PHYSICAL REVIEW VOLUME

157, NUMBER 1 S5 MAY 1967
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This paper describes an experimental determination of the electron thermal diffusivity Dr in a room-
temperature neon afterglow plasma. The measurements were made in the absence of a magnetic field and
covered an electron density range from 10°-10 cm™2. The principle of the experiment was to heat the
electrons by a short microwave pulse, and then observe electron temperature transients at other locations
within the plasma. The perturbations in the electron temperature were determined by taking advantage of
the temperature sensitivity of the electro-acoustic Tonks-Dattner resonances. For electron-ion collision
frequencies ».; much larger than the electron-neutral collision frequency ».., the experimental data for Dy
are inversely proportional to the electron density and agree closely with the transport theory of Spitzer
and Harm. In the limit of the weakly ionized plasma, i.e., v,i&»en, the electron thermal diffusivity is in-
dependent of electron density and agrees within 259, with Shkarofsky’s theory.

I. INTRODUCTION

HE transport of particles and energy in a plasma

can, in principle, be found from Boltzmann’s
transport equations. In spite of the complexities in-
volved, there exist numerous theoretical works'™® on
the transport coefficients, especially in the limit of the
fully ionized plasma, in both the presence and the
absence of a magnetic field. The transport coefficient
which is most accessible for experimental investiga-
tions and has therefore been given most attention, is the
electrical conductivity, which can be determined from
microwave measurements.® Another transport coeffi-
cient which has been dealt with extensively in theory,
but very little in experiments, is the thermal conduc-
tivity &. In general, the rate of thermal energy that
can flow across a temperature gradient VT is given by

1

The thermal conductivity of a plasma depends on both
the degree of ionization and on the temperature of the
plasma components. We have studied a related quantity
called the thermal diffusivity which, for electrons, is
defined as the ratio of the thermal conductivity to the
specific heat of the electron gas, i.e.,

DT= x/(%kne) )

Q=—xVT.

(2)

where % is Boltzmann’s constant and 7, is the electron
number density.
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In order to simplify the problem we restrict our in-
vestigation to afterglow plasmas with all components in
initial thermal equilibrium at a temperature 7. Ex-
perimentally, the electrons were heated by a short pulse
of microwave radiation. The thermal diffusivity was
determined by measuring the resulting temperature
increases with Tonks-Dattner resonance.” (Because of
the large mass of the ions, their temperature increase
from direct absorption of microwaves can be neglected.)

Other experimental studies of heat transfer in plasmas
include the excellent work by Sekiguchi and Herndon.?
They measured Dy in effectively fully ionized neon and
helium plasmas and found good agreement with the
theory of Spitzer and Hérm.® Their temperature meas-
urement was based on the effect of afterglow quenching
which had been used previously by Goldstein and
Sekiguchi.’® Measurements of the electron thermal
conductivity in a magnetic field were made by Rostas,
Bhattacharya, and Cahn,’! who also applied the
afterglow-quenching technique. In their experiment the
magnetic field unavoidably disturbed the uniformity of
the plasma. Nevertheless, Rostas et al. were able to
obtain data that agreed qualitatively with the theoreti-
cal predictions of Landshoff.12

Since Sekiguchi and Herndon® have already meas-
ured the thermal conductivity of the fully ionized
plasma, we decided to devote special attention to the
thermal properties of the weakly ionized plasma. Our
experimental approach and heat-transfer analysis is only
valid in this limit, at which we have found good agree-
ment with the theoretical prediction of Shkarofsky.!3
At higher densities we have, nevertheless, obtained
data that agree closely with Spitzer’s theory.?

"The basic mechanism of the Tonks-Dattner resonances,
which in the following sections will be called TD resonances,
I(las6§))een explained by F. W. Crawford, Phys. Letters 5, 244
1963).

