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A method for studying electron loss processes in gaseous discharges by means of the free transmission of
microwave signals through the discharge is discussed. This method has the advantage that it is easily adapt-
able to any size or shape of discharge tube. The electron loss processes in pure hydrogen have been studied
using this method. For electron densities of 5X 10 cm™3, the electron-ion recombination coefficient has been
found to be approximately 5.9X107! cm™ sec™ . An electron-neutral collision frequency of 3.97X10° sec™®
at a pressure of 0.29 mm Hg has been measured. The dominant loss process proved to be attachment, with a

probability of attachment of approximately 31078,

INTRODUCTION

ICROWAVE techniques have been used for some
time in the study of electron loss processes in the
afterglow of gaseous discharges.’—® The method generally
used is to measure the change in the resonant frequency
of a cavity containing the discharge, thus measuring the
electron density. Such a method has the disadvantage
that the discharge tube must be constructed to suit the
microwave equipment; however, it might not be
feasible to adapt a given discharge tube to the cavity-
type arrangement. A method will be described which
can be used on most discharge tubes and also allows the
use of other than microwave equipment to monitor the
discharge.

Little agreement had been reached as to the loss
processes in hydrogen until Persson and Brown? clearly
pointed out the importance of impurities in these
processes. They were able to give a precise measure-
ment of the ambipolar diffusion coefficient in hydrogen
but could not determine the recombination coefficient.
The main limitation on the measurement of the re-
combination coefficient is the maximum electron density
that it is possible to measure. Since the method to be
described does not involve cavity-type structures, it
was possible to use millimeter waves and measure
electron densities of 5X 10 cm™3. This permitted the
measurement of the recombination coefficient and
attachment losses but it was not possible to detect
ambipolar diffusion losses.

THEORY

For plane wave propagation through an ionized gas,
it can be shown® that v, the propagation constant of the
wave, is related to the electron density by

vi= — poeqw?e )
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in the absence of any external magnetic fields. Mks
units are used throughout. V=number of electrons per
cubic meter, e=dielectric constant of free space,
e=charge of electron, m=mass of electron, po=per-
meability of free space, v=collision frequency of
electrons with neutral particles, w=transmitted signal
frequency, and ¢=0¢,+ jo;=conductivity of media. It
is assumed that » is not dependent on the velocity of
the electrons. For the case (v/w)?<1, Egs. (3) and (4)

reduce to
o= (Ne*/mw) (v/w) )
and
oi=— (Ne*/mw), (6)
and Eq. (2) becomes
€=1—(wp/w)—j(wp/w)(v/w), - (7)
where w,, the plasma frequency, is given by
wp= (Ne*/me)t. (8)
By setting
Y=o+ jB, ' ©)

and substituting Eq. (7) into Eq. (1), one obtains

a 1 (wp/w)?v/w

;:27([1_(%/&)2]%) 1o
and

B/w=(1/c)[1— (wp/w)* ]}, (11)

where « is the attenuation factor and g8 is the phase
constant. It can be seen that a measurement of the
change in the phase of a wave transmitted through an
ionized gas with respect to a reference path will yield V.
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Fic. 1. Signal attenuation versus density
for various values of ».

By similarly measuring the attenuation, » may be ob-
tained. The function described in Eq. (10) is plotted in
Fig. 1.

THE MICROWAVE INTERFEROMETER

The arrangement of the microwave components into
an interferometer is shown in Fig. 2. The detected
output of the crystal, which is operated in the linear
region, can be shown to be:

detected output=_[A2+B2+24 B cos(8—B0)z, ]}, (12)

where 4 is the amplitude and B is the phase constant of
the signal passing through the reference path. The
phase shifter in the reference path was adjusted such
that when N =0, that is 8=g,, the waves through the
two paths were 180 degrees out of phase. Usually B
would be adjusted, by means of the attenuator in the
reference path, to give a perfect null in the absence of
the ionized gas. However it was found that much better
sensitivity was obtained by using the null path signal
to provide rf bias for the crystal. For this case B>4
and therefore

detected output=B+4 cos(B—Bo)z,. = (13)

It has proven more convenient to identify the output
with electron density only at the maximum and mini-
mum values of the function described by Eq. (13). For

these values,
nwe
'__+2w) ’

€z, 24

MNLEQTC

N= (14)

where n=1,3,5,7,9, ---k. This treatment assumes NV
to be uniform throughout the volume of the gas en-
compassed by the microwave horns. Since the electron
density that is measured is an average density over this
volume, it is believed that this assumption does not
introduce an appreciable error in the measurement.
The function described in Eq. (14) is plotted in Fig. 3
for one value of z,.
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F16. 2. The microwave interferometer.

