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ABSTRACT 

This report presents a proposed approach and experimental 

procedure Tor determining miorowave breakdown*, The theory for 

microwave breakdown is developed on a qualitative basis and 

the mechanisms determining breakdown are discussed. The 

dependence of the breakdown field on pressure, pulse width, 

repetition rate, diffusion length, and initial density In 

the region of breakdown is presented„ The theory show a that 

the experimental data must be determined from a plot of 

sparking probability as a function of electric field. Experi- 

mental data are cited to substantiate its use. The experimental 

arrangement and the associated components are described0 

() 
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PART I 

SECTION A 

PURPOSE 

1. Purpose of Development 

This contract is concerned with the accumulation of 

high power microwave frequency, breakdown data of various 

microwave components, the establishment of design para- 

meters and criteria useful and necessary to design micro- 

wave units for high power application, and the construction 

of a high, power microwave test source. 

20 Study and Work Phases 

The objectives of this development shall be as follows: 

Task I: Review Phase:  Study and review all available 

data concerning existing high power microwave 

sources. The desired high power microwave 

source shall be at 5 band. 

Task IIs Constructional and Theoretical Phase: Construc- 

tion of the laboratory source decided in Task I. 

Task III:Tneoretleal and Measurement Phase: Both actual 

breakdown and the phenomena which precedes 

breakdown shall be considered. The method 

chosen shall be fully applicable by others„ 

Task IV: Theoretical and Measurement Phase:  Investigate 

the problem of determination of the region of 

breakdown. 

Task V: Application of Results: Apply the results of 

the previously described work to the investi- 
I— 

gation of the dependence of peak power capacity 
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on the values of the more important parameters. 

The parameters investigated shall include the 

following unless otherwise specified by the 

Bureau of Ships: 

(a) Pulse Length 

(b) Pulse Shape 

(c) Pulse Repetition Frequency 

(d) Pressure 

(e) Nature of the ga3 

(f) Mechanical Finish 

(g) Plating Material 

(h) Microwave Frequency 

Task VI: Component Measurements: Measure the peak 

power capacity of the following microwave 

units, of designs commensurate with the 

latest gtate of the art: 

(a) Termination 

(b) Directional Coupler 

(c) Interlocked flexible waveguide 

(d) Convoluted flexible waveguide 

(e) Waveguide to typo MN" adapter 

(f) Series Tee 

Vfc,/ outuiiu iee 

(h) Flange to choke joint 

(i) Flange to flange joint 

(J) Joint, circular waveguide type, rotating 

(k) Joint, rectangular waveguide type, 

rotating 
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(1) Window 

(m) Switch 

(n) Duplexer 

(o) Other 

Task VII: Correlation of Results: Correlate the data 

obtained at frequency desired in Task I with 

data obtained at X or L band. These data 

shall bo obtained in the same manner as for 

the S band specified in Task VI. 

n 
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SECTION B 

GENERAL FACTUAL DATA 
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(1) Final report on Contract Number N0bsr-562€>1 

'..'heeler Laboratories, Inc0 Januaiy, 1953 

(2) First and Second Interim Report on Contract 

Number N0bsr-52227,Sperry Gyroscope Company, 

June, 1951, 

(3) Cooper, R„, Experiments on the Electrical 

Strength of Air at Centimetre wavelengths.. 

Journal of tha Institution of Electrical 

Engineornr vol. 94? Part III, p„ 315, 1947. 

(4) Posln, DO(J0, iuasur, I. and Clarke, H,, Szperi- 

menta in Microwave Breakdown, M.I.T. Radiation 

Laboratory, Technical Report No* 751,Nov.28,1945 

(5) L&throp,, J.V.',. and Brown S.C,, The Relationship 

of Pulsed to C.W. Breakdown of a Gas at Microwave 

Frequencies, M.I.T. Research Laboratory for 

Electronics, '.:oohnical Report No, 146, Dec. 1,1949,, 

(6) Fim, J0 A., The Electrical Breakdown Strength of 

Air at Ultra-High Frequencies, Proceedings of the 

Institute of Electrical Engineers, Vol.96r ?art III. 

p. 117, 1949o 

(7) Berlin, M«A« and Brown, S.C, Breakdown oi a Gas 

at Microwave Frequencies, Physical Review, vol.74, 

p. 291, 1948. 

