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FOREWORD 

This Technical Report co/ers the work performed for Task 
Number 7900-21-223-15-00, under Contract No, DA-28-043-AMC- 
00373(E) under which the work of Contract No. DA-36-039 SC- 
90818 was expanded.  This work was performed during the period 
15 September 1964 to 14 September 1965. 

This contract with the Sperry Electronic Tube Division of 
the Sperry Rand Corporation, Gainesville, Florida, is entitled, 
"High-Power Microwave Tube Window Investigat ons."  It was 
accomplished under the technical direction of Mr. Günther 
Wurthmann of the U. S. Army Electronics Command, Fort Monmouth, 
New Jersey. 

The contract was performed under the overall direction of 
Mr. P. M. l.ally, Manager of Research and Advanced Devices of the 
Sperry Electronic Tube Division.  The chief contributors were 
Messrs. D. B. Churchill (general consulting work and new window 
design procedures - Appenaix B), A. Kiefer (window coatings), C, 
Trace (gas analysis), A, Saharian (window evaluation) and L. 
Tentarelli (ceramic-to-metal seals).  Chemical aspects of this 
window investigation program were under the supervision of Mr. 
J. White, Engineering Manager of the Materials and Process 
Laborat ory, 

This research was part cf "Projecl DEFENDER" sponsored by 
the Advanced Research Projects Agency, Department of Defense. 
The work prepared under this contract was made popsible by the 
support of the Advanced Research Projects Agency under Order No. 
318 through tne U. S. Army Electronics Command. 
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SECTION I 

PURPOSE 

1 .1  PURPOSE OF THE PROGRAM 
■  ■        - 

This final report summarizes the work carried out in the 

High-Power Microwave Tube Window Investigations Program during 

the period 15 September 1964 through 14 September 19ei5,  This 

work was performed for the U. S. Army Electronics Command by the 

Sperry Electronic Tube Division of.   the Sperry Rand Corporation, 

Gainesville, Florida, under Contract No. DA 28-043-AMC-00373(E), 

in accordance with the Electron Tube Division (USAECOW) Technical 

Guidelines No, MW-16, dated 30 March 1965.  This is th-s final 

report for this contract, under which the work of Contract No. 

DA 38-039 SC-90818 was continued and expanded. 

The objectives of this research program were to investigate 

microweve-tube window phenomena occurring at high levels of rf 

power.  In particular, these objectives included a study of the 

single-surface multipactor suppression properties of different 

window coating materials and an evaluation of the effect ji con- 

ventional tube processing techniques on the stability of t^.ese 



coatings.  An analysis was to be made of factors which cause 

breakdown (arcing) in dielectrics and surrounding soal areas. 

The need for improved microwave windows stems from the 

successful development of high-power microwave generators.  Tub« 

technology has progressed to the point where the waveguide window 

is one of the few remaining factors that seriously limit the 

power generating capability of high-power tubes.  The waveguide 

window is the port through which the rf power leaves the vacuum 

envelope of the tube.  Although mechanically an integral part of 

the tube, the window is sufficiently isolated electrically that 

it can be treated as a separate tube component for developmental 

purposes. 

It was the intention of this program to assemble technical 

information and design criteria on high-power microwave windows to 

provide tube engineers with guidance on the selection of proper 

window configurations for required peak and average power handling 

capabilities.  Guiding principles on the selection of proper 

iielectx-ic materials and window coatings as well as labrication 

and processing techniques were to be supplied.  A step-by-step 

description of the preferred window coating and mounting techniques 

(which includes metalizing and brazing techniques) were to be furn- 

ished . 

-2- 



SECTION II 

ABSTRACT 

This report gives a brief description of high-power micro- 

wave tube window problems.  The emphasis in the discussion is 

placed on problems associated with the single-surface raultipactor 

phenomenon.  Window coating criteria and means of eliminating 

multipactor and multipactor-related problems are presented. 

Sputtering eo.uipment and new coating and control proceu-res 

developed in this program are described in greater detail. 

Problems associated with the changes in the resistivities of 

coatings, including the effects of tube processing techniques, 

are discussed.  Work performed on coating identification and 

problems associated with producing a uniform coating are described. 

A wide variety of coating materials were evaluated in 

specially-designed TE ?  cavities at S-band and X-hand.  The most 

promising coatings were evaluated at S- and X-band in TE 9. cavities 

The geometry of these cavities was sjch as to closely simulate 

practical high-power window configurations.  This report includes 

•3- 



a description of all of these cavltl«s and the procedures followed 

in the test work. 

Results of some thirty-seven experiments pertormed in this 

program are presented.  Physical changes in window materials 

arising from multipactor are described.  In the TE0 -mode 

experiments, windows have been tested at S-band up to 120 MW 

with no multipactor or seal area arcing.  At X-band a power 

level of 13 MW has been obtained without multipactor or arcing. 