8 T. Sekiguchi and R. C. Herndon, Phys. Rev. 112, 1 (1958).

9 L. Spitzer, Jr. and R. Hiarm, Phys. Rev. 89, 977 (1953).

10 L. Goldstein and T. Sekiguchi, Phys. Rev. 109, 625 (1958).

11 F. Rostas, A. K. Bhattacharya, and J. H. Cahn, Phys. Rev.
129, 495 (1963).

12 R. Landshoff, Phys. Rev. 76, 904 (1949).

18 1. P. Shkarofsky, Can. J. Phys. 39, 1619 (1961).
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The following section of this paper describes how Dy
can be found from a simplified energy-balance equation.
The basic characteristics of the apparatus are described
in Sec. IIT and the use of Tonks-Dattner resonances asa
diagnostic tool for the determination of electron tem-
perature perturbations is described in Sec. IV. The re-
sults are presented and discussed in Sec. V.

II. ENERGY TRANSFER PROCESSES
A. General Considerations

Characteristics for the cylindrical afterglow plasma
are first, that the density is uniform in the axial direc-
tion, i.e., dn.,/dz=0, and second, that the density
changes very little on the time scale of typical energy-
transfer processes. Therefore, in this model the electron
density can be represented by the function #.(r).

Let us define the energy density of the electron gas as

Eo=3%knr)T(z,1,1), 3)

where T, is the electron temperature. The change in
energy density per second can, according to Goldstein
and Sekiguchi'® be expressed as

dE, [dE e
= [“] —3k—[Te—To ]+ V- (XVT.). (4)
at dt source T

The first term on the right-hand side of Eq. (4) de-
scribes the energy increase due to the heating source.
The second term represents the rate of energy lost by
electrons colliding with ions and neutrals, where =
is the relaxation time for the local collisional energy
transfer. For binary collisions we can write

7i= Ten—1+7'ei_1 ; (5)

where the subscripts ez and ez refer to electron-neutral
and electron-ion collisions, respectively. Following
standard terminology, we shall call the plasma weakly
ionized whenever 7,,&K7;, and fully ionized whenever
7&K Ten. At this point it is interesting to note [see Eq.
(4)] that in an effectively fully ionized plasma the elec-
tron energy lost in collisions with ions is proportional
to ne? since r=r,x1/n,. On the other hand, for a
weakly ionized plasma the rate of energy losses to the
neutral atoms will only be proportional to %, because
the relaxation time 7., is independent of electron density.

The last term in Eq. (4) describes the energy lost by
heat conduction; our objective has been to determine
the thermal conductivity & or its related quantity,
the thermal diffusivity Dr, as defined in Eq. (2). Since
the coefficients in Eq. (4) depend strongly on the nature
of the collisional processes, we start out by seeking
separate solutions for the limits of the fully and weakly
ionized plasmas.
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B. Fully Ionized Plasma

According to Spitzer and Hiarm? the thermal conduc-
tivity of a fully ionized plasma is density-independent,
so that V&=0. Consequently, Eq. (4) becomes

T, r1dT. 1 X
=[ :l ——[T—To ]+ VT.. (6)
at dt source  Te: % uz

Let us now define the increase in the electron tem-
perature as

0(z,r,0)=Te(z,r,)— T (7
and rewrite Eq. (6), without the source term, as

30(z,7,t) b
= 0%3(7)6(2,1’,1)—{—
ot no(r

VG,  (8)

where 1/7,=an, and b=2%/(3%k). We have assumed
here that <7, so that r.; and X can be considered to
be independent of temperature. With the purpose of
separating the radial and axial temperature dependence,
we try a solution of the form

0(z,7,8)=CZ(z0)R(r,0) &)

where C is a constant. The axial part of the solution
can be found when the coefficients in Eq. (8) are con-
stant. This limits the validity to a plasma of uniform
density, which, for practical reasons, we will set equal
to the average density (). If the electrons are now
instantaneously heated by a short microwave pulse in a
narrow region around z=0 at the time =0 (effectively
a § impulse) we find

Z(at) < {exp[ =%/ (4Dr)t)— (t/(re)) B}/\/t,  (10)
where
(Dr)=%/(3k(ne))
and
1/(1ei)=alne). (11)

The plasma density in an afterglow is fairly uniform
close to the axis, so we would expect Eq. (10) to be
quite accurate in the bulk of the plasma.

