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ABSTRACT

This report presents a proposed approach and experimental
procedure for determining miorowave brealkdown, The thesory for
microwave breakdown 1s developed on a qualitative basis and
the mechanlsms determining breakdown are dlscussed, The
dependence of ths breakdown field on pressure, pulse width,
repetition rate, diffusion length, and initial density in
the reglion of breakdown 1s presented. The theory shows 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 1ts use. The experimental

arrangement and the assoclated components are described,
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PART I
SECTION A
PURPOSE
1l. Purpose of Development
This contract 1s concerned with the accumlation of
high power microwave frequency, breakdown data of various
microwave components, the establishment of deslgn para-
moeters and criteria useful and necessary to design micro=-
wave units for high power application, and the construction
of a high power microwave test source.
2, Study and Work Phases
The objectives of this development shall be as follows:
Tagsk I: Review Phase: Study and review all avallable
data concerning existing high power microwave
sources. The desired high power microwave
source shall be at 8§ band.
Task II: Constructional and Theoretical Phase: Construc-
tion of the laboratory source declided in Tesk I,
Task Ill:Theoretical and lleasurement Phase: Both actual
breakdown and the phenomena whlch precedes
breakdown shall be considered. The method
chosen shall be fully applicable by others.
Task IV: Theoretical and lieasurement Phase: Investigate
the problem of determination of the region of
i breakdown,
' Task Vs App}ication of Results: Apply the results of
the previously described work to the investi-
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
(é) Pulse Repetition Frequency
(d) Pressure
(e) Nature of ths gaas
(£) Mechanicel Finish
(g) Plating Material
(h) Mierowave Frequency
Task VI: Component Measurements: Measure the peak
power cupacity of the following microwave
units, of designs commensurate with ths
latest state of the art:
(a) Termination
(b) Directional Coupler
(c) Interlocked flexible waveguide
(d) Convoluted flexible waveguide
(e) Vaveguide to type "N" adapter
(£) Series Tee
{g) Shunt Tee
(h) Fiange to choke Joint
(1) Flange to flange joint
(}) Joint, oircular wavegulde 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 dats
shall be obtained in the same manner as for

the 5 band specified in Task VI,

Ssourity Information
CONFIDENTIAL

B




Sgeurity Inforration
CONNRPIDEHNTIAL

SECTION B
GENERAL FACTUAL DATA
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SECTION C
DETAIL FACTUAL DATA

4. Introdustion

A comprehensive survey of all avallable technical informa-
tion on the subject of breakdown has been reported by Viheeler
Laboratories, Inco(l)and Sperry Gyroscope Companysz) Rather
than to review the material discussed in these reports, the
object of this report 1s to develop the breakdown criteria
and limits for high power pulsed breakdown at microwave f1o-
quencles on a qualitative basls which can later be extended
to a quantitative basis. The experimental approach and
procedure are also discussed,

5, Theory of High Power Breakdown

In a high frequency gas discharge breakdown, the primary
ionizatlion 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 collision., The eleo=~
tron gains random 6nergy on each collision until it is able
to make an inelastic collision with a gas atom. The gas
discharge breakdown oocurs when the gain in electron density
due to lonization of the gas becomes greater than or equal
to the loss of electrons by diffusion, recombinstion, or
attachment, .

‘The breakdown conditions for & region bounded by walls
which absordb eléctrons will be developed, A radloactive

source near the discharge tube provides a small amount of
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fonization, S , in the tube., A detailed study of the build-
up of the di;charge is obtalned from tonsidering the continuity
equation for electrons

%%_\: Yn-¢.n+S (1)
where Y| is the elsctron density, {;1s the frequency of ioniza-
tion, and \1 is the frequency of loss given by

Yn = ¢n-D9*n + £.N.N. (2)
where Y, is the frequency of attachment of electrons to gas
molecules, D.. is the electron diffusion coefficlent, V‘Y\
can be approximated by %1 whesre Ais the diffusion length,
o(, 18 the positlve lon-electron recombination coefficient,
and N, 1s the positive ion density, The coefficlents ¢ and
&, will, in general, be functlions of 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 ¢, and 9~w111 not be attempted at this time,
For air, at pressures from 200 mm to 1000 mm Hg, it 1s be-
lisved that the dominant loss. mechanism 13 attachment,
although recombination may become lmportant depending upon
the values of the positive ion and electron densitles in the
neighborhood of breakdown. As yet, the important loas
mechanisms have not been verifled experimentally. In Egua=
tion (1), the production of electrons in the gap or at the
walls owing to photo-electric action caused by excitation
of molecules by slectron 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, N,,is

given by ¥t
=N, C

where Y= ("‘ n 9‘_

the conditlon for CW breakdown is that ¢ =0,.e §; (. For

(3)

a vaiue of ¥ slightly larger than O , the density can build
up to the electron density required for breakdown, Ny . There~
fore, the minimum breakdown fleld, £, cw e 18 determined from
the condition that ¥=0. When pulsed operation 1s consldered,
breakdown within a glven pulse wlll take place when the pulse
width, 13, of the pulse 1s of sufficient length so that ths
electron density, Ny, can be produced., The condition for
single pulse breakdown is

