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The frequency of ionization by electrons in hydrogen has been measured during pulsed microwave break-
down in a waveguide. Optical radiation emanating from the plasma was used to determine the temporal
rate of growth of electron density. Values of the ionization frequency are presented as a function of E./p,
for 36<E./po<200 V/cm-mm Hg. The measurements constitute an extension of the work of Madan,
Gordon, Buchsbaum, and Brown who measured this coefficient up to an E./p, of 40 V/cm-mm Hg by micro-
wave cavity techniques. Comparison is made with previous dc measurements of Rose and with the theory
of Allis and Brown. Good agreement is obtained with the measurements of Rose but not with the theory of
Allis and Brown extended to high E,./po, nor with the previous microwave measurements of Madan et al.

INTRODUCTION

IRECT measurements of the ionization frequency
and the coefficient of free diffusion of electrons
during microwave breakdown of hydrogen were made by
Madan, Gordon, Buchsbaum, and Brown.! Their meas-
urements cover a range of the ratio of effective electric
field strength to pressure, (E./po), from 24 to 40 V/cm-
mm Hg. Our experiments extend the measurements
of the electron ionization frequency in hydrogen to
E./po between 36 and 200 V/cm-mm Hg.

A microwave cavity was employed by Madan ef al.
for the determination of the time required for the
electron density to grow to a predetermined value dur-
ing the breakdown process. Because of the time constant
of the cavity, the measurements were limited to break-
down times greater than 1 usec. In the present experi-
ment, breakdown is produced by pulsed microwaves in
a narrow quartz tube placed in a microwave waveguide
and the optical radiation from the plasma is used to
study the temporal growth of the electron density.
The radiation was viewed with a fast photomultiplier
and sampling system which allowed breakdown times
as short as 30 nsec to be studied. Experimental condi-
tions were chosen such that losses by diffusion were
negligible and, thus, the determination of the rate of
growth of the electron density yielded the ionization
frequency directly.

THEORY

During the diffusion-controlled microwave breakdown
of a gas, there exist four distinct time regimes. The first
regime involves that period of time at the beginning of
the breakdown process during which free diffusion (D-)
of the electrons is the controlling loss mechanism. As the
electron density grows, the free diffusion of electrons
becomes affected by space charge and the loss by dif-
fusion decreases. The diffusion coefficient in this second

1M. P. Madan, E. I. Gordon, S. J. Buchsbaum, and S. C.
Brown, Phys. Rev. 106, 839 (1957).

regime is the effective diffusion coefficient (D;).2 The
third regime occurs when the electron density grows
to a sufficient value that space charge is fully developed
and ambipolar diffusion (D,) governs the loss mecha-
nism. Finally, the electron density grows to such value
that the microwave field in the plasma becomes suf-
ficiently affected by the high-density plasma and the
growth process stops. This experiment is concerned with
the second and third regimes.

The rate of growth of electron density during the
breakdown process is described by the equation,?

In/dt=vm+v*(Dn), ¢Y)

where 7 is the electron density, »; is the electron ioniza-
tion frequency, D is the diffusion coefficient for the re-
gime being studied, ¢ is the time, and where all other
loss mechanisms such as attachment and recombination
have been neglected. Provided »; and D are constants,
Eq. (1) is a standard characteristic value problem
whose solution depends upon the geometry of the cavity
in which the diffusion is taking place and upon the
initial conditions. In a cylindrical cavity of length L
and radius R, and for an axially symmetric but other-
wise arbitrary initial distribution, the solution subject
to the boundary conditions #=0 at r=R, 2=0, z2=1,
can be written in the form

mmwz r
n(r,z,t) =2 Am Sin(———)]o(ﬁol—) exp(vmit). (2)
ml L R

In Eq. (2), Bo; is the Ith root of Jo(x)=0 and
Ymi= vi— D/Amit= vi— D[ (mm/L)*+ (Boi/R)*].

The A4 ; are determined from the initial conditions.
Experimentally, we observe light integrated over the
tube cross section at z=21/2. The quantity of interest

2W. P. Allis and D. J. Rose, Phys. Rev. 93, 84 (1954).
38S. C. Brown, in Handbuch der Physik, edited by S. Fliigge
(Springer-Verlag, Berlin, 1956), Vol. 22, p. 531.
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then is

R L
N= 21r/ n(r, g=— t)rdr,
0 2

and from Eq. (2) this is given by

R mr r
N=2r / > sin<~—)AmJ 0(,301—) exp (Ymit)rdr
0 ml 2 R

mar R
=2r Zl sm(7)A mlg‘jl (,BOZ) exp ('let)- (3)

(]