THE DISCHARGE SYSTEM

A simplified diagram of the experimental arrange-
ment is shown in Fig. 4. The discharge tube consisted
of two Pyrex cylinders one mounted on top of the other.
The large cylinder was 9% inches in diameter and 8
inches high. The smaller cylinder was 3% inches in
diameter and 4 inches high. A torus of 1-inch diameter
Pyrex tubing was mounted on top of the upper cylinder.
The high-vacuum system consisted of an oil-fraction-
ating glass pump trapped with liquid nitrogen. The
discharge system was baked for 18 hours at 460°C
before each set of data was taken. A vacuum of 5X 1078
mm Hg could be maintained. Hydrogen could be let
into the system at controlled pressures by heating
uranium hydride, contained in a quartz tube, to about
200°C. The hydrogen pressure was measured by means
of a Autovac vacuum gauge which had been calibrated
for hydrogen against a McLeod gauge.

Energy was coupled into the gas inductively by means
of a transformer core which linked the torus. A con-
denser bank was charged to 20 kv and discharged
through the one-turn primary winding on the trans-
former core. A field of approximately 1000 v cm™
around the torus was obtained in this manner. When the
gas in the torus ionized, it formed a shorted secondary
of the transformer. It was necessary to put a 0.1-ohm
resistor in the primary circuit and a 10-mil gap in the
transformer to reduce ringing. A pulse of S-usec duration
was obtained with a negative pulse of 109, amplitude
following approximately 10 usec later.

The microwave horns were placed at eight different
positions on the large cylinder. These included two
vertical positions on the cylinder as well as different
positions around the cylinder. Also one set of data was
taken with the horns offset from the diameter of the
cylinder. All positions gave essentially the same results
as far as the quantities measured are concerned.

The scope was triggered by means of a pulse from a
pickup loop linking the transformer core.

EXPERIMENTAL RESULTS

The first measurements made were with a 1.5-meter
Wadsworth spectrograph, which had an effective stop
of /20, in an attempt to determine the purity of the
discharge. At a point approximately 1 cm below the
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F16. 3. Electron density versus frequency for values of #.

entrance of the torus to the upper cylinder the following,
and only the following, lines were observed: H,, Hg,
H,, B+, B, Sit, Sit+ and Sit++. At a position in the
middle of the large cylinder only H., Hg, and H, lines
were observed. It is apparent that the B and Siions were
produced by very fast electrons striking the wall of the
torus. These electrons boil off the ions and eventually
these ions were injected into the upper cylinder. How-
ever, the absence of these lines in the large cylinder is
not conclusive evidence of the purity in that portion of
the tube. In order to observe the hydrogen lines it was
necessary to expose the spectrograph to one hundred
discharges. This may not have been sufficient to detect
the impurities.

Figure 5 shows the results of the attenuation measure-
ments. This attenuation appears superimposed on the
detected output of the crystal as given by Eq. (13) and
yields the collision frequency » after applying the curves
of Fig. 1. The relation between » and the pressure p is

y=1.73X10%+3.47X 10, (15)

where p is in mm Hg. This gives a value for » which is
not as dependent on p as has previously been reported®;
however, it is not felt that this is significant. In Fig. 6
is plotted the natural logarithm of the electron density
as a function of time, indicating the linearity of this
plot for large values of time or lower densities. In Fig. 7
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Fi1c6. 5. Plot of the collision frequency versus pressure.

is plotted the reciprocal of the electron density as a
function of time, indicating the linearity of this plot at
high densities. It should be noted that the time t=0 is
actually 150 to 200 usec after the gas was ionized.