X = —,i.- tn g-:z (4)

For multiple pulses, it 1s possible for brealdown to

occur even though X < ;E',- fn -Zf . Electrons produced in
one pulse, although not sufficient to produce breakdown,
can increzse the initial electron density for the next pulse,
and, hence eventually a pulse will occur in whf_:h breakdown
can take place, The conditlon that such a process 1s possible,
depends upon the decay of electrons bstween pulsges in the
afterglow, If attachment or diffusion is the dominsnt loss
mechanlam between pulses, the electron density as a function

of time in the afterglow can be written as

-A(t-T)
nernev (np-n)e’’ (s)

where /. is the electron density at time 7'and A 1s the decay
time constant, - If recombination should be the dominant loss

mechanism, then Equation (5) would have to be modified. In
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general, /6 18 not the same as §/, , since the average electron

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 ¢, is, probably, & function |
of electron energy.

Equations (3) and (5) are sombined to yield the density
obtained after k pulses have elapsed, Vihen the repetition
frequency of the pulses is f, the time between pulses is then -

T '/f . Ths density after the firat pulse is Ng = M€ et
and ths density at the beglnning of the second pulse is

Nz ="M +(nt.)e"o/f" when T'>> T and Ng>>n, . The density
¥T (3T-7)
after the second pulse 18 Ny =7,€ (/*€ i), By

continuing this process, the density after k pulses is

5T (2= 84 2(T-BF) A(¥t-£4 ;
nz'K:'noc (/f'e ;)f-c R T 'F/),lﬁ)

Using the expression for the sum of a geometric series,

ths above equation becomses

= /
Ny = 1 (X7 - 55 (&)
' c -
The conditlon that the gaa-breakdovn after k cycles is
(5T-2)
that nzk =Np o If we assume C > ] » thon Equation
(7) becomes
JZ’ =L he 4 .é. C__‘.H—,
kK he F K (8)

Equation (7) ér (8) determines the general breakdown condie
tion. Por CW operation, /€, f' or T spproaches infinity,
we have the ocondition ¥ =0, For a single pulse break-
down, +8, A=/ , we have ST =/In %.L o The curve for

JT as a function of 1/k, the reciprocal of the numbsr of

pulses required before breakdown takes place, has ths
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gensral shape shown in Figure 1, It is seen that ¥T bas
the value of fn b when K=} s and the asymptotic value
of %% when K=o s Thorefore, thE minisim breakdown
field is determined by ¥T= ’94: and 1s independent of
In .'_’;f. o However, when 5/}: is greater than An T';f
breakdown will occur every pulse and ¥{ will be independent
of K and %% . A plot of §T as & function of %% 1s shown
in Figure 2,

The problem consists of transforming ¥U to the corre-
sponding value of E, and p at breakdown. Since the exact
relation between ¥ and E,,p,and /A 1s not precisely
m. only qualitative results will be obtained. The condi-
tion ¥ =0 for C.VW. breakdown determines a curve for E,  va { o
For pulsed condltions, one must first explain how the factor
K enters into the picture. The experimsnts of Cooper(:?)
indicate that a plot of sparking probability versus power
reéults in a reproduclble 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 probabllity at & given microwave power., A typilcal
csurve of sparking probability as a function of ths elactric
fleld at breakdown obtained by Cooper is shown in Figure 3,
Compariaon of Figure 3 with Figure 1, shows that the aparking
probability, the number of sparks per pulse, should be related
to l/K s the reciprocal c;f the number of pulse required for a
spark, since ¥T 1s a function of the electric field at a
given pressure. The exact relationship between the sparking

probability and ’/K is not completely understood. However,
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measurements as a function of sparking probability at a given
pressure should yield Ebp, the breakdown field at a sparking
probability of zero and E, , the field at a sparking proba-
bility of ome. It 1s seen that if 4% 1is less than Jn b, £,
determined from the sparking probability curve, should be
independent of N, » A typiocal curve for the pulsed break-
down field, Ebp’ or a function of the repetition frequency
is shown in Figure 4. The shape of the curve 1s derived
from Figure 2. At low frequencies, the breakdown field is
independent of firequency. At f‘ = Z’ ,,',.‘ s & discontinuity
in the curve ocours and the breakdown field decreases since
we are 1ln a region in which elecotrons from one pulse can
lnecrease the initial electron density in the next pulse.
Since & can be written as ﬁ,P » it is expected that f‘,
increases when the pressure and initial density, M , increases.
At larger values of frequency, the breakdown field decreases
and approaches the C.,W, breakdown field value. In addition,
when f>f, , the pulsed breakdown fleld, Ebp » Should be a
nnique function of ft’ at a given pressure. However, care
must be taken in determining the breakdown fleld at zerc
aparking probabllity,