>: ecu.: ? flty loforoat io:» 
0 0 B r I D U ! I i I 



r 
r 

i 
Security Iaforscatl on 

C  0 !i F  I D S I'J  I A h 

(B) S.C. Brown & D,J. Rose, Methods of Measuring the 

Properties of Ionized Ganos at High Frequencies, 
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SECTION 0 

DETAIL FACTUAL DATA 

4o Introduction 

A comprehensive survey of all available technical informa- 

tion on the subject of breakdown has been reported by Wheeler 

Laboratories, Inc0* 'and Sperry Gyroscope Company i ' Rather 

than to review the material discussed in these reports, the 

object of tnis report is to develop the breakdown criteria 

and limits for high power pulsed breakdown at microwave fre- 

quencies on a qualitative basis which can later be extended 

to a quantitative basis. The experimental approach and 

procedure are also discussed0 

53 Theory of High Power Breakdown 

In a high frequency gas discharge breakdown, the primary 

ionization due to the electron motion is the only production 

phenomenon which controls breakdown,, The electron can gain 

energy from the field only by suffering collisions with the 

gas atoms, in which case the electron's ordered oscillatory 

motion is changed to random motion on oollision. The elec- 

tron gains random energy on each collision until it is able 

to make an inelastic collision with a gas atom* The gas 

discharge breakdown occurs when the gain in electron density 

due to Ionization of the gas becomes greater than or equal 

to the loss of electrons by diffusion, recombination, or 

attachmento 

The breakdown conditions for a region bounded by valla 

which absorb electrons will be developed. A radioactive 

source near the discharge tube provides a small amount of 
( 

L 
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ionizatlon, S ,  in the tube* A detailed study of the build- 

up of the discharge is obtained from considering the continuity 

equation for electrons 

i .< 

* 

L 

)t 
where Y\  is the electron density, V{.is the frequency of ioniza- 

tlon, and Vt is the frequency of loas given by 

Vwn s Van -D„v*n + «rnfn. <2> 
where Va is the frequency of attachment of electrons to gas 

molecules, D__ is the electron diffusion coefficient, V Y\ 

can be approximated by -ri where A la the diffusion length,, 

e(r Is the positive ion-electron recombination coefficient, 

and n^ia the positive ion density0 The coefficients Vt and 

Vt will, in general, be functions of E» e the peak electrio 

field, p , the gas pressure, and the nature of the gas„ 

These quantities can be given theoretically only by taking 

into account the electron energy distribution function. The 

evaluation of V; and ^ will not be attempted at this timOo 

For air, at pressures from 200 mm to 1000 mm Hg, it is be- 

lieved that the dominant loss mechanism is attachment, 

although recombination may become important depending upon 

the values of the positive ion and electron densities in the 

neighborhood of breakdown. As yet, the important loas 

mechanisms have not been verified experimentally. In Equa- 

tion (1), the production of electrons in the gap or at the 

vails owing to photo-eleotrio action caused by excitation 

of molecules by electron Impacts has been neglected. 