Finally, a new, improved metalizing-window-brazing technique, 

which produces a strong metal-to-dielectric bond with thin 

metalizing layer and a minimum of penetration of metalizing 

constituents into the dielectric, is given, and pertinent 

fabrication procedures described. 
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SECTION III 

PUBLICATIONS. LECTURES. BEPORTS 
AND CONFERENCES 

3.1 PAPERS PRESENTED 

On 29 September 1964 a paper entitled, "Problems Associated 

with Waveguide Pressure Windows for Microwave Tubes" was presented 

by Mr. D. B. Churchill at the Seventh National Conference en Tube 

Techniques in New York City, New York.  The conference was sponsored 

by the Advisory Group on Electron Devices. 

3.2 CONFERENCES HELD 

On 14 Oct-iber 1964 at U. S. Army Electronics Command, Fort 

Monmouth, New Jersey. Present were Messrs, Irving Reingold, 

Günther Wurthmann, Bernard Smith and Stanley Leefe, all from 

USAECOM. Sperr/ was represented by Messrs. D. B. Churchill, 

F. Tyndall, P. M. Lally, R. Pettlcrew and A. Saharian. Work 

already in progress and detailed plans of future work were 

discussed. 

On 10 November 1964 at U, S. Army Electronics Command: Fort 

-6- 



Monmouth, New Jerssy.  Piesent were Messrs. Irving Reingold, 

Günther Wurthmann and Bernard Smith from USAGCOM.  Sperry was 

represented by Messrs. J. Whltford, F. Tyndall and J. M. White. 

The general status and future plans of the High-Power Microwave 

Tube Window Invastigations Program wsr« discussed. 

On 13 and 14 January 1985 Messrs. Günther Wurthmann and 

Stanley Leefe of USAECOM visited Sperry Electronic Tube Division, 

Gainesville, Florida.  Mr. D, B. Churchill of Sperry Gyroscope 

Company, Great Neck, New York, was also present.  The progress 

of the program and plans for the future were reviewed.  Equipment 

in operation was iaspected. 

On 27 and 28 April 1985, Mr. Günther Wurthmann of USAECOM 

visited Sperry Electronic Tube Division, Gainesville, Florida. 

Mr. D. B. Churchill of Sper»-;, Gyroscope Company, Great Hack, 

New York, was also present.  The progress of the program and 

plans for the future were discussed.  Equipment in operation 

was observed. 

On 8 May 1965, Or  B. B. Brown of Sperry visited the U. S. 

Army Electronics Command, Fort Monmouth, New Jercey.  At a 

meeting with Messrs. I, Reingold and G. Wurthmann, both from 

USAECOM, progress of the Window Program and future plans were 

reviewed. 

-6- 



On 14 June 1963 wsr« teeesp*ished ts tfttt sris plaai far fulur« 

work w«s>0 diiiuifttf at tbe U. I. Arty IU«tr#ei«l OMHBtf, fart 

Möflaouth. Kew Jar»«}?,  ^raaant var« Masars. Irving Saingald and 

Qunthar Wurthaann Iroti UiAiCOM.  tpepry vaa rapraaantad by 9,   U> 

LeUy, 7, TyndaU and A. Saharian. 

On IS Juna löSS, at tha Pentagon, Washington, D. C,  Present 

ware Col. B. !. Sill of ARPA, Meaara. L. Kaplan, t. Salngold, 

0< Wurthaann end Miai Barbara Malley of UBAECOM.  Sparry was 

rapreaanted by «eaara, P. M. tally and A. Saharian.  Preaant al_o 

ware Kaaara. L, Read and W. Wade of Eital-MoCullough and Mr. I. 

Fainatain of tha Stanford Baaaaroh Inatituta.  Tha purpoaa o£ 

the oonferanoa was a review ef ASPA-eponaorad raaaaroh prograna on 

high-power windowa, 

On 0 tobar 13, 14 and 18 at Sparry Electronic Tube Division, 

Mr, Q. Wurihmann was prbaant on October 13 and 14, and Mr. B. 

Smith wea preaent on Ontebar 13, 14 and IS.  The purpote of tha 

vitU waa to review tha results of tha prograa.  Mr. Baith alio 

spent aoaa titsa riviawing plans and prograas on a USAICOM- 

sponaered propraa on tha sataliaixi and btaaing of forritaa. 

• f- 



rf I      4  >y'      | 

■■  '■   i k -■. U      *« i       ? S      bSg is was I Ö      R 7 ,: «     S-tQ' 

SECTION    IV 

DATA 

„      ;i ,. i 

■:■--■   ■■   -; 1        •:■-   ■. ri -j "   •   -1   ;: •:        :-' 

li  ' 

4.1  INTRODUCTION 

Waveguide windows are gas-tight dielectric bulkheads that 

are wholly-enclosed in two port waveguide sections and more or 

less freely transmit microwave power over a specified band of 

frequencies.  The principal use of windows is in microwave tubes. 

As the port through which rf power leaves the tube, the window 

constitutes a part of the tube envelope, and Is subjected to 

bakeout and processing conditions as well as to high-level rf 

fields.  From the standpoint of manufacturing the window, the 

criteria of interest are reproducibility and jjjw coat.  From 

an operational standpoint, the principal criteria are electrical 

efficiency and physical fltabilltv. 