The results dlsoussed above are purely qualitative and
depend upon which mechanisms are assumed important. Such &
discussion is valuable since it 1hdicatea how the various
mechanisms will affect the roaultl.and also what experimental
moasuromont; are important. It has been assumed here that
attachment and diffusion are the dominant loss mechanisms,
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However, the value of b/ used by Posin(4) 15 1014
electrons/c.c. which means that if N, lies between 1 and
100 electron/c.c., the density at breakdown lies between

101 2na 1016 electrons/c.c. This value of density is
rather high and would mean that recombinatlion 1s an impor-
tant loss mechanism. Lathrop & Brown(s) used a valus of
10% for My and indicated that the density at breskdown is
of the order of 109 electrons/c.c. which seems more
reasonable than Posin's value of breskdown density. It
should be remembered that Lathrop & Brown's data was taken
at low pressures (1-20 mm Hg) while Posin's data was taken
at high preassures (50-760 mm Hg). Obviously, the value

of '3¥L and its variation w}th pressure must be Investigated
in more detall.

From the discussion presented hers, the most logical
approach 15,' firat, to determine Ebwaa a function of pressure,
8ince the U.W. breakdown field 1a a lower limit on ell ths
pulsed breakiown fleld 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, glven by éﬁ% for a pair of infinite parallel pletes
separsied by a distance L ., Measurements will be taken
for pulsed condtions, determining the breakdown field as o
funotion of 7, f,4,pand /1, using the sparking probability
approach of Cooper. It is hoped that from these measurements,
the importent 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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wavegulde cogponsnts, 'mh will be verified oxperimehtal];.
Measurements of C.W, Breakdown field as a funotion of
pressure in air taken from the data of Pl.m(s)a.nd Herlin and

Bro'n(v) a.ro shown in Figure 5, Pim's data was taken at
200 megaoycles and a diffusion length of about 0,025 om,
The largest gap widths in Pim's measurements are used here,
since for shorter distances the phenomenon of the electron
oscillation amplitude becoming comparable to ths diffusion

length is important. Af microwave frequencies, this
phenomeron is negligible above distances of the order of

0.01 om,hence, it is desirable to use that data of Pim in
which the osoillation amplitude effeot is negligible. The

data of Herlin and Brown was taken at 3000 megacycles and a
diffusion length of Ooahcm,houever, the maximum pressure

they used was only 60 mm Hg, It should be noted that the
data of Herlin & Brown are continuous with the data of Pim,
despite the fact that the diffusion lengths vary over a.
factor of 10, This would seem to indicate that over this
range of diffusion length the breakdown field is indopondont
of diffusion length. From 150 mm to 760 mm Hg., thse
electric field is given by Ebw' 43P in volts per om, Thus,
the C.W, breakdown power is proportional to pz °

Measurements of the pulsed breakdown field as a function

of pressure in air taken from the data of cooperw) and Posin{%)
are shown in Figure 6. Ths data were taken in both cases at
a miorowave frequency of $800 megacyoles per second, s pulse 4
width of {us, and at essentially the same repetition frequensy |

(400 c.p.s. for Cooper and 500 c.pe.s8. for Posin) and using
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essentially the same diffusion length (.046 'om for Cooper
and .031 om for Posin). The disagreement in the two curves
1s obvious, but no feasidble explanation for this discrepancy
is as yot availabdble,

8.. Proposed Experimental Procedure

Measurements of breakdown fleld are to be determined
;n a microwave resonant gavity, using the technigues similar
to those of Herlin and Brown., The microwave cavity is
cylindrical in shape, having a resonant frequency of 2800
megacycles per second. Cavities of different height are to
be used so that the varliation of breakdown field with dif-
fusion length can be investigated.

The block diagram for the equipment to be used for
the C,.W. measurements 1s shown in Figure 7. An L3501 Litton
C.W. magnetron feeds 500 wattq power into a wavegulde ring
maglc tee, which has a tuning plunger and a water load on the
sidg arms. The power through the magic tee 1s varied by
.moana of the tuning plungéro A directional coupler 1is used
to introduce a fractiop of the power from a QK569 Raytheon
magnetron., The QK59 1s used to measure the characteristica
of the microwave cavity. The power level of the QK59 is
small compared to that of the L3501. A directional souplax
samples a fraction of the power incident on the cavity,
which is measured by means of a thermiator and associated
power bridge. A knowledge of ths coupling of the directional
coupler allows the line power to be calcoulated, The frequency
1s measured by a wavemeter which samples a fraction of the

signel in the wavegulde. A slotted section in conjunction
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COHNPIDERTIATL