The solution of Equation (1), assuming S to be negligible 
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except In determining the initial electron density, n0iis 

O 

U 

given by 
/?« n0t 

rt 
(3) 

where X *   P<; ~ W 

the condition Tor CW breakdown is that Jf "'O^ /.& 9£«G« For 

a value of 2f slightly larger than O , the density can build 

up to the electron density required for breakdown%  n^ . There- 

fore, the minimum breakdown field, E^cui »   is determined from 

the condition that IT-Oo When pulsed operation is considered, 

breakdown within a given pulse will take place when the pulse 

width, L , of the pulse is of sufficient length so that the 

electron density, nb , can be produced,. The condition for 

single pulse breakdown is 

For multiple pulses, it is possible for breakdown to 

occur even though ft <  rr !n j£      » Electrons produced in 

one pulse, although not sufficient to produce breakdown, 

can increase the initial electron density for the next pulse, 

and, hence eventually a pulse will occur in wh* ih breakdown 

can take plaoe0 The condition that such a process is possible, 

depends upon the decay of electrons between pulses In the 

afterglows,  If attachment or diffusion is the dominant loss 

mechanism between pulses, the electron density as a function 

of time in the afterglow can be written as 

where ify Is the electron tensity At tine Z"and s  is the decay 

time constanto If recombination should be the dominant loss 

mechanism, then Equation (5) would have to be modified.  In 

Security Information 
COKFIPENTIAL 

-10- 

-I 



r 
r 

Security Information 
COHPIDEHTIAL 

general, B  is not the same as V*. • since the average eleotron 

in the afterglow is of the order of „04 electron volts while 

the average electron energy during the pulse may be of the 

order of 5 to 10 electron volts and V*.*-8* probably, a function 

of electron energy. 

Equations (5) and (5) are combined to yield the density 

obtained after k pulses have elapsed,. When the repetition 

frequency of the pulses is f , the time between pulses is then 
i. -f 

T - /r  o  The density after the first pulse is Y\^»  • fl0e 

and the density at the beginning of the second pulse is 

na'WoK^r)^ when T» 7/and «•.»•/?. o The density 

after the second pulse is Ufa - H0G.     (/*-e /,    By 

continuing this process, the density after k pulses is 

Using the expression for the sum of a geometric series, 

the above equation becomes ,_ 

St 

L 

'Y* a n°C 
(7) 

The condition that the gas breakdown after k cycles is 

that jrw = r?b a  If we assume C > I  »  then Equation 

(7) becomes 
LUk  + £-  flr-J] 
K   /?,   / H (8) 

Equation (7) or (8) determines the general breakdown condi- 

• tion. For CW operation, t.C, f or (,     approaches infinity, 

j we lave the oondltion t *0 •     For a single pulse break- 

i down, /.C,   As/       $  we have XV - tn 2k.     0 The curve for 

$Z   as a function of Vk» thB  reciprocal of the number of 

pulses required before breakdown takes place, has the 
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general shape shown in Figure  lo It is seen that X L   has 

the value of fn  22a. when K * I  « snd the asymptotic value 

of p/f      when >f*0 o Therefore, the minimum breakdown 

field is determined by HX~   sjc     and is independent of 

Jn  2&- o However, when &/p    is greater than Jn %& 
h* r no 

breakdown will occur every pulse and $(, will be independent 

of K and "/p a A plot of $t as a function of *A is shown 

in Figure 2, 

The problem consists of transforming H to the corre- 

sponding value of E0    and p at breakdown0 Since the exact 

relation between y and E0fpf and A is not precisely 

known, only qualitative results will be obtained. The condi- 

tion If *0 for C„w0 breakdown determines a curve for E^^vs P  • 

For pulsed conditions, one must first explain how the factor 
( ( 

K enters into the picture. The experiments of Cooper* ' 

indicate that a plot of sparking probability versus power 

results in a reproducible value of breakdown voltage. His 

(procedure involves counting the number of sparks and dividing 

this value by the number of applied pulses to obtain the 

sparking probability at a given microwave power. A typical 

curve of sparking probability as a function of the electric 

field at breakdown obtained by Cooper is shown in Figure 50 

Comparison of Figure 3 with Figure 1, shows that the sparking 

probability, the number of sparks per pulse, should be related 

to /jL , the reciprocal of the number of pulse required for a 

I spark, since ttt Is a function of the eleotrio field at a 

given pressure. The exact relationship between the sparking 

probability and j/^    is not completely understood. However, 

L 
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measurements as a function of sparking probability at a given 

