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ABSTRACT

This work treats the failure mechanism in microwave transmission
lines at ultra-high power levels. Electrical breakdown under non- |
uniform conditions is discussed. The discussion includes the appli-
cation of the variational technique for solving the diffusion equation
and also includes the derivation of an‘additional term for the dif-
fusion equation to account for non-uniformities in the gas density.

As part of the non-uniform electric field problem, expressions are
derived for an idealized rough surface. As part of the more general
effects of non-uniform conditions it is shown that a small foreign

body in a waveguide can become extremely hot and cause reductions

in peak power breakdown thresholds of approximately 5:1. An analysis
of the cooling capabilities of an internal gas flow in a waveguide
shows that under restricted conditions the power dissipation can be
increased by a factor of two or three. Finally the characteristics

of a mode suppression filter of oversized, large wave length, rectangu-

lar waveguide is derived and discussed.
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I. INTRODUCTION

Purpose

The purpose of this program is to study failure mechanisms in
microwave transmission lines for ultra-high power microwave systems.
In this context ultra-high power indicates values of peak power and
average power that cannot bé transmitted by the standard waveguides
in present use. 1In general, because of the nature of the failure
mechanisms, one cannot speak of peak power or average power limit-
ations independently; the two are inter-related. More specifically
high average power can result in significant reduction in the peak
power which a system can handle. By obtaining a better understand-
ing of the dependence of the failure mechanisms on the environment
in the waveguide and the structure of the waveguide it is hoped
that this program will lead to practical solutions of some of the
ultra-high power problems. This program is concerned with trans-

mission lines and associated components for frequencies in the range

from 1 to 35 kmc.

Scope of the Work

The problems which arise in considering ultra-high power failure
mechanisms include electrical breakdown, excessive heating, the nature
of the microwave arc (once it is formed in the waveguide), and:the
transmission characteristics of the necessarily over-sized waveguide
structures. Electrical breakdown in uniform fields or slightly non-
uniform fields has been studied extensively at microwave frequencies.

!

In this program breakdown theory and experiment shall be extended to

i
1
1
|
|
1
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cover more sever non-uniform conditions. For example,” spacial vari-
ations of the electric field near small discontinuiéies constitutes
a non-uniformity which alters the threshold for breakdown. Another
example of a non-uniformity is the spacial variation of gas density
that arises from temperature gradients which are found, for example,

at an éxcessively hot waveguide window or at a small foreign body.

The effect of these non-uniformities in electric field and gas density

on electrical breakdown are dependent also upon the gas fill. Al-
though something is known about breakdown and non-uniformities when
air is used, there have been no similar studies at microwave frequ-
encies with high dielectric strength gases such aS'SF6 or Freon 12.
Evidence of .this lack of understanding of the nature of these high

dielectric strength gases can be found in the experience with cur-

rent microwave systems where expected improvements from pressurization

are not fully realized.

The rise of waveguide temperature has been analyzed for smooth
waveguides and waveguides with cooling fins; however, even more per-
tinent with respect to failures at ultra-high power levels is the
matter of localized heating. Knowledge of localized heating is a
prerequisite to finding the breakdown threshold. Examples mentioned
above included the microwave window which is used in connection with
pressurization or evacuation. The temperature rise of the window

tends to deplete the gas density in the immediate vicinity thus low-

ering the breakdown threshold of the entire system. The second example

concerned small foreign bodies such as dirt or pleces of rubber or
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metal which may be found in the waveguide. In extreme cases these
foreign bodies may simply be dust floating around in the waveguide.
Here also the elevated temperature decreases the local gas density
with the result that the system breakdown threshold is lowered.
These problems in heat transfer are impor tant because the levels of
temperatures can be high enough to cause reductions of ten to one
in the breakdown thresholds.

The nature of a microwave arc once it has been formed in the
waveguide is an important aspect of the failure problem. While inter-
mittent arcing may not cause serious damage to the transmission line,
a heavy continuous arc once formed may not only damage the transmis-
sion line but also result in destroying the vacuum window of the ultra-
high power tube. The items of importance which govern the nature of
the arc including its movement, are gas fill, the signal character-
istics, and the surface conditions of the waveguide itself.

The necessarily over-sized waveguide for ultra-high power brings
up a number of problems. One of the first problems is the design of
mode suppression filters which remove or prevent the undesired modes
of propagation while allowing the desired mode to propagate relatively
uneffected. An auxilliary problem is the removal of heat that arises
from both the attenuation of the main mode of propagation as well as
the absorption of the unwanted modes of propagation. -

These four areas of interest can be treated in general without
regard to size or frequency of operation since there is no significant

change in the breakdown theory or microwave loss theory over the range
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of frequencies ffom 1l to 35 kmc. However, in the physical realization
of the systems, practical considerations may dictate quite different
approaches. Examples of items which must be considered include,
strength of the waveguide, efficient cooling techniques, materials,
surface conditions and fabrication techniques.