4.1.1  A Brief Description of Window Problems 

Rapid advances In tube technology in the past decade have 

brcught forth s numler of problems concerning windows.  F^rst 

came t ^e problem ol providing ac'equate window bandwidth.  Beoause 
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of their low dielectric conatant, glas« winäovä   eeuld be broad- 

banded without too auch difficulty,  How«ver, at higher power 

levels, the temperature-sensitive lose factors of the availaM« 

glasses made them subject to run-away heating; consequent!; , ■'•ub« 

designers sought mere stable dielectric materials for high-pr^er 

windows, 

The most readily available material with the required 

electrical and mechanical properties was alumina - a sintered 

aluminum oxide ceramic that could be formed in various size-, and 

shapes at reasonable cost.  Produced in varying degrees oT purity 

and density by a number of companies, alumina rapit'^y became the 

mifest widely acceoted window material.. The dielectric conscant of 

alumina, however, is about twice that of glass; consequently, the 

reflective loss at   the interface is appreciably higher.  In a 

properly-designed wine w structure, the reflections from the 

dielectric element are matched out so that at the midband 

frequency the structure as a whole is essentially reflectionless. 

Nevertheless, the bandwidth over which the matching Is effective 

becomes narrower as tie dielectric constant of the window element 

is Increased.  The problem of broadbandlng alumina windows was 

12 3 
a difficult one, «nd led to some   novel design concepts. ' ' 
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At higher power levels, window heating became a serious 

problem.  Many instances of window failure due to ther-slly- 

J.educed stresses have been recorded.  Also, window heating was 

found to he closely related to the window-puncture problem.  It 

was noticed *hat in certain application,  window-punctures were 

associated with waveguide arcing at or near the window seal, 

while in others the arcing was confined to isolated spots on the 

dielectric surface.  After prolonged operation, the vacuum-sidi? 

surface often was eroded and marked with numerous small craters. 

In such caces, the body of the window element usually wae honey- 

combed with small tunnels, some of which constituted gas leakage 

paths . 

From the available experimental data, it was observed that 

windows whicii have iallsd exhibited either puncture or rupture, 

or Loth, depending on conditions oi operation and their con- 

figuration.  At hij'h-peak powers and low-duty cycles, the windows 

were prone to puncture.  At high-average power?  on the other 

hand, overheating usually caused the window to rupture before 

the surface was noticeably eroded.  It was also observed that, 

at high-peak powers at least, the wir^ow heating was greater than 

could be accounted tor by dielectric losses alone.  Many windows 

rup;ured, preaumably in consequence of thermally-induced strains. 

10- 



UE« of the purest and most dens« alumina bodies reduced, but did 

not eliminate tbip problem.  This extra heating, whieb also 

served to incrsaae dielectric losses of window material, is now 

recognized to be the result of an elecxronlc discharge on the , 

vacuum side of the window commonly referred to as single-surface 

mul t ipf.ct or . 

Less serious, but nevertheless important, window problems 

are losses due to spurious ("ghost") node resonances, aetalizing 

losses in the seal, and  ccluslons (oarticularly gas-filled voids) 

in the dielectric element.  Con toiuina c i or. and residual gas are 

contributory factors in window punctures with the electronic 

4 
discharge providing the underlying failure mechanism. 

In view of the scope of high-power tube applications and 

the seriousness of window problems, government agencies moved 

to establish a number of window study programs that were rather 

5 
independent of tbe existing tube-development programs.    As a 

result of these investigations, several successful methods have 

been devised to improva bandwldths of windows (Reference 4, 

paragraph 4,2 gives a detailed review on this subject).  Further- 

3!3re, the single-surface multipactor discharge on the vacuum side 

of t high-power windov fats baen identified as a serious window 

-11- 



problem.  It was found to be the   cause, or at least a contributing 

factor, of most window failures, particularly at very high levels 

of peak rf power.  The problem of seal-ed^e arcing near the 

metal-dielectric vacuum Joint has also been established.  This 

latter problem is r imarily due to improper raetalizing and brazing 

techniques used for assembly of windows, which produce brazing 

fillets and overlaps near or on the active side of the window. 

4.1.2  Description of Single-Surface Multioactor 

The nature of the multipsotor discharge has been previously 

6,7 
described in the literature,    and for this reason, only e   brief 

explanation of this phenomenon will be given here.  If the discharge 

region is at a pressure of 10   torr or less, and is free of 

static magnetic fields, the mechanism can be described approximately 

as fellows: 

A cloud of electrons oscillated in synchronism with the 

applisd rf field, moving on the avera0e through the same tra- 

jectory on each successive cycle.  At one point of the trajectory, 

electrons strike the surface of the window producing more secondary 

electrons for each incident primary.  Typical window dielectrics 

have a fairly high «econdary emission ratio over a wide primary 

electron energy range.  The background radiation usually is 

■12- 



sufficient to provide initiating electrons.  Under the Influence 

of the rf field, taost of the secondaries Join the electron cloud, 

replacing the electrons lost by collision, diffusion or ctheT 

depletion mechanisms.  The released secondary electrons leave the 

non-conducting window positively charged.  The positive charge 

on the window in turn provides the restoring force for the discharge 

to continue.  Certain factors tend to force a state of eqaillbriun 

in which the average number of electrons in motion remains constant 

at a given level of the rf field intensity.  The magnitude of the 

space-charge cloud is prcbehly one of these limiting factors. 