pressure should yield E^pt the breakdown field at a sparking 

probability of zero and E, , the field at a sparking proba- 

bility of one.  It is seen that if fyf.   is less than Jn   £*> By 

determined from the sparking probability curve, should be 

independent of Hc , A typioal curve for the pulsed break- 

down field, B^p,  or a function of the repetition frequency 

is snown in Figure 4<> The shape of the curve is derived 

from Figure 2. At low frequencies, the breakdown field is 

independent of frequency. At C  - ^jf h    9  a discontinuity 

in the curve occurs and the breakdown field decreases since 

we are in a region in which electrons from one pulse can 

Increase the initial electron density in the next pulse. 

Since (3    can be written as /30p  , it is expected that f, 

increases when the pressure and initial density,/?» , increases. 

At larger values of frequency, the breakdown field decreases 

and approaches the C.W, breakdown field value.  In addition, 

when f>ft  , the pulsed breakdown field, £^p , should be a 

unique function of fit   at a given pressure. However, care 

must be taken in determining the breakdown field at zero 

sparking probability0 

The results discussed above are purely qualitative and 

depend upon which mechanisms are assumed Important. Such a 

discussion is valuable since it indicates how the various 

meohanlsms will affect the results and also what experimental 
* 

measurements are important. It has been assumed here that 

attachment and diffusion are the dominant loss mechanisms„ 

L 
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.U) «. i«14 However, the value of ^/^ used by Posin4*' is 10J 

electrons/a*c. which means that if n0 lies between I and 

100 e lee tr on/a. c, the density at breakdown lies between 

1014 and 1016 electrons/c.c0 This value of density is 

rather high and would mean that recombination is an Impor- 

(5) tant loss meohanism. Lathrop & Brown   used a value of 

10 for *V and indicated that the density at breakdown is 

**      9 of the order of 10 eleotrons/ooOo which seems more 

reasonable than Potiln's value of breakdown density„ It 

should be remembered that Lathrop & Brown's data was taken 

at low pressures (1-20 mm Eg) while Posin'a data was taken 

at high pressures (50-760 mm Hg). Obviously, the value 

of nJ^T and its variation with pressure must be investigated 

in more detail., 
I 

From the discussion presented here, the most logical 

approach is, first, to determine E^ as a function of pressure, 

since the G0W» breakdown field is a lower limit on all the 

pulsed breakdown field data* The C.W„ measurements will be 

taken for various gap lengths in order to determine the 

influence on the breakdown field of A , the diffusion 

length, given by yL,  for a pair of infinite parallel plates 

separated by a distance L    „    Measurements will be taken 

for pulsed condtions. determining tha breakdown field as a 

function of T, f,A,p*xi& rto   using the sparking probability 

approach of Cooper* It is hoped that from these measurements, 

the important mechanisms involved may be determined. After 

these measurements for breakdown field are obtained, they 

will be used to predict the maximum power capacity of various 
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waveguide components, which will be verified experimentally. 

Measurements of C.w, Breakdown field as a function of 
(6) 

pressure in air taken from the data of Pirn  and Berlin and 

Brown*** are shown in Figure 50 Pirn's data was taken at 

200 megacycles and a diffusion length of about 0o025 cm* 

The largest gap widths In Pirn's measurements are used here, 

since for shorter distances the phenomenon of the electron 

oscillation amplitude becoming comparable to the diffusion 

length is Importanto At microwave frequencies, this 

phenomenon is negligible above distances of the order of 

OoOl om,hence, it is desirable to use that data of Plm in 

which the osolllation amplitude effect is negligible* The 

are shown in Figure 6. The data were taken in both oases at 

a microwave frequency of 0800 negaoyolcs per second, a pulse 

v       width of I/is, and at essentially the same repetition frequency 

(400 o.p.s, for Cooper and 500 cp.So for Posin) and using 

Seourity  Information 
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data of Herlln and Brown was taken at 3000 megacycles and a 
• 

diffusion length of 002 om,hovever,  the maximum pressure 

they used was only 60 mm Eg«     It should be noted that the 

data of Herlln & Brown are continuous with the data of Plm, 

despite the fact that the diffusion lengths vary over a. 