Contents of this Report

In this report the past work on electrical breakdown that is
relevant to the handling of ultra-high power in waveguide sjstems is
reviewed. Next, there is a discussion of the breakdown theory for
non-uniform conditions and the use of the variational technique for
obtaining solutions is developed. The purpose of the analysis is to
account, more fully, for non-uniformities in the waveguide system.
For a rough surface an expression is derived for the electric field
which can be used in the breakdown theory. For a small foreign body
located in the center of the waveguide an expression is derived for
the temperature rise and an example is worked out. This report also
includes an analysis of the cooling capability of gas flow inside the
wavegulde and is concluded with an analysis of a mode filter suitabie
for rectangular waveguide.

Review of Past Work

Study of microwave breakdown has been carried on at the Massa-
chusetts Institute of Technology for a number of years.s® An im-
portant result of this work has been the charascterizaticn of micro-
wave breakdown by a useful normalization of parameters similar to

that for dc breakdown. The normalized breakdown curve for air, a
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plot of E/p versus pA, is shown in Figure 1 where p is the pressure,
E 1s the effective electric field in volts per centimeter equivalent
to a dc value that produces the same average ionization, and A is the
diffusion length which depends upon the geometrical size of the break-
down region. The diffusion length may be generalized to describe non-
uniform breakdown regions. Most of the experimental verification for
the normalized breakdown curves comes from measurements made in wave-
guldes and coaxlal lines at pressures below one atmosphere.! s® Gases
which have been explored extensively are air, nitrogen and some of
the noble gases.

An Important addition to the microwave breakdown theory was the
inclusion of a correction for the modulation of the electron energy
at the microwave frequency and the effect of pulse length.® The modu-
lation occurring at the microwave frequency at pressures approximately
above an atmosphere results in the breakdown threshold being reduced.
This reduction is found because, at the peaks in the rf cycle, the
mean electron energy actually exceeds that corresponding to the rms
value of the electric field. For example, the common value of electric
field for breskdown of air at one atmosphere under dc conditions is
30,000 volts per centimeter while the equivalent rms value of electric
field at microwave frequencies is found to be 25 4800 velts per cerd-
meter. An application of the modified theory to waveguide systems
including the effect of pﬁlsed electromagnetic energy was carried ouf
by Gould and summarized in his Handbook on Breakdown of Air in Wave-

guide Systems.®* Most of the common air filled transmission lines
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were covered in that Handbook.

‘Pertinent to the extension of waveguide systems to ultra-high
powers is the use of high dielectric strength gases. Two gases that
have come into common use are SF6 and Freon 12. A number of experi-
menters have found that these two gases can give as much as a 10 to
1 improvement in the power hardling capability,®s® however, experi-
ence with high power systems has indicated that such improvements
are not always possible to achieve. At Microwave Associates break-
down measurements have indicated that under uniform field conditions
this improvement of 10 to 1 can indeed bLe achieved.?

An analysis of highly non-uniform electric fields and its effect
on breakdown has been carried out for a small metallic hemisphere in
an air filled waveguilde cavity.® Based on this analysis it is poss-
ible to discuss in a general way the breakdown characteristics for
similar small discontinuities. The effect of a discontinuity which
produces a non-uniform electric field in a waveguide can bé illus-
trated qualitatively by referring to Figure 2 where a typical break-
down characteristic of a transmission line and the breakdown character-
istics of the discontinuity alone are shown. The complete curve for
the discontinuity disregards the fact that a breakdown would occur
elsewhere in the main volume of the waveguide for part of the pressure
range. The values of field strength corresponds to that in the main
region of the waveguide and the actual field strength at the discon-
tinuity is larger than that in the main region of the waveguide.

Each of the curves has a characteristic minimum breakdown field at
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some critical pfessure which is analogous to the minimum in the de
breakdown curves. .The minimum field for the discontinuity occurs at
the higher value of pressure because of the non-uniformity or highly-
localized increase in the electric field. Since the region of elec-
tron production is highly locdlized, the electron diffusion out of
that region is more rapid than it would be out of the main waveguide
volume. Consequently the rise in eléctric field for breakdown begins
sobner with decreasing pressure. Now, if the waveguide and the dis-
continuity are taken together, it is obvious that breakdown at a
particular pressure will occur either in the waveguide or at the di§-
continuity depending upon which of the two has the lowest breakdown
fiéld strength. The composite.breakdOWn characteristic is indicated

by the solid curve in Figure 2. This effect is important because

‘'slight discontinuities in the waveguide that can be neglected under

normal conditions can cause the break in the curve of Figure 2 to

- occur at pressures above an atmosphere. Thus the benefits of in-

Creasing preésure afe lost in this range of pressures. Furthermore
the properties of high dielectric strength gases are hot known well
enough to predict where these breaks will occur. What is lacking is
a knowledge of the ionization and attachment coefficients.