It can be shown from Eq. (2) that there exists a time 7
after which only the fundamental or lowest diffusion
mode is important. This time depends on the initial
density distribution. If it is assumed (for the pulsed
experiments discussed here) that the electrons remaining
from the preceding microwave pulse are diffusing only
in the lowest mode and that the microwave field is uni-
form in all directions, then r=0 and Eq. (3) further
reduces to

N=Nqexp(vi—D/A%)L, 4)

where A is the characteristic diffusion length and is
given by 1/A?= (w/L)>4(2.405/R)?. In the present
experiment, these assumptions are justified by (1)
allowing sufficient time between pulses to insure that
any higher diffusion modes which happen to be present
have decayed sufficiently that at the start of each pulse
the density is in the lowest mode, and (2) recognizing
that although there exists a sinusoidal variation of the
microwave field in the axial direction, higher diffusion
modes in the axial direction are less significant than in
the radial direction because the experimental geometry
was chosen with L>>R. Furthermore, a correction for
this variation of the field in the axial direction can be
shown to be negligible at high E,/po.!

To avoid complications arising from the variations
of D with time, conditions can be chosen such that the
term D/A? is small compared with »;. Then a measure-
ment of dn/dt yields »; directly. In the present work this
was accomplished by (a) choosing the dimensions of the
discharge tube appropriately, (b) working at sufficiently
high electron densities that the diffusion coefficient was
smaller than the free diffusion coefficient, and (c)
working at large field strengths. As an example, consider
breakdown at an E,./po=40 V/cm-mm Hg. In our tube,
A>~0.20 cm. For an electron density of the order of
108 cm™ and a pressure of 10 mm Hg; »,/p=<2.8 X108
(sec mm Hg)* and D_pe>~1X10% cm? sec-mm Hg.!
Rose and Brown® have shown that for the above condi-
tions Ds/D_=0.2. Thus, for the example chosen, the
ratio »;A?2/D~50. This ratio increases with increasing
E./po since v; increases with E,/po much faster than

48S. J. Buchsbaum, Quarterly Progress Report, Research Labora-
tory of Electronics, Massachusetts Institute of Technology,
January 15, 1957 (unpublished), p. 10.

§D. J. Rose and S. C. Brown, Phys. Rev. 98, 310 (1955).
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D/A% In the present esperiment, then, the term D/A?
can be neglected.

Determination of the rate of growth of electrons dur-
ing the breakdown by observation of the optical radia-
tion from the gas, requires that certain other conditions
be met: (1) The time required for the electrons to ob-
tain an energy distribution in equilibrium with the
microwave field must be short compared with the ob-
servation time; (2) observation times must be greater
than the mean lifetimes of the radiating states; (3) the
electron energy distribution must be constant with time
after the initial energy buildup. These conditions are
now considered separately.

The time required for the electrons to reach a given
energy distribution is given approximately by

TE=1/(Uvo), (6)

where 1 is the average energy of the final energy distri-
bution, #. is the average energy gained by an electron
between collisions, and », is the collision frequency. The
energy % depends on rates of excitation and of ionization,
on the electric field strength, and on the pressure. This
quantity has been determined by several investigators®
using distribution functions that give good agreement
with breakdown data. The energy #. is calculated from®

u,=e"E/[2m(vi+o?) ], ™

where E is the amplitude of microwave field and w is
its circular frequency. For the range of fields and pres-
sures investigated here, the largest value of 7x is
10X 10~? sec. The restriction then is that observations
start at least 10 nsec after the application of the micro-
wave field. It should be noted also that the propagation
time of the microwaves across the discharge tube is less
than 1 nsec.

When the optical radiation that is viewed originates
in radiative transitions of excited hydrogen molecules
an additional restriction must be placed on observation
times. This results from the fact that excited states
have finite radiative lifetimes. In order that the light
emitted by the plasma at any instant of time be charac-
teristic of the number of electrons at that time, the con-
tribution to light from molecules excited previous to
that time must be small. The number of photons per
cm?® emitted at any time {; from a given excited state, is
given by

oo f Fu(t) exp[— (u—t)/redt,  (8)

where F is a function which depends on the excitation
probability for the excited state, on the neutral particle
density, on the average energy of the electron, and on
geometry, but is independent of time; 7z is the radia-
tive lifetime of the state. For a breakdown process in
which the time dependence of electron density is given
by

n=mnee",

6 W. P. Allis and S. C. Brown, Phys. Rev. 87, 419 (1952).
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where #, is the initial electron density, Eq. (8) gives
F V20

[ —

(v+1/7r)

For ¢ to be proportional to the number density of
electrons at time #; we must have

4> 1R/ (14v7R). (10)

Lifetimes for states which decay by emission of photons
in the optical portion of the spectrum are about 10~7
to 10~8 sec.” Thus, for v’s between 107 and 108 as found
in this work, the inequality (10) is experimentally
easily satisfied.