factor of 10.    This would seem to indioate that over this 

range of diffusion length the breakdown field is Independent 

of diffusion length.    From    150 mm to 760 mm Hgn/.  the 

electric field is given by   Ebc^s 43P   in volts per  cm. Thus, 

the C.Vi. breakdown power Is proportional to   p£ 0 

Measurements of the pulsed breakdown field as a function 

of pressure in air taken from the data of Cooper"' and Posin**' 
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essentially the same diffusion length (.046 -em for Cooper 

'       and oOSl om for Posln)0 The disagreement In the two curves 

Is obvious, but no feasible explanation for this discrepancy 

is as yet available. 

6* Proposed Experimental Procedure 

Measurements of breakdown field are to be determined 

in a microwave resonant cavity, using the techniques similar 

to those of Herlin and Brown,, The microwave oavity is 

cylindrical in shape, having a resonant frequency of 2800 

megacycles per second. Cavities of different height are to 

be used so that the variation of breakdown field with dif- 

fusion length oan be investigated. 

The block diagram for the equipment to be used for 

the CoHo measurements is shown in Figure 7. An L3501 Litton 

C.W. magnetron feeds 500 watts power into a waveguide ring 

magic tee, whioh has a tuning plunger and a water load on the 

side arms. The power through the magic tee is varied by 

means of the tuning plunger. A directional coupler is used 

to introduce a fraction of the power from a QK59 Raytheon 

magnetron. The QK59 is used to measure the characteristics 

of the microwave cavity. The power level of the QK59 is 

small compared to that of the L3501. A directional oouplar 

samples a fraction of the power incident on the cavity, 

whioh is measured by means of a thermistor and associated 

power bridge. A knowledge of the coupling of the directional 

ooupler allow* the line power to be calculated, The frequency 

is measured by a wavemeter which samples a fraction of the 

signal in the waveguide. A slotted section in conjunction 
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.with a movable probe and a apeotrum analyser ia need to obtain 

' standing wave ratio measurementa at a function of frequency. 

These measurements are used to determine the unloaded Q of the 

oavity.    The value of Q and the power absorbed in the cavity 

determine the electric field according to tho method outlined 
(8) by Brown and Rose*   '„    The oavity is  iris-oouplod to the wave- 

guide with a glass window so that the air pressure  in the 

oavity can be varied*    The oavity may be replaced by a wave- 

guide water oalorimetrio load so that the power incident on 

the oavity oan be measured and the calibration of the 

directional ooupler and power bridge oan be varied. 

The block diagram for the equipment to be used for 

pulsed measurements  is shown in Figure 6.    A QK338 Raytheon 

pulsed magnetron furnishes 5 megawatt peak power into the 

waveguide ring magic tee.    A square wave generator and audio 

oscillator are used to determine the frequency of the modu- 

lator output.    The QJG59 is introduced into the main waveguide 

through a duplexer*    The dup lexer protects the (4K59 from the 

high power pulses.    The remainder of the experimental arrange- 

ment ia essentially the same as for C.We measurements.    The 

oavity has a small window so that using a photo cell and 

electronic counter enables the number of pulses per spark 

to be counted. 