Recently the temperature rise due to heating effects in wave-
guide under high average power conditions have become of practical
importénce. One analysis has concluded that for éw operation with
standard waveguide the temperature will become: excessive well before

the rf power levels reach those at which breakdown can occur.? of
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course, the power limitations imposed by the waveguide temperature
only represents the upper limit on the average power which can be
handled by a waveguide system. It is clear that localized heating
will further reduce the amount of average power which can be handled
by a waveguide system. Small foreign bodies in the waveguide have
been obsérved to cause such lowering of the breakdown power by more
than an order of magnitude.10 |

Other recent.work which is pertinent to this program is the
effect of poor Jjoints and the effect of surface roughness on waveguide
breakdown.'! Slightly offset Joints were found to lower the break-
down power'by as much as 50 percent The effect of surface roughnéss,
with air at one atmosphere of pressure, was found to be negligible.
This work was of a preliminary nature and indicates that further in-
vestigations are necessary to define the limitations imposed by poor
Joints and surface roughness. Another interesting observation has
been the measurement of the movement of a microwave arc in an air

filled waveguide under CW conditions where it was found that typical

velocities were in the range from 1 to 20 feet per second.*® Such

measurements should include the effects of pulse width and pulse
frequency, particularly for high dielectric strength gases.

Breakdown in waveguides that are highly evacuated are also of
interest for ultra-high power because the absence of gas should pro-
hibit the formation of any discharge. The greatest offert relatecd Te
this subject has been concerned with the output sections of high.power

microwave tubes. There, the types of failures were connected with
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electrons from the interaction region striking the waveguide windows,
the deposition of material from the cathode on the window, gas bursts
from the tube itself and finally multipactor discharge. The ulti-
mate failure was in the destruction of the vacuum window of the tube.
The most important of these mechanisms which should affect evacuated
high power waveguides is the multipactor discharge or, as it is some-
times called, the resonant electron discharge.® This type of dis-~
charge results in the build-up of an electron cloud which travels
back and.forth between two surfaces in the evacuated region. The
electron cloud travels in phase with the rf electric field and builds
up its density by means of secondary emission each time the cloud
strikes one of the metallic surfaces. In steady state operation
secondary emission also serves to make up for those electrons which
are lost from the oscillating cloud. Although the multipactor dis-
charges are weak in comparison to arcs in a gas fill waveguide, the
heating effect of the multipactor discharge can cause other serious.
problems that eventually lead to failure of the waveguide-.

The problems of modg fiiters in over-sized waveguides have re-
ceived attention for many years, but mainly in connection with the
well-known TEOl mode of propagation in circular waveguide. The prin-
ciple of the design is to provide good metallic paths for the currents
of the desired mode while the currents in the undesired modes are
forced to pass through lossy material or forced to couple to abéorb_
ing material external to the waveguide itself. An example of such

a transmission line is a circular waveguide formed by a close wound

{
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helix.with lossy material external but adjacent to the helix.!?2
Measurements on this circular waveguide indicated that the attenu-
ation for the desired mode was only slightly larger than for a smooth
pipe of the same dimensions. Although this method of obtaining mode
filters 1s satisfactory for small wave lengths it does not appear to
be entirely practical for greatly over-sized waveguide at frequencies
of, say, 3000 megacycles. Therefore, it is worth considering over-
sized rectangular waveguide since this allows the use of the well

understood TElO mode of transmission.
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II. CONCLUSIONS

Based upon the analysis in Section IIT of this report the break-
down theory at microwave frequencies can be adapted to treat the ad-
ditional non-uniformities resulting from gradients in gas density
which in turn afe caused by temperature gradients in the gas. It is
also shown that thé uniform field breakdown results are inadequate
to allow comparison of breakdown strengths of various gases. This
means that, in addition to breakdown studies under uniform conditions,
exXperiments must also be done under controlled non-uniform conditions
SO that proper evaluation can be made. Further the non-uniformity
in electric field at a rough surface was analyzed with a surface
consisfing 6f smooth hilis and valleys. 4The'expressions derived are
suitable for use in the breakdown theory including non-uniform elec-
tric fields. The solution obtained led to field strengths at the
peaks of the surface increased by 28% over the applied uniform field
and heights of the peéks.limited to approximately 104 of the spacing
between the peaks. The analysis may be extended to account for great-
er increases in field strength at the surface due to surface rough-
ness; however, the solutions become extremely complex and therefore
were not carried further at‘this time. |

The temperature rise of small foreign bodies in the waveguide
that are cooled by radiétion alone was analyzed. 1In a practical
exXample it was found that the temperature can rise to a 1000° in
the vicinity of the small foreign body. Such an increase in tempevp

ature would correspond to a possible reduction in breakdown power of
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10 to 1.  This illustrates how seriously a small foreign body can
effeét the breakdown power in a waveguide.

Forced cooling of the waveguide by the flow of gas internal to
the waveguide structure was analyzed. It was concluded that a factor
of two increase in the power dissipation can be achieved under prac-
tical conditions. However, because of the rapid increase in gas
temperature as it flows down the waveguide it becomes necessary to
limit the flow of gas to a series of short lengths of pipe. For ex-
ample,.an X-band section might consist of a length 1.5 feet long while
at S-band a suitable length might be as long as 6 feet.