The limiting mechanism in this case can be described as follows. 

When the window becomes charged sufficiently positive, the secondary 

electrons make only a small excursion in front of the multipactoring 

window and are drawn back to the window by the space-charge forces 

before thsy gain sufficient energy from the rf field to cause more 

secondaries. 

The kinetic energy of motion, of course, Is derived from the 

rf field and is dissipated upon impa-   .a heat.   The amount of 

rf power which flows into the multipactor discharge can be 

significant.  In Appendix A, calculations based on experimental 

data show that at 5 MW of equivalent transmitted power through 

an S~band alumina window, the energy delivered fay the multipactor 
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discharge to tu«   window exceeds dielectric heating by about three 

times.  The anount of power dissipated in the nultipaotor discharge 

of uncoatsri windows is usually a function of surface conditions 

and the type of window material used.  Both of these factors 

determine the e.fective secondary emission ratio of the window 

surface.  At times multipactor losses can be quite large, and a 

ten-fold increase in the cavity losses by the electronic discbarge 

8 
has been measured.    The added heating of the window by the 

multipactor reduces the pover handling capability of the window, 

especially at high-average levels of high-peak power. 

Even though multipactor has been an important contributing 

factor in many window failures, ther« is no evidence of any 

chemical changes in cerarics due to multipactor.  The only 

physical change directly attributable to multipactor has been 

yellowing of cera-sic due to X-ray bombardment.  There is evidence 

which shows that the presence of multipactor greatly Increases 

the probability of   arcing.  This is likely due both to local out- 

gassing and the copious supply of electrons.  Arcing can cause 

severe damage to ceramics, i.e., local eielting, pitting, cracking, 

etc.  The heat dissipated by sultipactor can cause thermally- 

induced cracks ir  eramic.  Multipactor probably contributes to 

the transfer of materials on the window surface and adjacent metal 

i 

i i 
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parts.  The copious electron supply will cause sorae ionization 

even without arcing, and the ions, accelerated by the rt   field, 

can cause sputtering, 

4.1.3  Window Failures Due to Multiaactor-Related Problems 

.'n certain window configurations, thü Intensity of the multi- 

pactor discharge on the sarface of the window is not entirely 

dependent on the properties of the window material used.  An 

improperly designed window assembly, particularly one where there 

is a normal component of electric field on the surface of the 

window, can be a contributing factor in the ear]7 initiation of 

the single-surface multipactor discharge.  In fact, in isolated 

cases, an improperly designed window assembly can produce window 

failures by multipactor discharges of the double-surface type. 

For example, canted windows (including conical windows) are prone to 

electric field breakdowns and multipactor discharges at higher levels 

of rf po«er,  The axial!y symmetric conical windows can support 

both typss of multipactor discharge, single and double surface. 

The probl3m of canted windows arisss from the fact that they 

are elongated in the axial direction, and present a distributed, 

rather than abrupt, discontinuity io   the propagating wave.  Many 

of these windows, for this reason, have very high bandwidths - 
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up to 25 percent.  But th«y also have two aigniticant drawbacks. 

First, being elongated in axial direction, they fora regions «here 

spurious modes coiae into resonance at frequencies within or «ear « 

the operating band.  Second, having surfaces normal to the dominant 

mode of the propagating electric field, the canted windows are 

subject to intense electronic discharges and breakdowns at high 

levels of rf power.  These drawbacks were sufficient to limit the 

value of canted-surface windows and eventually led to the develop- 

ment of transverse dielectric windows. 

In » transverse rectangular window, the dielectric element 

fills the waveguide crosr-ssction and has purely tangential 

electric field at the surfaces.  In a transverse-circular window, 

the electric field is tangential to the Jielectric only if the 

rectangular-to-circular transitions are sufficiently far away 

from the dielectric element of the window assembly.  When these 

conditions are satisfied, no higher order modes are produced near 

the window. 

As part of a continuing effort devoted to the development 

of improved methods of window design, a new design procedure has 

been studied as part of this program.  The procedure, given in 

Appendix B, applies particularly to the design of windows using 
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plane, transverse dielectric discs in unifcrsi cylindrical sections 

greater than one-half wavelength long.  (Using relatively long 

sactions of circular guide will preclude normal electric fields 

on the window, and thus reduce both nmltipactor and surface 

arcing.)  This new technique promises to reduce the experimental 

work involved in achieving an acceptable window design. 

4.1.4  Means of Eliminati ig Single-Surface Multipactor 

The multipactor discharge on the surface of the ceramic can 

be eliminated or at least partially suppressed by coating oi the 

window with some low secondary emission film.  This fact has been 

known for some time, and titanium metal (which is reported to 

g 
have a maximum secondary emission ratio of less than one  ) was 

the first material to be used for the suppression of multipactor. 

