low gas
pressure but adequately high charge density (degree
of ionization 10~%-10-%) is determined by the heat
flow chiefly in the electron gas of the plasma. Indeed,
the rate at which thermal energy is transferred from a
small volume of 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 constituents (ions and neutral atoms).

This conclusion is also borne out by the experimental
fact that at the same electron density #, in one gas
(here Xe) no gas pressure dependence on the thermal
conductivity is observed (compare curve No. 3 with
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No. 4, or No. 8 with No. 9 in Fig. 3 and Table I). A
further support for the above conclusion is provided
by the fact that, again at the same charge density, the
mass of the gas (here xenon and neon) has little or no
influence on the thermal conductivity in these plasmas
(compare the curves No. 5, 6, and 7). A rather strong
dependence of this thermal conductivity on the electron
density, however, is apparent.

The most appropriate comparison of the experi-
mentally obtained coefficient of thermal conduction in
the above-mentioned plasmas can be made with the
recent detailed calculations of Spitzer and Hirm.?
These calculations are relative to plasmas in fully
ionized gases. The comparison of our experimental
results with this theory, is appropriate because in the
plasmas described in our work the interaction of
electrons with the charged constituents (electrons and
ions) predominates over that with the neutral gas
constituents of the plasma owing to the long range of
the Coulomb force. This comparison shows that the
experimentally obtained values of thermal conductivity
are in agreement, within less than one order of magni-

127,, Spitzer, Jr., and R. Hirm, Phys. Rev. 89, 977 (1953).
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tude, with those given by the theory of Spitzer and
Hirm. A closer comparison with theory at this stage
of the experiments does not appear to be justified in
view of the present uncertainty of the initial values of
the electron temperature (7.) in the experiments per-
formed with xenon. The initial values of the electron
temperatures in the decaying neon plasmas investigated
are known, however, with more certainty. In this case
the experimental and theoretical values of the thermal
conductivity of the plasma are in rather excellent
agreement. (See Fig. 3.)

These experiments are being extended to other gases
and it is expected that their continuation will yield
more precise measurements of the plasma parameters.
A subsequent paper will contain a more detailed de-
scription of the experiments and their results as well as
a more complete comparison with theory.
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The elastic scattering of photons by the 15.11-Mev level in C* has been used to study with good energy
resolution the number of photons at the high-energy end of a bremsstrahlung spectrum. The bremsstrahlung
was produced by electrons accelerated in a betatron, the energy of which was varied in 35-kev increments.
Targets were: a 0.025-inch-diameter tungsten wire and the following foils, 0.001- and 0.010-inch tungsten,
0.002-inch thorium and 0.010-inch nickel. The foils were used to study the dependence of the spectrum
shape upon target thickness and atomic number. When compared with Bethe-Heitler spectra corrected for
target thicknesses, the data indicate an excess number of photons in the tip of the spectrum. The experi-
mental number depends on the atomic number of the target and cannot vary more rapidly than Z%.

I. INTRODUCTION

HERE have been a number of experimental meas-
urements of the bremsstrahlung spectra generated

by electrons having energies in the range from 1 to 20
Mev. A review of these experiments and the comparison
of the experiments with the available theories is given
by Starfelt and Koch.! The data indicate that for high
energies the general shape of the bremsstrahlung spec-
trum is well described by the results obtained from a
calculation made in Born approximation when the
effect of screening by the atomic electrons is taken into
account.? The absolute magnitudes of the brems-
* This work was partially supported by the U. S. Air Force,

through the Office of Scientific Research of the Air Research and
Development Command. -

1N. Starfelt and H. W. Koch, Phys. Rev. 102, 1598 (1956).

2 H. A. Bethe and W. Heitler, Proc. Roy. Soc. (London) Al146,
83 (1934).

strahlung cross section for electrons with energies in
the 10- to 20-Mev range have been found to agree with
the Born approximation result to within about 109,.13

Up to the present time there have been no detailed
measurements or satisfactory theoretical calculations of
the shape of the high-energy tip of the bremsstrahlung
spectrum (energies within m¢? of the incident electron
kinetic energy). The shape of the spectrum in this
energy range is of utmost importance in interpreting
the breaks that have been found in activation curves.*
Poor instrumental resolution has been the principal
reason for the lack of experimental information about
this portion of the bremsstrahlung spectrum. The
failure to obtain a satisfactory theoretical prediction
for the shape of the tip of the spectrum can be laid to

3 E. V. Weinstock and J. Halpern, Phys. Rev. 100, 1293 (1955).
4 A. S. Penfold and B. M. Spicer, Phys. Rev. 100, 1377 (1955).
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Fic. 2. Heat propagation phenomenon: for xenon plasma at 2 mm Hg pressure. Heating microwave pulse (trace a, 20 psec
duration, applied 400 usec aiter the dc high-voltage discharge pulse) and the consequent “delayed” light “quenching” pulse (trace c)
observed at various distances (d) from the heated volume of the plasma. Incident rf power level of the heating wave, P, =215 milliwatts
(fixed). Electron number density 7,=9.9X 10" (cm™); electron temperature 7,~300°K. Time scale= 2 usec per division. The base line
of the light output traces coincides with the highest horizontal line of the scale.



