
BREAKDOWN AT MICROWAVE FREQUENCIES

sented provides a means of identification of
whether the observed resonance is a double
frequency one.

In a separate paper by Brody, Nierenberg, and
Ramsey" the theory here presented is applied to
identify the Br and Cl resonances. Consideration

"S.B. Brody, W. A. Nierenberg, and N. F. Ramsey,
Phys. Rev. I2, 258 (1947), and a full paper in course of
preparation.

is now being given to generalizing this study to
other odd integral spins since similar results
would be expected in these cases since the J+$
and J—~ states will be approximately degenerate
in these cases also. Further study of the case of
intermediate coupling is also contemplated.

The author wishes to thank Professor I. I. Rabi
for several helpful discussions in the course of
this work.
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An electric field of sufficiently high frequency applied to
electrons in a gas may deliver energy to the electrons
without imparting to them any continuous drift motion
resulting from the field. The criterion for breakdown of a
low pressure gas at microwave frequencies is therefore that
ionization by collision of electrons with neutral gas mole-

cules replace loss by diff'usion to the walls of the discharge
tube. The condition is mathematically expressed as a simple

boundary value problem. This breakdown principle is
applied to converting microwave breakdown measurements
into measurements of ionization rates as a function of the
electric field strength, pressure, and frequency. A new

ionization coefficient is introduced appropriate to the high
frequency discharge conditions, and its relation to the d.c.
Townsend coefficient is explained. The energy transfer
from the electric field to the electrons at a given E/p is
shown to be most efficient when the pressure is high enough
or the frequency low enough to result in many collision, s of
electrons with gas molecules per cycle. This maximum
efficiency is equal to the d.c. energy transfer efficiency.
When the pressure is lower or the frequency is higher, the
electrons have an out-of-phase component of motion and
do not receive energy so efficiently, resulting in lower
ionization rates observed experimentally.

L INTRODUCTION

HE Townsend theory for breakdown of a
low pressure gas under the action of a d.c.

electric field postulates two sources of electrons.
Most of the electrons are generated in the
volume of the gas through ionization by collision.
The original source of electrons at the cathode re-
sults from secondary emission caused by positive
ion or photon bombardment. Prediction of break-
down voltage requires numerical data on the
eSciency of these processes. Thus attempts to
determine ionization coefficients from break-
down data have been complicated by the opera-
tion of two electron generation processes.

Breakdown caused by a high frequency electric
field is determined by the primary ionization
process only; the electrons formed at the walls

~ This work has been supported in part by the Signal
Corps, the Air Materie1 Command, and O. N. R.

or in the gas by secondary emission have a
negligible effect. It is therefore possible to predict
the electric field for breakdown from a knowledge
of the ionization coeScient only, or to measure
the ionization coeScient from a breakdown
experiment.

II. MOTION OF ELECTRONS IN k HIGH
FREQUENCY FIELD

Under the action of a d.c. electric field an
electron is accelerated by the field until it collides
with a gas molecule. The direction of motion is
then reoriented almost randomly. Most of the
kinetic energy gained during the acceleration
period is kept during the scattering process,
since the mass of the molecule is large compared
to that of the electron. After collision, the elec-
tron is accelerated or decelerated by the field,
depending on the direction of the electron velocity
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relative to the 6eld. The randomly directed
velocity immediately after collision contributes
nothing to the Row of electrons along the 6eM
direction. Only the component of velocity pro-
duced by acceleration in the field, which is
destroyed on the average by random scattering
at each collision, contributes to an electron cur-
rent in the field direction. The kinetic energy of
the electrons is built up through successive
accelerations until the loss of energy by elastic
and inelastic collisions and diffusion equals the
gain of energy from the field. The motion con-
sists of a large random and a small drift com-
ponent. The energy transferred to the electrons
is a function of Z/p, where E is the electric
field strength and p is the pressure. This quantity
determines the energy gained between the col-
lisions.