An approximate picture of the radial temperature
distribution can easily be obtained in the steady-state
situation where dR/di=0. Near the origin we then find

R(r) e Jo[r/ ((Dr)(res))'/?]. (12)

Since v., is always much larger than v, close to the
walls of the discharge tube, there is no sense in seeking
a solution of Eq. (8) in this region. Instead, we direct
our attention to the weakly ionized plasma, where a
solution is both physically meaningful and useful in
predicting how much energy is lost out of the plasma
volume.
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C. Weakly Ionized Plasma

With the substitution of Eq. (9) the energy balance
equation now becomes

aﬁ(z,r,t)_ t9(.z,r,t)l Dy r an.e(r)]
at - Ten Tne(r)L ar

l:a(i(z,r,t)

]+DTV20(z,r,t) . (13)
ar

The other terms from (V&) (VT,) in Eq. (4) equal zero
because d7./9z=0 and (9n./97)-(96/9z)=0.

Because of the low electron density close to the tube
wall, there exists in this region a thermal barrier®:*
where the amount of energy transferred by conduction
is very small. Associated with the thermal barrier there
is a large relaxation time for heat transfer in the radial
direction. Consequently, the time dependence of the
function R(r,t) is so weak that it can be considered to be
a function of 7 only. The variables can then be separ-

ated by setting
11d/dR\ Dr 1rdn.r) dR
o A 2 2

Rrdr\ dr/) n.r) dr dr
and
1d22 1dZ
Dp— ————=(,, (14b)
Z d2 Z dt
where
C1+C2= Ten_l .

With the §-impulse heating source we obtain the axial
solution

Z(3,8) = {exp[ —z*/ (4Drt) =t/ et 1}/A/1,  (15)

where 7. is an effective relaxation time which includes
unknown radial temperature gradients. However, 7t
can be eliminated by making measurements of the
electron temperature at different positions z along the
tube.

D. Determination of DTt

On the basis of the preceding discussion it is possible
to simplify the problem by studying heat transfer in
one dimension only. From the heat-transfer analysis
we know that the temperature increase due to a
s-impulse heating source is

AT o(51) < {exp[ —2*/(KDr)) = (t/7ets) 1}/V/1,

where AT.(z,t)=T(3,)—To. We notice that at con-
stant times after the application of the heating pulse
the temperature increase goes as exp(—z2). In a later
section we shall present measurements demonstrating
this relation.

(16)
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In principle, the thermal diffusivity could be found by
fitting Eq. (16) to the observed electron temperature
transient if 7. were known. However, the need to
know 7e can be eliminated in a simple way by meas-
uring electron temperature transients in the two posi-
tions z; and 22 at the same time ¢, after the heating pulse.
By dividing these temperature transients we find

<DT>= (222—212)/{4t,v IHEATe(Zl,fr)/ATe(Zg,tr)]} . (17)

For the determination of the temperature perturba-
tions AT .(z1,t,) and AT o(2s,,) we have taken advantage
of the temperature sensitivity of the Tonks-Dattner
resonances. The principle of this particular electron
“thermometer” is discussed after the description of the
experimental arrangement.

III. APPARATUS

The afterglow following the pulsed electrical break-
down of a gas constitutes a stable plasma with well-
known properties; the axial uniformity of the density
and the slow rate of decay have already been discussed.
The cylindrical discharge tube in which the plasma was
produced is shown in Fig. 1. The tube was pumped
out to pressures below 10~7 Torr before it was filled with
spectroscopically pure neon. The discharge was ignited
by a high-voltage pulse of 20-30-usec duration with a
repetition rate of about 200 cps.

The group of microwave instruments shown to the
right in Fig. 1 is for the excitation and detection of the
Tonks-Dattner resonances. The resonances were ex-
cited by strip lines approximately 5 mm wide, and were
used for measurement of the electron density and the
changes in the electron temperature due to the heating.
Two strip lines were used in order to monitor the axial
uniformity of the plasma. Independently, we have com-
plemented the strip-line density measurements with
conventional microwave-cavity techniques.