Analysis of a modé filter in over-sized rectangular waveguide

indicates that an acceptable difference in attenuation can be achiev-

- ed between a fundamental mode, the TE,, mode, and all other modes

which can propagate in the waveguide. The model analyzed for attenu-

ation also suggests the form for a practical filter.




—

-15-

ITI. RECOMMENDATIONS

Because of the nature of the préblems it becomes evident that
experimentél work should Support the theoretical analysis on the
effects of non;uniformities on breakdown. In addition experimental
sections of mode filter should be bullt and tested to evaluate their

effectiveness. 1In general, carrying out experimental work along side

the theoretical work serves to guide the theoretical work into chan-

nels for obtaining the most effective solutions to the ultra-high

power wavegulde problems.




IV. DISCUSSION

A. Breakdown Theory for Non-Uniform Conditions

An analysis of breakdown begins with the diffusion equation
which relates the rate of increase of electron den51ty to the elec-
tron production and loss mechanlsms " The productlon.mechanlsm is

1onlzatlon by electron impact and loss mechanisms are attachment

! to neutral molecules and diffusion out of the production reglon

The solution of the diffusion equation leads to a relatlonshlp be-
tween the electric field in the breakdown region, the pressure or
density of the gas and the geometrical configuration. All solutions
for a particular gas may be presented in the normalized form, a plot
of the ratio E/p versus PAy shown earlier in Figure 2. The direct
object in carrying through a particular solution of the diffusion
equation is the characteristic diffusion length, A, which in general

is also a function of E/p. Once'the diffusion length is found the

correspondlng value of the high frequency ionization coeff1c1ent leads
‘to the value of E/p for breakdown. A more detailed rev1ew of the

theory is given below to introduce spa01al non—unlformlty in the gas

den51ty

The dlffu51on equation is

= = (vi—va)n~VF ) (1)
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On the left hand side of the equation is the rate of chénge'of elec-
tron density as a function of timejand on the right hand side are

two familiar terms; first, the net rate of electron production due

to ionizing and attaching collisions and, second, the net rate of
electron loss due to.gradienté in the electron diffusion current
density, ? = nV. A non-zero value iﬁ the gradient in the electron
diffusion current can arise from a gradient of electron density alone.
For examplé,.non-uniform rates of electron production in the volume
would lead to this effect. Secondly, a gradient in the diffusion
current can arise when there is a spatiai Vafiation in the mean
electron energy arising, for example, from a non—uniform electric
field. Thirdly, a gradient in the‘diffusion current can arise from

a gradient in the density of the molecules which, because of -the spat- .
ial variation of electron collisions, also leads to non-uniformities -
in electron production and mean energy.

In order to introduce the non—uniformities into the diffusion
equation it is necessary to find an aﬁpropriate expression for the
electron diffusion current, the produét of electron density and velo-
city. A simplified model for obtaining the essential features of the
electron transport is shown in Figure 3. 1In order to count all the
electrons which diffuse through the small surface daA, pér unit time,
all the electrons which reach the surface dA, after having made just
one collision in the differential volume dt are added together. More
specifically the electrons which have just made a collision in the

differential volume dt in time dt are determined; but, only those




~18-~

dA

| " FIGURE 3
MODEL USED FOR DERIVING EFFECTS
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electrons which survive, without further collisions to pass through
the cross-sectional area dA, are counted. The net flow of electrons
through the surface is then found by obtaining the integrated effect
of the.entire volume to give the diffusion current density.

The differential diffusion current flowing to the right is given

by the expression:

1
dl’ = — vn
L

e_r/x sin 8 cos 6 d 8 4 ¢ dr . (2)

This aﬁalysis follows the notation and the derivation given by Sears.'?®
Aside from the various factors which enter because of geometrical con-
siderations, there are three important Quantities which are evalu-

ated at the elemental volume dt: the electron collision frequency

(v), the electron density (n), and the exponential factor containing
the mean free path (i) representing.the fraction of electrons whiéh'
survive without collision in reaching the surface area dA. With the
introduction of gfadients in the x direction for the electron density,
the electron coliision frequency and the electron mean free path, the

above quantities may be approximated to first order by the expressions:-

dn
nE n -r s B = , ‘ (3)
dx
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dv
v B usr e & 5 )
dx

T dx
e—r/k = _ r cos B == e-r/ko (5')
X Ag® dx '

where r cos § = Ax is a small quantity.

The substitution of Equations (3), (&), and (5) into Equation
(2) for the component of the diffusion current to the right and re-

taining only the first order terms in r cos ¢ yields:

d(vn) n_v_ di .
‘r cos § - =22 — 12 40os e] e-r/ko (6)

2
dx ko dx

A similar term may be derived for the differential diffusion current
to the left. The incremental terms are then of opposite sign. When
both expressions are intergrated and then added the resulting ex-

pression is
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d vk *® v A2 a(ra/x)
Felr s o— L. p) -2 =28 Ty, Q ' (7)
. dx 3 3 dx

The first term on the right hand side of Equation (7) gives the
combined effect of a gradient in the electron collision frequ-
ency and the electron density. The second term in Equation €73
gives the effect of a gradient in the mean free péth. |
The diffusion equétion for analyzing breakdown is obtained by

introduéing the standard definition for diffusion coefficient which

is

D=-—2=-2_ (8)

where v = vxo is the mean Velocity of the electrons.