In the case of window coatings with the p^condary emission 

ratio less than one for all energy ranges of primary electrons, 

the mechanism of multipactor supprassion is not difficult to 

understand.  In this case, the coplou»? supply of secondary 

electrons from the dielectric surface has been almost completely 

eliminated.  Under these conditions, no buildup of multipactor 

can result regardless of the number and the energy range of 

incident electrons. 
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Very o.'linv however, even with i secondary emission reducing 

coating, the se'vondarj eiiieslon ratio is greater than one over 

some snail range of primary electron energy.  In this cose, it 

13 not uncommon that some weak multipaetor discharge does take 

place on the surface ef the window.  Usually, the oparatlon of 

the window with a partially effective coating produces initially 

a rise in multipactor discharge with increasing power, followed 

by a reduction in multipactor glow at higher values of the applied 

«lectrlc field.  The maximum multipactor discharge on any one area 

of the window, of course, will occur when the mean, effective 

energy of the incident electrons fal^s into that range of the 

secondary emission curve for which the secondary emission ratio 

exceeds unity.  Nevertheless, the reduction of the overal] 

magnitude of the secondary emission ratio of such a window surface 

is usually very significant.  This fact, together with the reduc- 

tion in the energy range of primary electrons Tor which the secondary 

emission ratio exceeds unity, results in a reduction in the total 

amount of dissipated power at the window.  From this point of view, 

a window coating which permits a multipactor discharge does not 

necessarily represent a complete failure. 

The other possibilities for elimination or reduction of 

single-surface multipactor include magnetic, geometric and 
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electrostatic moans.  Sltel-McCul1ough found that a static 

magnetic field of any orientation tended generally to lower the 

IS 
power threshold at which multipacter began.    Eitel-McCullough 

also investigated grooving of the window eurfaee (grooves 

perpendicular to the electric field) aad found e   smalx reduction 

with beryllta and alumina surfaces.  With quartz, ftultlpactor- 

1 3 r  --  « ^ was suppressed by grooving.    However, quartz is really not a 

very suitable material foi" high-power windows becaupe of its 

extreniely poor thermal conductivity 

3^5 V 

In the course of this pro^jrera, we haye conceived of an 

electrostatic means for multipactor suppression.  The concept 

ftas not been tested.  In brief, the idea consists of providing a 

dc electric field at the vacuum surface of n   wAndow, in order to 

draw electrons away, and thus prevent buildup of the multipactor 

d i scharge . 

Figure 1 shows a sketch of one embodiment of the idea.  Wires 

are stretched across the guide on either side of the window, normal 

to the rf electric field,  Such wires will result in a negligible 

rf dlacontinuity,  The wire on the vacuum side is maintained 

positive with respect to the waveguide walls and the wire on the 

pressurized side negative with respect to the wax'eguide walls. 
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In operation, electrons resulting from ionizing radiation, w5.ll 

be drawn away fron the window, and eolleoted on the wire.  Any 

secondaries easitted by ,the wire will be drawn back to th* 

wire.  If th(< electric field is sufficiently strong, the 

secondaries will be collected without gaining much energy froa 

the rf field. 

4.2  PROBLEMS ASSOCIATED WITH THE USE OF COATINOS FÜR 
MULTIPACTOR SUPPRESSION 

■i   2 1  Coating Thitknass Reuuired for Multipactor Suppression 

Window coatings ire used to lake the window surface appear to 

incident electrons as a surfac? with the seoonäary emission 

characteristics of the coating material.  The thickness of 

deposited films required depends on the incidence angle of primary 

electrons and their energy level.  The maximum energy of nultl- 

pactoring electrons, in electron volts, at the bo^ant of impact 

13 is given by: 

lax 
vclts (1) 

where  ri  is the electronic charge-to-aass ratio,  ^  is the radian 

frequency of the applied rf field, and  E0  ia the maximum 
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amplitude of the field.  For an electric field of 50 kv/oa,* 

V     is equal to 24,8 kv »t 3000 Mc and 2.75 kv at 9000 Mc.  . sd 
max 

The available iniormatioti on penetration of electrons into 

thin films is rfc.her limited, but it is known, for example, that 

the transmission of electrons through an aluminum foil of 3.5 

microns is almost nil if the onergy level of incidant electrons 

59 
does not exceed 20 kv. "       This fact implies that an iluminus 

coating of 3.5 microns on the surface of the window would certainly 

be sufficient t  provlds all the characteristics of an aluminum 

film, ev^n for the raultipactor electrons of 100 MW, S-band wave. 

The requirpment of providing enough coating material (like 

3.5 microns of aluminum), in itself, is not difficult to accomplish. 