The heating of the electrons was made with a short
(1-2usec) pulse in the waveguide. This pulse was
applied at a certain time in the afterglow, i.e., at a
certain known electron density. The length of the heated
plasma region was 2 cm. This length is much smaller
than the distance between the waveguide and the strip
line, allowing us to use the approximation of a spatial
d impulse for the heating source. One problem with the
waveguide heating source is that it was operated at a
frequency of about 1.4 GHz, which corresponds to a
cutoff plasma density of about 2.4X10° cm=3. For
densities below this value the electrons will be uni-
formly heated, but for the highest peak densities we
have tried to investigate, which were of the order of
102 cm™3, the electrons in the inner region of the plasma
will only be negligibly heated. However, as heat diffuses
down the tube the radial temperature distribution
tends to become more uniform, so that estimates of the
thermal diffusivity can still be obtained from Eq. (17).
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Fic. 1. Schematic diagram of the
experimental arrangement. The hot
cathode discharge tube measured 50
cm in length and 3 cm in diameter.
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IV. PLASMA DIAGNOSTIC BY MEANS OF
TONKS-DATTNER RESONANCES

A. Electron Density

It has been suggested by Parker et al.l4 that electro-
acoustic resonances excited in low-density cylindrical
plasmas might be useful as a diagnostic tool. In another
communication® we have applied Tonks-Dattner reso-
nances for the detection of sound waves in afterglow
plasmas. Here we use them for the measurement of
afterglow plasma densities and especially for the tem-
perature perturbations that are needed in order to
determine the thermal diffusivity from Eq. (17).

In Fig. 1 the dipolar electric field between the arms
of the strip line will excite standing electroacoustic
waves close to the tube wall as the plasma frequency w,
passes certain discrete values. Neglecting sheath effects,
Schmitt e# al.'® have assumed a Bessel function for the
radial-density profile’” and by means of the WKB
method obtained the following condition for resonance:

2a0?® r Ja(a) w?

(i—1/4)7= 1— -———J (18)
3V3uraJ l(a)wpozl_ 571%(c) wpo?

Here, 1=1, 2, 3,---, a is the tube radius, w is the

exciting frequency, wyo is the on-axis plasma frequency,
vp=(kT./m)'/2, the J’s are Bessel functions, and
a=2405. To test the validity of the WKB method
Schmitt!® also obtained a solution in terms of Airy
functions; the two methods agree within 59, at the
second-order (;=2) resonance. For convenience, we

14 7. V. Parker, J. C. Nickel, and R. W. Gould, Phys. Fluids 7,
1489 (1964).

16 K. J. Nygaard, Phys. Letters 20, 370 (1966).

16 H. J. Schmitt, G. Meltz, and P. J. Freyheit, Phys. Rev.
139, A1432 (1965).

17 M. A. Biondi, Phys. Rev. 79, 733 (1950); F. Boeschoten, J.
Nucl. Energy Pt. C6, 339 (1964); F. C. Hoh, Rev. Mod. Phys.
34, 267 (1962).

18 H. J. Schmitt, Appl. Phys. Letters 4, 112 (1964).

have used the simple analytic form represented by
Eq. (18).

The accuracy of Eq. (18) is limited by the assumption
of a Bessel-function electron-density profile which is
linear at the wall. Furthermore, its derivation is
strictly valid only when v7k(r)/w<1, which does not
hold at the wall. [ The term k() is the local wave num-
ber for the electroacoustic wave. |

The microwave power reflected from the plasma
exhibits the resonances, seen as characteristic minima
in Fig. 2. Referring to Eq. (18), :=1 corresponds to the
leftmost resonance. Figure 3 is a plot of this equation
showing how the resonance densities on the tube axis
depend on the exciting frequency f and resonance
number 7. The frequency range used in this experiment
covered a density region from approximately 10° to
102 electrons per cms?.

Deviations from the Bessel function density profile,
which are very likely to occur at the higher plasma
density for which recombination losses! and higher
diffusion modes? might prevail, will result in inaccurate
density determinations. For densities below 10! cm™3

F16. 2. Tonks-Dattner resonances in a 2-Torr neon afterglow.
The resonances were excited by a frequency of 500 MHz. The time
scale was 0.5 msec/cm. The little spike just before the second
resonance was caused by a heating pulse in the waveguide. A
detailed picture of this heating effect is shown in Fig. 4.