Equation (7) may then be put into the following form

d d(x/xo)
F & « = (ORy = BB, ————m (9)
dx dx
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By extension of Equation (9) (which only applies to gradients in

the x direction,) a more general expression, can be written as

I = -v(Dn) - 2Dnv (x/xo). ' (10)

Finally a new variable | is defined
¥ = Dn (11)

This variable is substituted into Equation (10) and the result in
turn is substituted into Equation (1), to give a partial differential

equation for V.
14 T | I
e E E2Y+V3{+V. [:Z\IIV(A/XO):, (12)
t | :

where

Beases (13)
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is the high frequency ionization coefficient. It is seen that the
right hand side of Equation (12) contains three terms, the first
two of which are recognized as those which are usually included in
the breakdown theory. The third term is due to the non-uniformity
in mean-free-path or gas density. This last term involving the
gradlent in the mean free path of the electrons adds to the complex-
ity of solving the diffusion equation.

Approximate solutions for the breakdown condition under CW
operation may be found by setting the left hand side of Equation

(12) equal to zero and by further assuming that the third term on

the right of Equation (12) may ‘be neglected. This last assumption

does not eliminate completely the effect of variations in A as
spatial variations of gas'density still remain in the coefficient

of the first term by virtue of the ionization frequency, attachment
frequency and diffusion coefficient. The effect of neglecting this
term results in'the loss of electrons by the diffusion from the
breakdown region to be smaller than is actually tﬁe case. ' Consequ-
ently neglecting the third term in.Equation (12) yields Vaiues for
breakdown power which are lower than the true value. Since, for our
purposes, the gradient in gas density will arise from a gradient in
gas temperature, this gradient in density can be taken into account
by defining an effective pressure, Dgs in terms of the ambient pres-

sure, Py s and a temperature ratio:




and for the mean free path

where TO is the ambient temperature. The diffusion equation to

be solved, as simplified from Equation (12), is then

AE =N
+ pFE E =0 .
" - 2
L Pe

One method for solving the diffusion equation, Equation (15),
for the function ¥, since it is generally difficult to find an exact
solution, is to use the variational approach. This approach consists

of assuming trial functions for ¥ with variational parameters and

then finding the best.Value of the pérameter'suiting the boundary

condition. In order to do this Equation (15) is modified to the
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following form

Va' : 2 E XN\&
L 5 Bo B &s Ze <—><— =0 (16)
\1/ pé‘ EI X!

where the prime d quantities are the values of the variables at some
reference point in the breakdown région and X = E/pe. Next, appli-
cation of the variational principle requires that the ratio of the

following integrals be a minimum,

. '_ ] | - & 2’ E _X 3 o
ke = f(yq,) dv/fw <p> <E'>'<X'> av | a

The minimum value is then taken to be equal to the product
; ‘
peai'X'2 = k® min., the constant coefficient separated out in Equ-

ation (16). The evaluation of the right hand side of Equation (17)

involves'the spatial distributions of the normalized bressure, the

high frequency ionization coefficient, and the electric field. Note
that the electric field strength is included in the variable X, the
ratio of E divided by Po- The breakdown field strength for the parti--
cular geometric configuration and gas is found from that value of the

high frequency ionization coefficient which satisfied the relationship,
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where the term A, the diffusion length, is introducted as the reci-
procal of k min. in Equation (17). Consideration of the manner in
which the solution for ¥ and the corresponding diffusion length are
obtained indicates that the.spatial variations of all three quantitiés
are important, éspecially the rapid spafial variation of the high
frequency ionization coefficient which also depends upon the hature

of the gas. Thus, under non-uniform conditions, comparison of the
breakdown strength between various gases may not be definitive.

The.Electric Field

t a Rough Surface

As part of the problem of solving for the breakdown threshold .

under non-uniform field conditions, the spatial variation of the

electric field is required. For this purpose an analysis was made

of the electric.field at a rough surface in a waveguide where the
field is of maximum value. To make the solution tractable the rough
surface is first repiaced by a uniformly varying surface which satis-
fies Laplaces equation. Solutions of Laplaces equation are justified
for rough surfaces where the.spacing is small compared to a wavelength.
A sketch of the lowest order solution for the surface is given in
Figure 4. There the various dimensions and the coordinate system are
defined. The lowest order solution is given by the following expres-

sions for potential and electric field perpendicular to the plane of
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the surface:
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VS s [z ~ & e L (z - z) CEE = elE = T 19)

L L
2TT —'\/ETT (Z i 2) i 4
B = R [l + — e L COsS — X cos — y (20)
g v L L E

The form of the solution is sketched in Figures 4a and 4b. A section
through one of the peaks of the surface is shown relative to the ref-

eérence plane in Figure Y4a. The height above the plane, designgted by

(]

s 1s generally different than the depth of the valley, designated by

N

- The solution is chosen so that the potential is zero at the top

of the peak for z = 3. Therefore the surface shown corresponds to a

zero potential surface which may conveniently be choosen to represent

the rough surface. The expre551on given in Equation (20) for the z
component of the electric fleld shows that as z increases the effect

of the surface roughness vanishes within a distance equal to the spac-
ing between the peaks, 2L. A top view of the surface is sketched in
Figure 4b to show that a section at the reference plane is square while
at the peak and valley the sections approach circular shapes. Since
this is a solution of Lablaces equation the result applies to wave-
guides in which I<<)g.