=16~




- A EEe

Security Informstion
CONFIDENTIAL

with a movable probe and a spectrum anslyzer is used to obtain
standing wave ratio measurements as a function of troquohny,
These measurements are used to determine the unloaded Q of the
cavity. The value of Q and the power absorbed in the cavity
determins the electric fileld according to tho method outlined
by Brown and ROBO(B)Q The cavity is iris-coupled to the wave-
guide with a glass window so that the air pressure in the
oa;ity can be varied, Thohcavity may be replaced by a wave=
gulds water calorimetrioc ;oad so that the power incident on
the cavity can be measured and the calibreation of the
directional coupler and power bridge can be varied,

The block diagram for the equipment to be used for

" pulsed measurements 1s shown in Figure 8. A QK338 Raytheon

pulsed magnetron furnishes & magawatt peak power intn ths
waveguide ring magic tee., A square wave generator and audlo
osolllator are used to determine the frequency of the modu=-
lator output. The QKE9 is introduced into the main waveguilde
through a duplexer., Ths duplexer protects the QK59 from the
high power pulses, The remainder of ths experimental arrange-
ment 18 essentlally the same eas for C.,W. measurements. The
cavity has a small window so that using a photo c¢cell and
electronic counter snables the number of pulses per spark
to be counted,
7. Frogress dur Interval

In addition to studying the theoretical aspect of breake
down, considerable preparatory work was performed during the
interim. The design of many of the circuit components was

chosen, and the components are at present in various atages
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of fabrication and test, The power supply for the QK59 is
almost completed, The QK338, the L3501, and associated
power supply and modulator have been ordered,
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Section D

Conslusions

8. General Conclusions

The theory of high power breakdown developed here,
although qualitative, indicates the expscted behavior of
the breakdown field as a function of pressure, pulse width,
repetition rate, and initlal eleotron density. The importance
of determining the brealdown electric fisld from the sparking
probability data 1s clearly evident, The theory shows= that
it is important to know the C.W. breskdown field in as much
as the C,W, breaicdown fleld places a lower limit on all
pulsed breakdown measurements., It is hoped that the mecha-
nisms of breakdown can be interpreted from the experimental
measurements, provided the data is properly interpreted.
Some of the aveilable experimental data is given and the
reglons of agreement and disagreement ares shown. The experi-
mental arrangement to be used is presented and the various

cormponents are described.
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Program for Next Interval

9. PFProgram 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 teat or calibrate these components as well as the audio
signal generator, the thermistor bridge, ths waveguide watere
load, the spectrum analyzer, the QK69 and assoclated power
supply, and the QK338 and L3501 and their aassoclated powsr
supply and modulator. 1In addition, & further investigation
must be conducted to determine a suiltable means for
detecting and ocounting the sparks, Work will be continued
on the theory of high power breakdown and an attempt to put
the theory on a quantitative basis will be initiated.

. Security Information
CONFIDENTIAL

-20-




 CONFIDENTIAL

|
|
!
7 |
|
/o
|
'/ |
o5+ / :
8 ; |
/ 1
/ I
|
!
/ l
t |
F 1
B Inle
/f o
¥i
-i FIG. | - VARIATION OF Y4 WiTH YT
) © |
SECURITY 1"~ =*127:ns
CONFIDENTIAL




i

ey 1y

" CONFIDENTIAL

An ™

Neo

%

FIG. 2 - VARIATION OF ¥T wiTH P/g

SECURITY INFORMATION

CONFIDENTIAL




e WEe Ay 2

vy

e OBl P RN

-

SPARKING PROBABILITY

SECURITY iN: Jiswin

CONFIDENTIAL

0 B

ELECTRIC FIELD

FIG 3 - VARIATION OF SPARKING PROBABILITY WITH ELECTRIC FIELD

SECURITY INFORMAT'ON

CONFIDENTIAL




BREAKDOWN ELECTRIC FIELD

-
COnFIDENLIAL

e~ =
£

bew

E/Jn No

No

REPETITION FREQUENTY

FIG.4 - VARIATION OF BREAKDOWN ELECTRIC FIELD
AS A FUNCTION OF REPETITION FREQUENCY

SECURITY INFORMATION

CONFIDENTIAL




1

CUNFIDEN i

¢ 2,000

* 3000 M)

{ f

L.oae? - GM—A—{

TR A

- - X Ae.202 OM:-

{

Haap s

{

i I J_ i
1
|

|
+
|
i

BHEM

Rl
|
|
|
|

|

et SR Sepsie iads

m

R o 1no0

(Mv3d)

(WO /S110A) 3

PRESSURE (MM. HG)

FIG. 5 - C.W. BREAKDOWN AS A FUNCTION OF PRESSURE
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