13 M. A. Biondi, Phys. Rev. 129, 1181 (1963); T. R. Connor and
M. A. Biondi, ¢bid. 140, A778 (1965).

2 S. C. Brown, Basic Data of Plasma Physics (John Wiley &
Sons, Inc., New York, 1959), p. 49.
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F1c. 3. Electron densities at which
Tonks-Dattner resonances are ex-
cited as a function of frequency with
resonance number as parameter. This
calculation pertains to 7,=300°K
and tube radius 1.5 cm.

200 400 600

f (MHz)

we have found good agreement between densities ob-
tained from the cavity measurements and the Tonks-
Dattner resonances, but for higher densities the reso-
nance method tends to give too high results. In case of
disagreement we have been using the cavity measure-
ments; from these we found a decay time constant
74=1.9 msec in neon at a pressure of 2 Torr.

B. Electron Temperature

From Eq. (18) the electron density at the occurrence
of the 7th Tonks-Dattner resonance is given by

2aegm3/? w3
37 (3k) 2% () (i—1/4) Tl

where ¢; is the time in the afterglow when this resonance
takes place, 7 is the equilibrium temperature, €, is
the vacuum permittivity, » is the electron mass, and e
is the electronic charge. [The parameters in our experi-
ment are such that the last term in the right-hand side
parenthesis of Eq. (18) can be neglected.] Now, if the
electron temperature in the present experiment is
slightly increased due to a microwave pulse in the
waveguide, the density at which the 7th resonance is
excited is given by

neo(li) =

19)

2aeqmd/?

allid A=
naltit- 1) 37 (3k) 2% 1(c)

w3

X (i—1/8)[Tot-AT() T2

[\*)
(=]
=

800

It has been assumed here that the plasma density
profile does not change during the weak microwave
pulse and that the resonance condition [Eq. (18)]
remains valid during the temperature transient. Thus,
we see that the increase in the electron temperature will
shift the position of the resonance to a later time by an
amount A¢. By taking the difference between Eq. (19)
and (20) we find

3w(3k) 1% (i—1/4)a) 1(a)

At
AT () =T /> neolts)— . (21)
T4

eoam 3%’

In Eq. (21) it has been assumed that AiKrq. This re-

NO HEATING
G «— TEMPERATURE TRANSIENT
3
a.
w At
a
% et
"4
o
=
2. Z=1l.2cm
- .
8 i =2 RESONANCE
@
w
[
L 1 1 {
o 50 100 150 200
t (usec)

F16. 4. Reflected microwave power (in relative units) as a func-
tion of the time ¢ elapsed after the heating pulse. The measurement
was made in neon at a pressure of 2 Torr with (#,)~5X101 cm™3.
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Fic. 5. Relative electron tempera-
ture transient obtained from Fig. 4.
The peak temperature corresponds to
approximately 20°K.

At (psec)

20—

quirement, which implies that the electron density
changes very little during the temperature transient,
was always satisfied in our measurement. Furthermore,
Eq. (21) is correct only to first order in the relative
temperature increase AT./To, which is a reasonable
approximation for the low (circa 10-mW) heating powers
in the experiment. For short heating pulses of sufficiently
low power we have found, as expected, that the tem-
perature increase is proportional to the power. On the
other hand, the dissipation of larger amounts of energy,
which was realized by increasing pulse duration and
amplitude, resulted in a significant loss of plasma. The
probable explanation for this behavior is that the
ambipolar diffusion coefficient depends on the electron
temperature, to a first approximation?" as

Da=D+(1+T6/T0) )

where D, is the ion diffusion coefficient.

Notice that the temperature perturbations derived
from Eq. (21) appear only as a ratio in Eq. (17).
Consequently, any systematic errors in Eq. (21) due to
inaccuracies in the dispersion relation and neglect of the
sheath would tend to cancel.

In the following measurements a small part of the
resonance curve around the temperature transient,
which is shown as a little spike in Fig. 2, was amplified
and time-expanded with a sampling oscilloscope and
displayed on a recorder (Fig. 4). Following the nomen-
clature in Eq. (16) ¢ is defined as the time elapsed after
the application of the heating pulse, not to be confused
with #;, which is the time of occurrence of the ith reso-
nance in the afterglow. In the example shown in Fig. 4
there is a time delay of about 20 usec before the heat
arrives at the position of the strip line; the resonance
curve is then displaced to the right, the amount of dis-

21 H. J. Oskam, Philips Res. Rep. 13, 401 (1958).

40 60 80 100
t( psec)

placement depending on the temperature increase.
When the heating effect is over the curve goes back to
its original course, which shows that the time displace-
ment has been produced by a temporary change in
temperature and not by a change in density. [If the
density had changed, this would have shown up as a
shift of the whole resonance curve after the heating
pulse. This shift was never observed (cf. Figs. 2 and 4).]