The expression given in Equation (19) defines the rough surface
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FIGURE 4 :
MODEL OF A ROUGH SURFACE
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as well as the adjacent equipotential surfaces, zero potential de-

fining the actual rough surface. Careful examination of the solution
indicates that only a mild surface roughness can be thus represented.
This becomes apparent in relating the height of the peak to the depth
of the valley, z and z respectively. In Equation (19) taking V equal
to zero and the value of z corresponding to the valley, z = -E, a re-

lationship between z and z is obtained,

E Von NEY yom

V2“—G‘T = ==l ¥, (21)
i .

N1
NIl

———

L

It can be seen in Equation (21) that for valid sdlutions there is

a maximum value of the left hand side for z = LffEﬁ. For this value

of z Equation (21) gives a-tranécendental expression for z which méy
be solved graphically, z = .28L/«/’§n° ‘The significance of this result
is that the eleétric field, at most, is increased above the original |
uniform electric field by only 28%. Furthermore the maximum value

of z is only a smail fraction of the value 2L, the spacing between

two adjacent peaks. For completeness the x and y components of eleé—

gsdte dicild sim Hhie vicinity of the peaks are now given
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nz _'\/-2 (z - E) . nx ny
Ex = EO :j e L sin ET cos — (22)
nz _V:%E (Z - E) X . ny
E, = B, T e cos i o (23)

The purpose for carrying through this solution was to obtain

an expression for the electric field for use in the diffusion equatlon

for breakdown and also to obtain some estimate of the field strengths
near a uniformly rough surface.in a waveguide. The lowest order solu-
tion was found to yield maxiﬁum~fie1d strengths only 28 percent higher
than the applied uniform field. Inclusion of higher order solutions

wduld permit larger increases in field strength. Because the high

-field region was found to be highly lecalized, z<<l. it would be un-

likely that the breakdown would be governed by the field strength im-
mediately adjacent to the surface; In other words elecfron diffuéion,
except at very high pressures, would limit the build-up of an electron
den51ty near the rough surface so that breakdown will not be reduced
by the full amount indicated by the peak values of electric field.

Waveguide Cooling by an Internal Coolant

The effect of temperature rise in waveguide or near a eXcessively

hot portion of a waveguide results in a reduction in the gas density
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f with a'corresponding reduction ih the breakdown power of the eﬁtire
- system.* An analysis of waveguide temperature as a function of line
  power'6r of poﬁer diséipated pér unit length has been carried else-
'where.s,l‘ Somé,pertinént results of temperature rise'for standard
l_x—band'gnd s-band waveguides are reproduced in Figures 5 and 6.1 ¢

-Figuré'S gives the temperature for power dissipated per foot and

Figufe 6 for average line power. These are representative of natural
cooling with black outer surfaces. The purpose of the following ana-
lysis is to examine another means for cooling waveguide systems.

An_attractiVe means for cooling a waveguide would be to flow a

=coolanf inside the waveguide. Since a waveguide system may be con-

Sidered as a network of pipes, it would seem practical to utilize it

also to carry a coolant. The coolant would have to provide low r.f.

1dsses.and have a'high dielectric strength. 1In this analysis thes heat
carried away by a particular flow of gas, the coolant, is calculated
and the waveguide temperature under such-a'cooling action is calculated.
The'tembératures-of the waveguide walls are important becauselthey have
an effect on the breakdown of the waveguide even though the bulk of the
gas is at a lower.temperature.

The analysis involves the two heat transfer equations,®

q = h(At)CL 1 % (24)
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Equation (24) give§ the rate of heat transfer from the walls of
the pipe to the gas flowing within and Equation (25) gives the
total rate of heat transfer to the gas in terms of the heat capa-
city of the gas. Eéuation (25), does not involve the temperature
of the waveguide walls. The geometric quantities are specified in

Figures'7 and 8 and the coefficient of heat transfer, h, is given

“h = 0.01L44 cho'8 %2y (26)

There cp is the specific heat of the gas, G is the mass flow; and

D is an effective diameter for the pipe equal to 4 A/C. The quantity

(At)L of Equation (24), the logarithmic change in temperature, is de-

fined as follows

!
1
s
|
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t, - t At
(at), = *=—2 » (27).
t,-tq 5t §
In 1l 4 —
-ty 2at

This expression includes an approximation in terms of the rise in
gas temperature from input to output and the difference in temper-
ature between the input gas and the waveguide wall.. These quanti-
ties are indicated by At = t2-tl and &t = tw-tl respectively. Cal-
culations have indicated that this approximate expression is goéd

for 10% accuracy up to a value of %% of 0.5§ With the aid of Equ-

“ations (24) through (27), making appropriate conversions of units

and introducing several new quantities, an expression can be derived

for the power carried away per unit length by gas flow inside the

pipe;