If an a.c. 6eld whose radian frequency is small
compared to the collision frequency is applied to
electrons, their motion will be identical in most
respects with that of electron motion in a d.c.
field. The field-induced motion is interrupted by
collisions, which occur often during an a.c. cycle.
The drift current of the electrons oscillates in
phase with' the field and the energy transfer will
be the same as that in a d.c. 6eld, if the r.m.s.
value of the a.c. field strength is used.

As the frequency is increased or the pressure
decreased, collisions no longer occur frequently
enough to keep the electron drift current in
phase with the 6eM. The inertia of the electrons
causes an out-of-phase component. The transfer
of energy from the electric 6eld to the electrons
becomes less efFicient. As the pressure goes to
zero or the frequency becomes in6nite, the elec-
trons merely oscillate out of phase with the field
and no energy is transferred on the time average.
The energy transfer ef6ciency may be taken into
account through an effective 6eld, '

where E is the r.m.s. value of the applied 6eld„
v is the electron velocity, l is the mean free path,
s/l is the collision frequency, &o is the radian
frequency of the field, and E, is the effective
6eld which would produce the same energy
transfer at zero frequency. The frequency vari-

~ H. Margenau, Phys. Rev. M, 508 (1946).

able may be introduced as the quantity pX,
where p is the gas pressure and X is the free-
space wave-length of the excitation energy. ' This
variable determines the ratio of the collision
frequency to the 6eld radian frequency for
electrons of a given velocity.

The oscillatory drift current is not capable of
transporting electrons from one point to another
in the discharge tube. It cannot account for loss
of electrons to the walls of the tube, which is a
principal electron withdrawal mechanism in dis-
charges. Electron losses to the walls must there-
fore be caused by diffusion, resulting from the
large random motion. If the electric 6eld is not
uniform there may also be a How of electrons re-
sulting from an electron "temperature, "or kinetic
energy gradient. Both of these Row terms may be
included in the expression, '

where D is the diffusion coefficien for electrons,
e the electron density, and j. the electron current
density in electrons per second per unit area.
The product may be differentiated to yield two
terms; —DV'e is the usual diffusion current
density, and —nV'D is the current density due to
the kinetic energy gradient. The diffusion coeffi-
cient is proportional to the average velocity of
the electrons.

Since the current density vector is given as
the gradient of the scalar quantity DN in Eq. (1),
this quantity may be referred to as the current
density potential. It has nothing to do with
energy, but is analogous to the velocity potential
used in hydrodynamics. This potential,

mill be used in the diffusion computations for
the breakdown condition.

III. BREAKDOWN CRITERION: BALANCE OF
IONIZATION AGAINST DIFFUSION

The breakdown condition will be developed
for a region in a resonant cavity bounded by
walls which absorb electrons. A radioactive

' H. Margenau, Phys. Rev. 7'3, 326 (1948).
'The formula I'= —V(De) may be obtained most di-

rectly from an extension of the work of P. M. Morse, W. P.
Allis, and E. S. Lamar, Phys. Rev. 48, 412 (1935).See also
E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill
Book Company, Inc. , New York, 1938), pp. 204-205.



BREAKDOWN AT MICROWAVE FREQUENCIES 293

source near the discharge cavity provides a small
amount of ionization in the cavity. The micro-
wave field in the cavity is gradually increased
until the gas suddenly begins to glow, becomes
conducting, and the field drops to a much lower
value. The field necessary to produce this phe-
nomenon is called the breakdown field.

A detailed study of the build-up of the dis-
charge is obtained from considering the con-
tinuity equation for electrons,

Bn/Bt = vn 71'—
where ~ is the net production rate of electrons
per electron. It may be represented as the
difference,

where v~ is the ionization rate per electron a.nd v,
the attachment rate to neutral molecules per
electron. At breakdown the electron density is
low enough to neglect the eftects of space charge
and recombination of electrons with positive ions
in the volume of the gas. ' Using the current
density given by Eq. (1) and putting Eq. (3)
in terms of the potential P, we obtain for the
continuity equation,

(1/D) (~4/~t) =&0+ (~/D)4.