From Eq. (21) the shape of the temperature tran-
sients can be obtained by plotting Az [as defined in Eq.
(20) and Fig. 4] versus ¢. Figure 5 shows the temperature
transient that resulted from the recorded curve in
Fig. 4. With special care, temperature changes of the
order of 19, can be detected with this method. We have
indicated a maximum temperature of 20°K in Fig. 4.
The absolute value of the temperature change is, in
fact, unimportant in our application since only the
ratio of two temperature increases is needed for the
determination of Dy from Eq. (17).

In the preceding paragraphs it was inherently assumed
that Eq. (18), which pertains only to the minimum of
the resonance, can also be applied to the sides of the
resonance. By using different frequencies to excite the
resonance the heating pulse could be moved along the
resonance curve. The temperature transients obtained
in this way always agreed within the experimental un-
certainty limits. This finding gives support to the
application of Eq. (18) to the sides of the resonance.

V. RESULTS AND DISCUSSION

In order to test the validity of the one-dimensional
heat-transfer equation we first made some measurements
of the temperature perturbation along the plasma
column. If the one-dimensional approach is approxi-
mately correct, we would expect to find, at a certain
time /, after the heating pulse,

AT < exp(—22/¢e?) ,
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where
So*= (KDr)l-).

The exponential relationship between AZ', and 2% is
exemplified in Fig. 6, which displays measurements
made in a plasma of density 5X 10 cm™3. This density
value falls within a region where ».; is of the same order
of magnitude as v... Also for densities below and above
the example presented here we have found the same
relationship. From the longitudinal dependence of the
temperature perturbation, the diffusivity can be
found as

(Dr)={o?/(4)). (22)

The results from Eq. (22) agree within the error limits
with those obtained from Eq. (17).

The results obtained from the measurement of tem-
perature transients and the use of Eq. (17) are shown
in Fig. 7. To excite the Tonks-Dattner resonances we
used frequencies around 150 MHz at the lowest densi-
ties and 900 MHz at the highest densities. The diffusiv-
ity was determined at different locations along the
plasma column and at 3-5 different times during the
temperature transient, resulting in maximum spreads
indicated by the vertical bars.

Now we want to compare our results with available
theories. First we notice that the measured diffusivity
apparently converges to a constant value for decreasing
electron densities. This value can be found from
Shkarofsky’s!? work as

HmDT: 10kTe/3”WengK )

Ven/Vei_)Oo )

(23)

where the coefficient gx is sensitive to the velocity de-
pendence of the collision frequency. Chen?? has found
that »e, <92, and for this case Shkarofsky gives gg=2.
The horizontal arrows at 184 and 368 m?*/sec in Fig. 7
indicate the calculated values for pressures of 2 and 1

' I ' I ' [

D (mzlsec) -

ty (psec)

o o N ® 0o
T

AT, (RELATIVE UNITS)

zz( cmz)

F1G. 6. The temperature increase as a function of z* at various
times after the application of the microwave pulse. The plasma
parameters are the same as in Fig. 4. The inserted table shows
the diffusivities as calculated at different times 7.
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F16. 7. Electron thermal diffusivity in neon as a function of
average electron density. The measurements by Sekiguchi and
Herndon (Ref. 8) were made at pressures between 1 and 21 Torr.
The arrows on the vertical axis indicate values of Dr at 1 and 2
Torr as calculated from Shkarofsky’s theory. The vertical arrows
on the abscissa show the densities at which ve, ~ve:.