Pd’ e ' a5 peB [ il P ] ( é)
o — S8 0)5 3 (S ati)l— +—-1 2
B B xR e, Y

0.8 (a+b

ab

The quantity J represents the flow of gas in cubic feet per minute}
the'quantity p represents the gas density in pounds per cubic feet,

the quantities’ a and b are the width and height of the wavéguide in
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feet and At is the difference in temperature between the waveguide
wall and the input gas expressed in degrees centigrade. The power
is expressed in watts and the length in feet. The quantity Y in

Equation (28) is given by the expression:

2
> L (a + b)

W = el g8 JET (29)

(70)%°% b

Although it is not immediately apparent, for small values of Y in

Equation (28), the term in bracketé containiné Y becomes unity.

The significance of small values of Y is that it corresponds to

large flow rates of gas which result in sméll gés temperatufe rises,

or conversely it corresponds to short léngths of pipe. For a wave-

guide cooling system the parémeters should be adjusted so that Y is

small, since this WOuid give the most effective cooling of the wave-

guide system and result in the moét uniform temperature distribution.
Examples of the effectiveness of this method of cooling wave-

guidgs are illﬁstrated by computations for standard x-band and s-band

waveguide for air at a pressure of one atmosphere at the input. The

computations are plotted in Figures 7 and 8. For an air flow corres-

ponding to ten miles an hour, s-band waveguide can dissipate a hun-

dred watts per foot along a section of waveguide six feet long; Cor-

respondingly larger amounts of power could be dissipated at higher
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velocities or by utilizing a heavier gas and/or increasing the gas
pressure at the input. In any event there is some question as to
what a ﬁractical value of velocity should be at the input end of
the waveguide. 1In a section of x-band waveguide which is 1.5 feet
long an air velocity of approximately 30 miles per hour is required
to carry away a hundred watts per foot, while at a velocity of ten
miles an hour about forty watts per foot could be carried away. Both
of these calculations were based on a wavegulde wall temperature of
seventy-five.degrees,centigrade, Comparing these values with those
for ordinary convection and radiation cooling from. the outer surfaces
of the waveguide (see Figures 5 énd 6) it would be practicai to, at ‘
least, QOuble the amount of power dissipation by a forced air flow
through the inside of the waveguide. ' If more rapid circulation of
gases through the3waveguide can be achieved in closed pressurized
systems, then correspondingly greater power'dissipation could be
handled in the waveguide system.

The greatest limitation of forced internal c&oling appears fo
be that long lengths of waveguide systems, (say a hundred feet) can
not be cooled by simply injecting air ét one end of the system and
then removing the heated air from the other end of the system. Tt
appears that it is ﬁecessary to divide the system up into several
shorter sectigns which can be cooled independentiy by gas flow to a
heat exchanger. The need for a heat exchanger is evident because
the most effective gas-circulating system is closed so that elevated

pressures and gases other than air can be used. At the same time the
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breakdown threshold of the waveguide would be raised.

This type of cooling the waveguide gives rise to another inter-
esting aspect of breakdown under non-uniform conditions, since the
region at the hot walls is more susceptible to breakdown.' However,
because of the rapid drop in the gas temperature away from the walls
resulting from the air flow, a non-uniformity in gas density exists.
This non-uniformity counteracts the reduction in the power handling
capabilities in that a more rapid difquion of electrons from the
hot regions occurs. As discussed in Section IV A the temperature
gradient across the waveguide can be taken into account in the diffu-

sion equation used for calculating the breakdown power.

D. Reductjon in the Breakdown Threshold by Small Foreign Particles

The presence of small particles of foreign matter in a wave-

" guide system leads to a.reduction in the power handling capability

as a result of the particle becomiﬂg heated. This local elevation

in gas temperature lowers the field stfength for breakdown in the
immediate vicinity. This effect is in addition to aﬁy.Iocaliéed in-
crease in field strength due to distortion in the electric‘field
strength. Such effects have already been observed in high average
power systems and so it would seem worthwhile to analyze this problem
in some detail. The case of a small particle suspended in thé center
of a waveguide is treated. It is assumed that its dielecfric constant
and conductivity are such that there is an unimportant change in the
loéal electric field. It is further assumed that the particle is

cooled only by radiation. This is reasonable since convection cooling
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is not expected to be effective. The power absorbed by the particle

is given by

Pave = .<%n éE) we tans E® , (30)

where R is the radius of the particle, y is the angular frequency,
tané 1s the loss factor, and E is the electric field. The power

carried away by radiation is given by

Pave = eg! {($? = to4) 4nR® , | (31)

i

where e is the emissivity,.cu the Stephan-Boltzmann constant, t is
the absolute temperatue, and to is the absolute ambient temperature.