The time factor may be separated by putting,

/=$0(x, y, s) exp( —t/ ).r

The resulting equation for It 0 is

&6+(&ID)0o+ (1/D )0'o =0 (4)

The time constant r is determined by the bound-
ary conditions.

The boundary condition on P is obtained by
setting the diffusion current approaching the
wall equal to the random current collected by
the wall. This problem has been considered for
neutron diffusion, ' with the result that the
extrapolated neutron density goes to zero at a
distance of the order of a mean free path beyond
the wall. For electrons the result should be
modified to include the action of the image

4 L. M. Hartxnan, Phys, Rev. 73, 316 (1948), has com-
puted breakdown for the case of an inhnite medium in
which diffusion losses are zero and recombination is the
controlling loss mechanism. Such a case would be realized
experimentally with very large tubes or high pressures,
but is not within the range of the present experiments.

~ G. Placzek and %'. Seidel, Phys. Rev. 72, 550 (1947).

charge induced by the approaching electrons.
Because diffusion theory holds only when the
mean free path is small compared to the dimen-
sions of the discharge tube, it is suSciently
accurate to apply the condition that the electron
density, and therefore f, vanish at the walls.

The condition that f is zero on the boundary
results in a set of characteristic values for 1/r,
which are denoted by 1/r„and in a correspond-
ing set of orthogonal functions It . The function
corresponding to the lowest of the 1/r, 's is posi-
tive everywhere, while the others all change sign
at some point in the discharge tube. The back-
ground electron density at the instant the field
is applied may be expanded in a series of the
functions P,. Each term thereafter rises or decays
exponentially in time at its own characteristic
rate, depending on whether v, is negative or
positive. If the electric field is zero, v is zero or
negative, and all of the time constants are
positive, because the discharge must decay with-
out ionization. As the electric field is raised the
1/r, 's become smaller until the lowest goes
through zero and the corresponding function
builds up in time. The other terms do not build

up, as their time constants are still positive. At
this point the ionization rate produced by the
field has reached the value where it is replacing
diffusion losses. A slightly higher field then
causes breakdown.

The breakdown field may now be defined as
the field necessary to maintain a steady dis-
charge in the limit of zero electron density.
Although this field will not produce breakdown,
any greater field will do so. It may be computed
as the lowest characteristic value of the equation,

PP+ (v/D)(E)P =0. (&)

The ratio v/D is indicated as a function of the
electric field, which in turn is a function of the
space coordinates. The field may be repre-
sented as

E=Epf(x, y, s),

where Zo is the field at a reference point I'0,
and f is a space factor determined from Max-
well's equations. The value of f at Po is unity.
The electric field at any point may be specified
by the field at the reference point and the func-
tion f The characteri. stic value, obtained from
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F1G. 1. Block diagram of experimental apparatus.

Eq. (5) and the boundary conditions, thus
specifies the breakdown field in terms of Ep.

IV. THE EFFECT OF SECONDARY PROCESSES

The effect of secondary emission of electrons
from the walls of the discharge tube may be
included by appropriate changes in the boundary
conditions. These should be modified to make the
diA'usion current approaching the wall equal to
the difference between the random current ab-
sorbed by the wall and the secondary emission
current emitted from the wall. The secondary
emission term is appreciable only when the
number of secondary electrons per positive ion
is of the order of unity, which is not the case.

In the d.c. discharge the electrons leave the
cathode and multiply as they proceed toward
the anode, but they cannot return to the cathode
once they have lost energy through an inelastic
collision. The discharge is therefore entirely de-
pendent upon the emission properties of the
cathode. On the other hand, the a.c. discharge
may be maintained entirely from electrons ob-
tained from ionization by collision in the gas. If
an electron leaves the wall, one more electron
must return to the wall to satisfy the continuity

I I I I llllj I I I I I III( I I I I litt

requirement. The only effect of this emission is
to move the equivalent wall position slightly
further from the center of the discharge, which
reduces the breakdown field by an equally slight
amount. This efkct is entirely negligible because
of the small emission probability.