As a check of the proportionality between ¢ and X,
we also observed the weak continuum radiation in a
bandwidth of 10 A centered at 4650 A. Such radiation
originates either in free-free transitions (bremsstrah-
lung) between electrons and neutral hydrogen molecules
(7r>0), or in radiative transitions from the stable 2,
state to the unstable 3%, state (7p~10-8% sec).® For
either radiation the inequality (10) is very well satisfied
experimentally.

Finally, in order that the electron energy distribution
be constant with time after the initial energy buildup,
and independent of the number density of the electrons,
it is important that new processes do not enter during
the observation period. Thus, (1) the period of observa-
tion must be terminated before the electron density
grows to the value where it affects the field strength
within the plasma; (2) the fractional ionization of the
gas must be sufficiently small to render the Maxwelliza-
tion of the distribution by electron-electron collisions
negligible; (3) the effect of dissociation on rate of growth

(evi— e~ 1lTR)=Cer1(1—e~(rHliTR)N)  (9)
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F1c. 1. Schematic of the experimental arrangement.

7H. H. Landolt and R. Bornstein, T'abellen (Springer-Verlag,
Berlin, 1950), 6th ed., Vol. I, Part I, p. 261.
8 H. M. James and A. G. Coolidge, Phys. Rev. 55, 184 (1939).
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Fic. 2. Reproduction of an X-Y recorder tracing showing the
light intensity I as a function of time for various microwave
power levels; pressure= 8.6 mm Hg; microwave pulse duration=1
usec; repetition rate=1000 cps. In the insert, I is replotted on a
semilog scale for a peak power of 5 kw.

and on light emission must be negligible. For the experi-
mental frequency (3 kMc/sec), the observation period
is limited to electron densities less than 5X 10 cm—3.
At these densities, electron-electron collisions are
negligible.

EXPERIMENT

A pulsed magnetron operating at 3017 Mc/sec fed
microwave energy (maximum peak power—15 kW)
into a waveguide system (1.5in.X 3 in.) operating in the
TEy mode. A small, known fraction of the power was
coupled from the guide by a directional coupler to the
thermistor and was used for power measurements. A
quartz tube, 1 cm in diameter, connected to a vacuum
system was placed through holes in the waveguide just
beyond the power measuring arm. The tube was placed
in the H plane of the guide with its axis perpendicular
to the electric field. Copper disks were inserted in the
tube to partially fill the openings in the wall of the guide
and to act as boundaries for the plasma in the axial
direction. This yielded a diffusion length for the lowest
mode of A=0.21 cm. The vacuum system could reach
a pressure of 10~° mm Hg before hydrogen was intro-
duced. The hydrogen was obtained from commercial
flasks of spectroscopically pure gas.

The light from the plasma was observed through a
hole in the wide wall of the waveguide. The light passed
through either a monochromator or a filter so that a
dredetermined spectral band could be observed with a
photomultiplier that was connected to a sampling oscillo-
scope and X-Y recorder. The rise time of the optical
system was approximately 3 nsec. Figure 1 shows part
of the experimental arrangement.

Repetition rate of the microwave signal was main-
tained at 1000 cps with puse widths of 1 and 2 usec. The
rise time of the microwave pulse was 30 nsec. The high
repetition rate was found desirable in order to maintain
pulse to pulse time stability in the growth rate. At this
high repetition rate, the electron density remaining from
one pulse at the start of the next was still quite high—
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varying with field strength and pressure from 10° to
10 cm=3. This did not interfere with the region of
measurements reported here which was in the 10% to
5X10% cm— range.

The time at which the electron density reached the
value #, corresponding to the resonance condition

(11)

was measured by determining the onset of reflection of
the microwaves. If the light intensity corresponding to
this density is denoted by I,, the electron densities at
all other times are obtained from the relation
n=(I/1.)n,.

The data were reduced by reading the intensity values
(in arbitrary units and scale) above the zero intensity
reference from the X-¥ plots at 2 nsec intervals for
periods as long as 200 nsec (Fig. 2). The intensity values
were plotted on a logarithmic scale as a function of
time. A representative plot is shown in the insert in
Fig. 2. The curve is very nearly a straight line indicating
an exponential growth ; the slope of the line is »..

The values of »; so obtained for a range of E,/po from
36 to 200 V/cm-mm Hg are shown in Figs. 3 and 4. The
electric field strength used was the effective field

given by
(12)

where E is the amplitude of the applied field, », is the
electron collision frequency for momentum transfer,
and w is the circular frequency of the applied field.
Since the photomultiplier viewed the center of the gas
discharge tube at the center of the waveguide and since
diffusion was negligible, peak field in the guide as deter-
mined from the power measurements was used in Eq.