Equating Equations €39) amd (31) am expression for the temperature is

obtained

t® = t_* + RE®ye tan 6/3ec! . (32)
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The expression shows tHat, as the radius of the particle is.increased,
the temperature also increases. The temperature increases, as expect-
ed, with the square of the electric field, the loss tangient, and the
dielectric constant. Power carried by the waveguide may now be intro-

duced into the expression and some of the constants evaluated to yield

Rwe tan & P

& = 6t 4

(33)
©  3.99 x 10730 abx/Ag ;

An example of thewﬁempefature rise of a small foreign particle
in a waveguide was computed and the results are plotted in Figure 9.
The temperature of the foreign particle is shown as a function of.its
size where the particle.is'situéted in x-band waveguide carrying an
average power of five kilowatts. The value of the loss tangent was
assumed to Be.only .01, the ambient temperature 20°C and the dielec-
tric constant 2. It is startling to see that for a particle radius
of a tenth of a centimeter, the temperéfure would be about 730°C.
Such a localized temperature rise is sufficient to lower the break-
down power by a factor of about five. This estimate is based on the
assumption that the breakdown field strenéth 1s reduced in proportion
to the square of the temperature ratio. A more complete.analysis
would include the effect of the gradient in the density of the gas

molecules on electron diffusion.
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Unwanted-Mode Filtering in Over-Sized Waveguides

The general principles used for filtering or suppressing un-
wanted modes in over-sized waveguide does not change over the range
of frequencies of ihterest in this program. The object is to inter-
rupt the current flow of the unwanted modes while not interferring
with the current flow of the desired mode of propagation. However,
in application of this general principle to waveguide sizes which
range from a quarter of an inch up to six.inches considerable dif-

ference in construction is possible and even necessary. For example,

a close wound helical structure for TE01 waveguide!?® is completely

suitable for very small wave lengths but unsuitable for large wave
length waveguide. Mode filters cbnsisting of vanes projecting into .
the waveguide or other types of insertions.are-not particularly de-
sirable as they increase the power absorbed in that part of the sys-
tem and themselves become heated to the extent of reducing the break-
down power of the system; Localized increase in electric field -
strength also reduces'the breakdown threshold. .In this report a
mode filter for rectangular waveguide carrying the TElO mdde’is ana-

lyzed.

A possible mode filter of modified waveguide may be constructed

with side walls consisting of alternate strips.of good and poor con-
ducting materials. A sketch of the filter is shown in Figure 1L~
The poor-conducting medium is selected so that it is relatively poor
wlth respect to6 such metals as copper or aluminum but it is still

electrically a conductor at micfowave frequencies. The strips are
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narrow compared to a wave length so that the concept of an equiva-
lent surface resistivity can be employed. There will be one value
of surface resistance in the direction parallel to the strips and
another value perpendicular to the strips. Since the walls are still.
conductors, the field quantities are not significantly altered so
that the usual approach for computing waveguide attenuation may be
used.

Expressions for the equivalent surface resistances fér the side
walls of the waveguide may be derived for the directions parallel
and.perpendicular to the narrow strips. A typical section of the
side wall of height {4 consisting of a pair of strips respectively of
surface resistance R q and width w; and of surface resistance Reo
and width Wy is shown in Figure 10Ob. Consideration of the way in)
which series and parallel resistances combine lead to the following

expression for the parallel, y direction, and perpendicular, z

direction, surface resistances:

R_,R ‘
Rgy = (wp + wy) o (34)
wle2 & W2Rsl
1
Blsg St rae- il o WRip b (35)
<
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In order to derive expressions for attenuation of the various
modes. of propagatipn.it will be necessary to evaluate a loss integral
for a unit length of transmission line. For rectangular waveguide

this integral consists of two parts;

1

a b
Fq = > E:'is d¢ = »roRs[.Ixa % Iya] dx + .ro [Rsylya 5 RsZIZa:] dy (36)

In accordance with the assumption that the field quantities are
essentially identical to those in the lossless case, the spacial
variation of the surface currents are well known and evaluation
of the integrals in Equation (36) follows in a straight-forward
manner. The attenuation for the various modes is finally obtained E

from 2

1 4
< =.5 Pd/PO (37)

where Po is the transmitted 1ine power.

The derived expressions for attenuation for various modes are
shown in Table I where the anisotropic case is compared to the con-
vention isotropic case. The significant result is that the attenu-

ation for the TEmo modes involve the surface resistivity of the poor
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conductor only in the term Rsx/Rs which, by Equation (34), approaches

the 1limiting value Rsl(w1 + w2)/w2 as Rs2 becomes large. 1In contrast,
the attenuation for all the other modes contain the term RsZ Ry which
simply continues to increase with ng. The analysis shows that some
increase in attenuation for the TEmO modes occuré when the poor-con-
ducting strips are added, but, no more than indicated by the limiting

value of Rs given above. The other modes, however, experience a

much largeryattenuation since the value of RsZ continues to increase
with RsZ’ the surface resistivity of the poor-conducting metal. In-
herent in this analysis is the fact that the attenuation is not too
great even for those modes which are being suppressed. This is actu-

ally desirable in some instances for ultra high power since it avoids

excess heating of the mode filter.
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