The difficulty in coating of windows with rather highly conductive 

materials such as aluminum or titanium, arises from the fact that 

the dielectric window must remain transparent for transmission of 

rf power.  This latter requirement, which is discussed subsequently 

in greater detail, implies that the thickness of the metallic film 

"♦       ——————— i :      _— "   

The value of electric field of 50 kv/cm corresponds roughly to th€ 

maximum electric field of a 100 iJ™ electromagnetic w^ve propag-ting 
through a round S-U,and window with a diameter of 3.800 inchef   This 
diameter is equal to tt- J diagonal dimension of WR-340 wareguiie.  At 

X~band, 50 kv/cm corresponOe to about 10 MW through a 1.226-inch 
window; a diameter equal to diagtnal of WR-112 waveguid'.  These 
diameters are a logical choice for high-power window designs r.t S- 

snrt X-band.  For further information, see Appendix L. 
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on the surface of the window muet be significantly lees than the 

skin depth of the deposited material, which, in the case of a» 

aluminum film, by itself is less than one micron. 

Fortunately, thera are several arguments that can be 

advanced to justify the une of a very thin coating.  First, from 

statistical considerations, the majority of primary electrons 

produced by the siul tipactor discharge will have energi«* corres- 

ponding to much less than 20 kv, even in the case of a 100 HW 

S-oand electromagnetic wave.  Second, the secondary emission ratio 

of all materials drops off at higher energy levels of incident 

primary electrons.  Therefore, greater attention should be given 

to that range of the secondary emission curve for which the 

secondary emission ratio is highest.  Usually, this maximum 

value occurs near the energy level of 1000 electron volts, so 

that much iuinnar   coatings can be used than the hypothetical 

3.5 micron thick aluminum coating previously discussed.  Third, 

the angle made by incident electrons with the window surface is 

very small.  Primary electrons with grazing incidence.produce 

a rather shallow penetration into the bombarded surface. 

From the above discussion, it appears that son»  reduction 

in the thickness of the window coating can be tolerated.  However, 
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it Is questiohabl© if on these arguaents alone the coating 

thickness could be reduced to a value vary much  less than the 

skin depth of the coating material.  Nevertheless, the experimental 

data indicates that films of only a few hundred angstroms are 

sufficient to alter completely the secondary eralr-sion ratio of the 

14 
substrate material.    The argument that appears to explain the 

secondary electron suppresaion action of thin films is this: 

Consider a very thin coating (with a relatively good secondary 

e^jsaion characteristic) on the surface of a dielectric window 

which has a high secondary emission value.  An incident electron 

on such a surface will do one of two things.  It will either 

dissipate its kinetic energy Gn+irHly in the thieknes« of the 

film alone - in which case the secondary emission will be a 

function of the coating material only.  If the primary electron 

penetrates the thin layer of film and enters the substrate 

material, the majority of the secondaries will probably be 

produced in the window material itself.  A small number of fast 

secondaries will not be stopped by the coating and probably will 

be lost on the waveguide walls thiougn diffusion.  However, 

since the greatest number of secondaries produced in the substrate 

i 5 
will be slow ones with energies less than a few hundred volts,* 

even a very thin coating will prevent these slow electrons from 
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leaving the surface of the window.  For «xamples it is reported 

that a gold film 130 angstroms thick is capable of s-pplng 

electrons of 1,000 electron volts,   and a significantly thinner 

coating will stop  electrons of a few hundred volts.  This 

argument appears to be a reasonable explanation for the fact that 

very thin coatings have been effective. 

From the above discussion, it appears that the miniiaum 

thickness of the coating that is still effective as a multi- 

pactor suppressor should b>-   in the general neighborhood of 

100 angstroms.  This value of minimum thickness cannot be given 

with greater precision for it is t   function of the coating 

material, its density (both of these factors control the secondary 

emission ratio of the material) and the energy distribution of 

incident electrons. 

4.2,2  Coating Thickness Required for Uninhibited 
Transmission of rf Power 

In Appendix C, the attenuation of electromagnetic waves 

through thin conductive films has been calcul ted.  The results 

show, for example, that in order to have a VSWR of 1.025 in the 

incident wave, the surface resistivity of the film should not 

be less than 2,5 megohms/square.  For a VSWR of 1.05, the surface 

resistivity choald not be less than .03 megohms/square.  The 
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incident VSWH «as found to be a function of surface resietivity 

only.  The results of Appendix C are in general agreement with 

the available experimental dita.  For exunple, it is known that 

conductive film» of about .40 laegohme/square beglr to affect the 

17 loaded Q of a test cavity. 

It is interesting to calculate the thickness of thin 

ft 

titaniuin films of 10  ohms/square surface resistivity.  In 

Appendix D, this thickness has been computed, and the results 

show that the film must be about three orders of magnitude smaller 

than one atomic layer.  Such calculations are inapplicable when 

they predict a thickness of less than a few atomic layers. 

However, the calculation leads us to think that the typical 

thin fi1" of titanium is either of less than theoretical 

density, or is discontinuous on the surface, or Is not all 

titanium (some material oxidized, for example).  It is likely 

that all three conditions exist. 