J7o    Progress during Interval 

In addition to studying the theoretical aapeet of break- 

I down, considerable preparatory work was performed during the 

4# interim.    The design of many of the oircuit components was 

chosen,   and the components are at present in various stages 
Security Information 
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of fabrication and teat, Tha power supply for the QK59 is 

H        almost completed. The QK338, tha L5501, and associated 

power supply and modulator have been ordered, 

» 
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Section D 

Conolualons 

I 

80 General Conclusions 

The theory of high power breakdown developed here, 

although qualitative, indicates the expected behavior of 

the breakdown field as a function of pressure, pulse width, 

repetition rate, and initial electron density. The Importance 

of determining the breakdown electric field from the sparking 

probability data is dearly evident 0 The theory shows that 

it is Important to know the C.W. breakdown field in as much 

as the C,W. breakdown field places a lower limit on all 

pulsed breakdown measurements • It is hoped that the mecha- 

nisms of breakdown oan be interpreted from the experimental 

measurements, provided the data is properly interpreted* 

Some of the available experimental data is given and the 

regions of agreement and disagreement are shown. The experi- 

mental arrangement to be used is presented and the various 

components are described,, 

L 
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Part II 

Program for Next Interval 

9. Program for Second Quarter 

The objective for the next quarter is the completion and 

testing of the experimental set up. This involves the 

fabrication of several directional couplers, the waveguide 

ring tee, and microwave cavity.  It will also be necessary 

to test or calibrate these components as well as the audio 

signal generator, the thermistor bridge, the waveguide water* 

load, the spectrum analyzer, the QK59 and associated power 

supply, and the QK338 and L3501 and their associated power 

supply and modulator* In addition, a further investigation 

must be conducted to determine a suitable means for 

detecting and counting the sparks. 7fork will be continued 

on the theory of high power breakdown and an attempt to put 

the theory on a quantitative basis will be initiated,. 
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FIG. I - VARIATION  OF    lL  WITH     YT 
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ELECTRIC   FIELD 

FIG 3 - VARIATION OF SPARKING PROBABILITY WITH ELECTRIC FIELD 
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FIG.4- VARIATION OF BREAKDOWN ELECTRIC FIELD 
AS  A   FUNCTION OF REPETITION FREQUENCY 
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FIG. 5 - C.W BREAKDOWN AS A FUNCTION OF PRESSURE 
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FIG. 6 - PULSED BREAKDOWN  FIELD  AS  A   FUNCTION OF PRESSURE 

CON; AL 

L _i 



r 1^*«fl*p*«F^"iw«l^«»P«" 

n SECURITY INFORMATION 

CONFIDENTIAL 

*ri--\ T;N 

< 
o 

2<r 
:D LLi 
or M 
t- 
o _l 
Ul < 
CL z 
CO < 

UJ 
m 
o 
tr a 

st- ow <>- 
>co 

UJ; 

oo 
-JIU 
to CO 

t/3 

*~. 
LLi 

Lu 
<r 

to 
< 
UJ 

5 
d 
tr 
o u 

LU 

Q_ 

O 
LU 

LL 
O 

< 
or 
< 

O o 
_l 
CD 

I 

N 

i 

^Wi*.im<rxmm^m\W^i<^*V'MW*WW'>!'*9**'* !W^^W^^^W 

SECURITY INFORMATION 

CONFIDENTIAL 

L -l 



r 
n 

( 

o 

JO 
w 

SECURITY INFORMATION 

CQNf\DLNl SAL 
• 

o-1 

SrCC 

a 5T 
If) < 

UJ 
m 
O 
cc 

or UJ 
UJ  <9 
$ 9 
o (T 
a m 

tr o 

l 

2S 

UJ o 

5>w 

en 

UJ 

UJ 
cr 
n 
to 
< 
UJ 

a 
UJ 
(/) 
. J 
- 
a. 
or 
o u. 

UJ 

O 
Ul 

5 
< 
ir 

5 
*: o 
3 

cr 
to 

4*M 

SECURITY INFORMATION 

CONFIDENTIAL 

L 


	0001
	0002
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033