V. HIGH FREQUENCY IONIZATION COEFFICIENT

Equation (5) indicated that brea, kdown calcu-
lations depend on a knowledge of the ratio v/D
as a function of the gas used, the electric field,
the pressure, and the frequency. This quantity
is analogous to the Townsend coefFicient a. The
number of ionizations per centimeter of electron
drift is v/8, where v is the drift velocity. A d.c.
field produces a drift velocity much larger than
that due to diffusion. Neglecting diffusion, 8 =pE,
where p is the electron mobility. Then, a = v/pZ.
The Townsend coeScient refers ionization to a
drift motion produced by electron mobility, while

v/D refers it to a drift motion produced by
diR'usion.

The analogy is more apparent when the
Townsend coeScient q is compared with the
corresponding high frequency coe%cient. Since
ti =a/8,

The units are 1/volt. The units of v/D are
1/centimeter', which may be changed to 1/volt'
by dividing by the square of the field:

1 = v/DE'.

The coefFicients are related by,

f' =s(v/D)

Putting the high frequency coefficient into the
dimensions of volts has the advantage of making
it a function of 8/p and pX for a given gas.
Thus, if the function
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Fio. 2. Breakdown field (volts/cm) as a function of
pressure (mm Hg) for three plate separation distances
(L ctn). Gtvlty resenant wave-lengths were ail near 9.6 ern,

is known, breakdown may be computed using
Eq. (5). The inverse problem of determining 1'

from breakdown experiments will now be con-
slde1'ed.

VI. SREAKDOVfN SET%PEEN PARALLEL PLATES

Measurements of g from breakdown data were
made using Trip mode cylindrical cavities. The
end plate separations were small compared to the
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Fie. 3. High frequency ioniza-
tion coefficient f'=v/DE' (ion-
izations/volt') as a function of
E/p (volts/cm-mm Hg) and pX
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data shown in Fig. 2.
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diameter of the region where the field is sub-
stantially uniform, in the vicinity of the center
of the cavity. These cavities therefore approxi-
mated the conditions of infinite parallel plates
with a uniform electric field. The solution of
Eq. (5) for this case is

II =A sin(s/A),

where A =l./~, I. is the plate separation distance,
s is the distance from one plate to an arbitrary
point in the cavity, and A is a constant. The
breakdown condition is

I = I/A'E'.

The electric field for breakdown may be meas-
ured as a function of pressure, frequency, and
plate separation. From these data the ionization
coefficient g may be computed.

VQ. EXPEMMENTAL APPARATUS

A block diagram of the apparatus used in the
experiment is shown in Fig. 1. A continuous-
wave tunable magnetron in the 10-cm wave-
length region supplies up to one hundred fifty
watts of power into a coaxial line connecting to
&he measurement equipment, A probe in the line

samples a small signal for the cavity wave-
meter. A power divider provides a means of
varying the power. A known fraction of the
incident wave is sampled by a directional coupler
and sent to a thermistor element whose resistance
change measured by a sensitive bridge provides
a measure of the power incident on the cavity.
A standing wave detector consisting of a slotted
section of line and a movable probe is used to
measure the standing wave ratio and position of
minimum voltage in the line leading to the dis-

charge cavity. The probe signal is carried through
a flexible cable to a detector, which is equipped
with a wave guide-beyond-cutoff type attenuator.
With this arrangement one can measure the
cavity input impedance and the fraction of in-

cident power absorbed by the cavity. ' The
cavities are designed to resonate in the T3fom
mode at 10-cm wave-length. They are coupled
to the input transmission line by a coupling loop.
A second coupling loop provides a transmitted

' For details of experimental technique, reference should
be made to such sources as: C. G. Montgomery, Technique
of Miamvave Measurements (Mcgr@w-Hill Book Company,
Inc. , New York, 194"I),
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signal to a cut-oR attenuator terminated in a
crystal recti6er and microammeter.