Experimental data show that typical titanium coatings of 

10 ohms/square are in the range of about 20 to -sOO angstroms 

in thickness (depending on conditions during the film deposition). 18 

Using the repults of Appendix D, it can be shown that a 

film of pure titanium 200 angstroms thick, of the density of 
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bulk material, should have had a surface resistivity of only 

25 ohms/square,  These observations support our contentions about 

the nature of the coatings. 

It nay oe concluded that films of sufficient thickness to 

greatly reduce the secondary emission coefficient of a window 

surface can readily be of high enough resistance tc cause 

negligible rf effects, ev«ut though the coating material is * 

highly conductive metal.  In the ease of titanium, the experi- 

mental data supports this argument very well.  It is not 

intended here to minimize the difficulties which are encountered 

in the preparation of such films. 

Materials of intrinsically high resistivity that also have 

low secondary emission ratios aro obviously advantageous from 

the viewpoint of film deposition; control of thickness, etc., 

need not be as precise.  However, there are other criteria.  For 

example, carbon has good secondary emission properties and 

fairly high resistivity, but experiments conducted In thin 

program show that surface arcing removes it very reedlly. 

4.2.3  Chflngea in Physical and Chemical Propertiee of 
Thin Films 

With such thin coatings, rather serious control problems 
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arise in coating windows for multipactor suppression..  The 

main difficulty conies from susceptibility of many of the 

coatings to oxidation and reduction.  With the coating being 

only a few tens of atomic layers thick and being porous in 

nature, chemical changes can happen readily, even in good 

vacuum atmospheres where the partial pressure of residual 

gases is small.  The changes in the cnemical composition of the 

coating c'ue to the variation in the ambient conditions oan be 

easily observed by monitoring changes in the surface resistance 

of the coating.  For some coatings these resistance fluctuations 

can be several orders of magnitude. 

■ t 

Changes in ohemical and physical compoai,tion tpf ooa^l.ngf, 

which take place during the deposition proces?, i^ake tt^ ..qont.rol 

of the film deposit extremely difficult, and, af.^eict jtheT r^P^P" 

duoibility of, coatiaga.  For example, experim(enta,l, ;d^a show that 

for the *ame surf act .reaistivity obtained unde,r .s^ight^y .different 

conditions, the thickness of the coating of .^^^qf^^^^t^^^i^H^ -> 

films varied by one order of magnitude 
18 

Some changes in coatings have also bei€^ .qb&e^.yfld, du^in^g . 

a m r. I i   r. i d T 
high-power operation of windows.  The term that is usually used 

here is "conditioning".  That is, on first applying rf power. 

• 
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multipactor might appear, but, after a period of time, ranging 

from a few seconds to as mu^h as an hour, the mul tlpact->r 

discharge would disappear.  Some chemical or physical change 

In the coating, which affects its effective secondary emission 

ratio, must be taking place under the mul t i pact o*' discharge, at 

least during its initial stages.  A more detailed analysis of 

problems associated with thin coatings is given in Sections 4.3.5, 

4.3.6 and 4,3.7. 
♦ 

4 .3  SPUTTERING EQUIPMENT AND EXPERIMENTAL PROCEDURES 

4.3.1  Choice of Thin Film Deposition Technique 

Prior to this program, two window coating procedures had 

been utilized extensively.  Evaporation was used to obtain 

titanium films and sputtering was used to obtain coatings fro» 

19 
a titanium monoxide cathode.    The sputtering technique is 

particularly useful for window coating application of refractory 

compounds, and for certain materials it appears as the only 

means of thin film deposition because of disassociation of 

these compounds upon heating.  Also, it is believed that sputtered 

coatings provide a bond between the coating and the surface of 

the substrate which is better than the bond obtained by evapora- 

tion.  The greater strength of the bond is derived from the higher 
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velocity of sputterfed particles. 

Among other potential coating techniques, chemical vapor 

deposition shows sos© promise, and It is known that stable carbon 

films can be formed using pyrolytic deposition.  Plasma-torch 

coatings do not appear suitable for window coating because of 

the non-uniformity of the spray, and because of the particle 

size a coating of about .001 inches is necessary to obtain 

20 
coverage.    Such thick coatings, most likely, will have a too 

low surface resistivity to be of any use.  In any case, the size 

of deposited particles will probabTy reduce the arcing threshold 

of the window surface by creating points of locally high electric 

field between the individually protruding particles.  Most likely, 

there are other suitable techniques of creating thin films on the 

surface of a window, for example, by a chemical solution deposition 

followed by a drying or a firing process, by ion plating, or 

diffusion. 

Of all of these thin film deposition techniques, evaporation 

and sputtering were the most known and widely ufied.  The other 

techniques entailed many unknown factors and would have required 

extensive preliminary investigations.  For this reason, and 

because coatings of carbides and nitrides had to be studied in 
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this prcigraai, sputtering was finally chot^n as the fila deposition 

techniq-.ie to toe uggd In this program. 

4.3,2  Description of äputtering Equipment 

Tte   sputtering apparatus, aspecialjy designed for use with 

a six-Inch cathode, is shown in Figure 2.  The chamber itself 

consists of a 6-1/2 inch diameter pyrex cylinder mounted on the 

base plate of a pumping station, with & top plate consisting of 

a water-cooled cathode mount, anodic shield and an argon leA"'.. 