ANALYSIS OF THE RESULTS

The basic loss processes in the afterflow can be
described by

n/dt=D.V?n— hyn—an?, (16)

where # is the electron density in cm™3, D, is the
ambipolar diffusion coefficient, /% is the probability of
an electron attaching to a neutral particle forming a
negative ion, and « is the electron-ion recombination
coefficient. It is assumed that the number of electrons
equals the number of positive ions and that the electrons
and ions are in thermal equilibrium with the gas
molecules. If one momentarily assumes that the domi-
nant loss is due to diffusion, Eq. (16) can be written as

In/dt= (D./A)n— hvn—an?, 17)

where A is the characteristic diffusion length of the
large Pyrex cylinder. For this geometry A?=6.35 cm,
and for the above assumption D,/A? equals the slopes
of the linear portions of the curves plotted in Fig. 6.
Therefore a value of D,=1.28X 10° would be calculated
from the curve of $=0.29 mm Hg. This is in obvious
disagreement with the value of D,= (7004£50)p given
by Persson and Brown. :

Assuming, therefore, that diffusion can be neglected

Eq. (16) becomes
/= — hvn—an?, (18)

and for the lower values of # attachment is the dominant
loss process. Since » has been previously evaluated, the
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F16. 6. The electron decay in the late afterglow.
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F1c. 7. The electron decay in the early afterglow.
slopes of the curves of Fig. 6 yield 4. These results are

given in Table I. The solution to Eq. (18) can be
written as

1 1 a
—=—tf—(ghrt—1),
v

(19)
n N h

where #=u, when {=0. The slope of Eq. (19) can be

written as
d /1 hv
——(—) = (-——l—a) (A +hwt)
dt\n i

to the first order in ¢. For ¢ such that A»#<1, this slope,
called o, is given by

o = (hv/no)+a.

(20)

e2y)

This explains why the curves of Fig. 7 are straight lines.
When o is determined from the curves, a can be
calculated and is tabulated in Table I.

The quantities on the right-hand side of Eq. (17) can
now be compared as to orders of magnitude. This gives,
for p=0.29 mm Hg,

diffusion—(D,/A?)n==7X 10,
attachment— =6X10%,
recombination— =5.4X10'

hvn
an?

which is in agreement with the assumptions. It can be
seen that the recombination term only has an effect at
the higher densities. It is felt that the value «=5.9
X107 cm~3 sec™! is the best value since it was measured
at the highest density.

One possible source of error in the measurement of the
electron density could be caused by reflections of the
microwave signal off of the ionized gas. These could
cause false interferometer patterns. The reflected signal
was monitored and found to be completely negligible
except during the time in which w,>w, as would be
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expected. Even during this time the reflected signal
was a factor 10 down in amplitude as compared with
the transmitted signal when w,<w.

CONCLUSIONS

Very little comparison of these results with that of
other workers is possible since the electron densities
studied here are approximately a factor of 10% higher
than has previously been reported. The collision fre-
quency agrees with that given by Brode® if it is assumed
that the electron energy is four electron volts. From the
spectroscopic studies it appears likely that the electron
energy was at least one electron volt. The recombination
coefficient is in closer agreement with the theoretical
value than other workers have reported. The difference
between the theoretical and experimental values is
probably explained by the impurities. Professor S. C.
Brown of the Massachusetts Institute of Technology

TABLE I. Summary of the data.

$(mm Hg) v(sec™) h a(cm™8 sec™)
0.110 3.67X10° 3.19X10-6 5.15X10710
0.290 3.97X10° 5.06X10°6 5.9 x10™1
0.620 4.51X10° 4.76X 1076 9.2 X101t
1.075 5.35X10° 5201076 5.50x 1071
1.750 6.50X10° 5.86X1076 42 x1ou

has suggested that the high recombination coefficient
which he and his co-workers measured originally was
actually the attachment coefficient measured here. He
reasons that this attachment is due to the presence of
water vapor in the discharge tube.

If the transmitted signal frequency could be increased
by a factor of two, electron densities of 1.5X 10" cm™3
could be measured and recombination would be the
dominant loss process in the early afterglow. This would
greatly enhance the accuracy of the measurement of «,
however, the availability of microwave power at this
frequency excludes this possibility at this time.

Owing to the lack of information as to the electron
energy, it is not felt that cross-section evaluations from
k and v are meaningful.
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