The unloaded Q of each cavity is determined
by means of standing wave measurements. The
power incident on the cavity and the standing
wave ratio in the line provide the information
necessary to determine the power dissipated in
the cavity. The dissipated power with no dis-
charge is related to the stored energy through
the unloaded Q. The electric 6eld can be deter-
mined from power and standing wave measure-
ments, and from the known electromagnetic
6eld con6guration of the cavity. It proves con-
venient to use a transmission coupling loop and
crystal current meter to measure field, after the
incident power measurements have been used to
calibrate the crystal, meter, and attenuator.

VIII. EXPERIMENTA, L RESULTS

The breakdown experiment consists of 611ing
the cavity with gas at a certain pressure, in-
creasing the magnetron power while watching the
transmission crystal current until this current
reaches a maximum value and drops suddenly to
a lower value. This drop indicates that the gas
has broken down, and the maximum crystal
current indicates the breakdown field. This opera-
tion is repeated for a variety of experimental
condlt1on8.

Results of experiments on three thin parallel
plate cavities are given in Fig. 2. The gas used
was air from which impurities were removed by
a liquid nitrogen trap. The r.m. s. breakdown
6eld is plotted against pressure for each cavity.
The field is lower for the larger cavities, because
the diR'usion losses are lower. For each curve
there is a pressure at which the breakdown 6eld
is a mln1mum.

Figure 3 shows i' plotted against E/p for
various values of constant pX, as determined
from Fig. 2. The dotted curves show the course
of the data for a given cavity with variations of
pressure. On the low E/p side they come to-
gether to form a common envelope, but on the
high side they depart from the envelope at
various values of P/p, depending on the size of
the cav1ty.

The dot-dash line sloping down to the right
indicates the limit of validity of di6'usion theory,
~here the mean free path is small compared to

the tube dimensions. The line is drawn so that
1/A=1, where / is the mean free path. This
relation, with Eqs. (5) and (7), results in

where I', is the collision probability per centi-
meter per millimeter of pressure (1=1/P.p) P. i.s
taken as 38 for air.

IX. DISCUSSION

The ionization produced by a given value of
8/p is seen to be a maximum when p) is large.
As PX decreases, the ionization drops, slowly at
6rst and then more rapidly. A simple calculation
will show that the experimental values of p) at
which the ionization begins to drop correspond
to the condition of the 6eld radian frequency
approaching the collision frequency.

The transition from the region of many oscilla-
tions per collision to many collisions per oscilla-
tion is marked also by the minimum breakdown
voltage point in the held versus pressure curves.
The breakdown voltage decreases as the pressure
is lowered because the energy gained between
collisions is increased and there is more ionization
available to compensate for the increasing diR'u-

sion losses. When the transition region of pX is
reached, the energy transfer is no longer at its
maximum efficiency, and a higher field is required
to replace the diffusion losses. The minimum is
therefore not a Paschen minimum and would
not be expected to follow the Paschen law.

The present paper has postulated a condition
for breakdown which balances electron genera-
tion through ionization by collision against elec-
tron loss through diffusion. App'lication of the
diffusion equation and boundary conditions pro-
vides a means of computing breakdown 6elds, if
the high frequency ionization coefficient, which
has been introduced, is known. The procedure
has been reversed for the special case of parallel
plate and uniform 6eld breakdown, using break-
down data to infer the ionization coefficients.
These data may then be used to compute break-
down fields for other geometries and field con-
figurations. Thus parallel plate and uniform field
breakdown curves constitute a basic set of data
from which other cases may be treated. Although
the experimental work has been performed for
air, the method is generally applicable.