Torr, respectively. For the electron momentum-transfer
cross section we used the value 4.5X 10717 cm?, as cal-
culated from Eq. (5b) in Chen’s work?? at a temperature
of 300°K. The agreement between the theoretical pre-
diction and experimental data is very good. Since
ven/vei=5-10 for the lowest densities investigated,
whereas a factor of the order of 100 is required to de-
fine a plasma as weakly ionized, one would expect the
experimental points to lie below the calculated limiting
values. We have measured Dy at pressures up to 5 Torr
(not included in Fig. 7), and at very low electron densi-
ties we found Dr«1/p, as expected from Eq. (23).

As the electron density increases and the plasma be-
comes more and more ionized, the experimental in-
accuracy increases due to nonuniform heating of the
electrons, changes in the electron-density profile, and
assumptions made in the heat-transfer analysis. In
spite of these deficiencies, when we extend the use of our
method to fully ionized plasmas, we found reasonable
agreement with the high-density measurements of
Sekiguchi and Herndon® and with the theory of Spitzer
and Hérm.? The broken line with slope approximately
equal to —1 in Fig. 7 has been calculated from Spitzer
and Hirm’s theory?® for 7,=300°K. The accuracy is of
the order of 1/InA and amounts typically to 209, under
the present experimental conditions. For electron densi-
ties above 5X 10 cm—3 which corresponds to a rela-
tive degree of ionization of the order of 10-%, there is
good agreement between the experimental points and
the theoretical prediction. Whenever v.i>>v.,, the plasma

22 C. L. Chen, Phys. Rev. 135, A627 (1964).
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behaves as if it were completely ionized, independent of
the neutral gas pressure p, of course. The measurements
of Sekiguchi and Herndon,® which were made for
1<p<21 Torr, satisfy the above requirement and,
therefore, agree with the theoretical curve.

From Eq. (23) we draw the interesting conclusion that
Dy in neon is independent of the electron temperature
since ve, 9% But for the fully ionized plasma Dy is
approximately proportional to 7',°/2. Therefore, 7.
must be known in order to compare the experimental
data with theoretical predictions. In a neon afterglow
plasma at 2.4 Torr, Leiby?? has measured 7', as a func-
tion of time. He found that the electrons would be in
thermal equilibrium with the neutral gas at about
300 usec after the breakdown pulse. Our highest density
point in Fig. 7 was measured 600 usec after the break-
down, and at this time and later it is reasonable to
assume that 7',=300°K.

We must now consider how the electron temperature
might have been influenced by mechanisms other than
heat conduction. For p<1 Torr, diffusion cooling?* of
the electrons has been suggested as an important energy-
loss mechanism. In this process the faster electrons
diffuse rapidly to the walls of the tube, resulting in an
effective temperature decrease for the remaining elec-
trons. Measurements of (D7) for 0.1<p<0.5 Torr
yielded values less than theoretical estimates which
neglected the effects of this process.

Finally, if metastable neon atoms had been produced
during the active discharge period, they could have
transferred energy to the plasma electrons and thereby
provide a heating source prevailing for a long time in the

2 C. C. Leiby, Jr., Sperry Rand Research Center Report,
RR-63-60, (unpublished).
2¢ M. A. Biondi, Phys. Rev. 93, 1136 (1954).
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afterglow. To investigate this possibility we also made
some measurement of (Dr) in a Penning mixture con-
sisting of 99.99, Ne and 0.19, Ar. The addition of argon
produced no change in the data implying that heating
produced by metastable neon atoms was not important
in our experiment. The absence of such heating may be
due to the short (20-30-usec) duration of our high-
voltage breakdown pulse, as contrasted with the 300-
usec pulse used by Biondi.?

In conclusion, we want to point out that the high
temperature-sensitivity of the Tonks-Dattner reso-
nances has enabled us to determine the thermal dif-
fusivity over a wide range of electron densities. The
experimental approach is strictly valid only at low
plasma densities, but by applying it to higher densities
we have obtained values of Dy that agree with those
of previous investigators,®: thereby bridging the transi-
tion region between the limits of the weakly and fully
ionized plasma.
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F1G. 2. Tonks-Dattner resonances in a 2-Torr neon afterglow.
The resonances were excited by a frequency of 500 MHz. The time
scale was 0.5 msec/cm. The little spike just before the second
resonance was caused by a heating pulse in the waveguide. A
detailed picture of this heating effect is shown in Fig. 4.