Wt = 1,62/ Mmeo=w?,

Ep= %EZVL?/ (V(:2+w2);
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F16. 3. Plot of »;/p vs E¢/po for v,=4.8X10° po; O, line radiation
and white light; A, continuum radiation; solid curve is calculated
from measurements of Rose.
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F16. 4. Plot of »;/po vs E./po for ».=5.9X10° po; O, present
work ; A, Madan et al. ; solid curve is calculated from measurements
of Rose; dashed curve is from the Allis and Brown theory.

(12). Pressure was varied in the range of 1 to 10 mm Hg
and read on a McLeod manometer. All pressures (p)
were corrected to 0°C (o).

Power measurements were accurate to within 59,
pressure to 29, and time to 59%. Over-all accuracy of
the data is 4=109%,.

RESULTS AND CONCLUSIONS

Figure 3 shows the results of measurement of the
electron ionization frequency, »;, divided by pressure,
Po, plotted versus E,/po. A value of 4.8X 10 po has been
used for the electron collision frequency in determining
the effective electric field strength. The reason for this
choice for v, will be discussed shortly.

The experimental points represented on this figure
are the results of observing either white, or spectral, or
continuum radiation from the plasma. The average of
the experimental points is independent of the type of
light being observed. At an E,/p, of 157 V/cm-mm Hg,
for example, ten points are shown in the insert in Fig.
3—one for white light (i.e., all radiation between 3000
and 7000 A) and 9 for molecular spectra (i.e., band-
widths between 25 and 200 A centered on the molecular
lines). If atomic light is observed, it generally exhibits a
faster growth rate than molecular light. This, of course,
is due to the fact that atomic hydrogen density is also
growing with time. No atomic light is included in the
data being presented.

The solid line on the figure represents an ionization
coefficient obtained from Rose’s measured values of the
Townsend coefficient «;? v; is obtained from & using the
relationship »1/po=auE./po, where u is the mobility.

*D. J. Rose, Phys. Rev. 104, 273 (1956).
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Again, 4.8X10° po has been used for the electron colli-
sion frequency in determining the mobility p.

Figure 4 is plotted for »,=5.9X10° po, a value ob-
tained by extending to all energies Brode’s measured
total collision frequency.! It can be seen that the agree-
ment between the microwave and the dc measurement
is noticeably poorer in Fig. 4 (although it is still ade-
quate) than in Fig. 3. Also, the use of ».=4.8X10° p
tends to reduce appreciably the scatter in the experi-
mental points.

The dashed curve in Fig. 4 shows the value of »;/po
obtained from the theory of Allis and Brown. A value
of the collision frequency of 5.9X10° po was used in
this computation as specified in their original paper.
Using a value of 4.8XX10? p, for the collision frequency

does not improve agreement with the experimental

results. Also, the experimental points presented here do
not seem to be joining with those reported by Madan,!
which were in good agreement with the Allis and Brown
theory.

We recall, however, that in Madan’s experiments
only a time snierval was measured and that considerable
corrections to the measured time had to be applied.
The corrections were necessary partly because the elec-
tron density which determined the end of the time in-
terval of necessity varied with gas pressure, but, most
importantly, to account for the transition of the diffu-
sion coefficient from D_. to D, to D,. We feel, therefore,
that the agreement between Madan’s measurements and
the Allis and Brown theory may have been fortuitous.

Surely, in principle, dc and microwave measurements

1 R. B. Brode, Rev. Mod. Phys. 5, 257 (1933). See also Fig. 2
in reference 10.
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ought to yield the same value for the ionization fre-
quency provided the concept of effective electric field
is valid. This question and the inadequacy of the Allis
and Brown theory at high E./p, is further discussed in
the following paper.!!

The agreement between the dc and microwave meas-
urements should be especially good at E./pe<130
V/cm-mm Hg. At higher E,/po there is some question,
raised by Jones and Jones,!? as to whether Rose in-
terpreted his measurements properly in that he allegedly
did not account for secondary emission from the cathode.
Jones and Jones’ measured (and corrected) values of
a/p agree with those of Rose up to an E,/po of 130
V/cm-mm Hg, but then break rather sharply downward
from Rose’s curve and very nearly saturate with further
increase of E,/po. The microwave measurements as well
as the theoretical calculations presented in the following
paper'! do not exhibit such a break. We have, therefore,
not corrected Rose’s measurements nor used Jones and
Jones’ values. However, if the effect of secondaries
is important and Rose’s values of a/p need a downward
revision at high E./p,, the agreement between micro-
wave and dc measurements in Fig. 4 will cease to be
“adequate’ at high E,/p.
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