The anodic shield was used to prevent sputtering from the back 

of the catnode and the cathode lead.  This was accomplished by 

positioning the shield close to the cathode to prevent maintenance 

of e. glow discharge.  Both the cathode block and the anodic shield 

are removable to allow the installation of different size cathodes, 

The lower base plate, which mounts on the vacuum station, consists 

of a movable anode-substrate holder with a heater, thermocouple, 

crystal holders and various feedthrougha.  The vacuum station is 

a 1lquid-nitrogen-trapped, oil-diffusion pump system,  Twenty- 

fjeven Mc rf excitation of the discharge is permitted by an rf 

coli located outside the bell jar.  This prevents sputtering of 

coil material.  Figura 3 shows the overall view of the fj-uttering 

setup.  The rf equipment is to the right of the sputtering 

chamber.  All coatings sputtered in this program were done using 
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FIGURE 2    SPUTTERING APPARATUS 
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FIGURE 3   OVERALL VIEH OF THE 
SPUTTERING EQUIPMENT 
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the 27 ¥c rf source.  The use ■* rf is desirable when the gas 

density is not high enough to maintain an adequate discharge 

21 with dc current alone.    AlBor it was found that more unifora 

c>atxngs could he obtained using rf , 

ALout fcalf-way through the progrt« a »odlficatioi» of   Xhm 

sputtering equipneist oT Figure 3 was necessery.  This change in 

the equlpoent consisted in turning the sputtering chamber of 

Figure 2 upside down, and was necessitated by the fact that the 

carbide and nitride aateriale, in forms useial for cathodes 

from which windows coula be coated, were either unavailable or 

not available in reasonable puritier, and sputtering had to be 

I | 
done from powdfrs.*  Since the original sputtering '•hamber 

>•' 

(Figure   2.   was   built  with   the   cathode   suspande'*   fVora   ihe   top   of 
: •     ;; : 

tne pyrex cylinder f-d   the anode-substrate holder below., It wc 

necesi^^y   to up« «d the sputtering chamber.  Only a new exhaust 

tabulation and a new window-holding mechanism had to b« prowidei 

Fabrication of the powder-cathode was accomplished by 

suspending the powder of the material to be pputtered in 

* 
No pressed or sintered discs could he made by outside vendorb 
without a 2 - 3% nickel content or similar metal added as a 
binder.  Two different attempts of making solid cathodes from 
powder at Sherry have also failed.22 
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-me + haTöl, «nd coating a Fix-inch aluminua disc by Battling and 

evaporation.  Title caka wag than dried thoroughly and haatad in 

vacuus.  The cathodes, obtained in this faahion, did net break 

up in vacuum, but did require additional, time for outgeaslng. 

All carbide and nitride coatings on thla prograia were obtained 

fro» such cathodes. 

i-iH- 

4.3.3 Control of fleeealtion of flp^tterad Coatjl^ya 

Varv early In the program it waa de^termlned that control of 

the obvloua varlablaa cf the »puttaring prooeaa, like ds voltage 

and current, atmosphere, preaaure, tine, etc.t .vAJr^inet aeourate 

enough to provide goc4 regulation for coating deposition.  The 

resistance meaaurement technique was found lo be uureliable to 

control reproducibllity of coatinga and alcsat uaeleaa for 

monitoring of depoaita of non-metallic compounda, vhloh tend to 

produce very high realstance coatinga.  Problena aaeooiated 

with changes in the reaisMvity of coatinga are diaousved later. 

It waa, therefore, decided to uae a crystel oscillator thin file 

monitor for control oi the amount of material depoaited. 

The block diagram of '.be monitor Is shown in Figure 4. 

Oscillator 01   la oonnecteri to the crystal that la to be ezpoaed 

to the material being depoaited In the ayatem.  Oscillator 02 
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Is connected to an identical crystal which is shielded from 

the deposit, but exposed to the same thermal environment in the 

chamber as the sensor crystal.  In operation, the resonant 

frequency cf the crystal exposed to the deposition changes 

linearly wit i the mass of material deposited on it.  xhe amount 

of material deposited is monitored by observing the change in 

beet frequency between the two oscillators. 

Tha monitor was calibrated using a method described by 

23 Ha]].    The procedure was to mount four 4.5 megacycle crystals 

about 1 cm in diameter in a vacuum chamber.  Three of the crystals 

were exposed to gold evaporated from a pure gold wire wrapped around 

a heated tungsten wire three inches above the crystals.  The fourth 

crystal was shielded from the ^  d by a thin sheet of mica.  Before 

evaporating the gold, the beat frequency for each of the unshielded 

crystals with respect to the shielded crystal was read at three- 

minute intervals over a period of thirty minutes.  The beat 

frequency was found to vary less than ±2   cycles per second during 

this« period. 

After this period, gold was evaporated into the crystals 

until the observed changes ITS beat frequencies were large enough 

to ensure a mass change great enough for accurate wei^ning.  The 
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pressure in the chamber durli.g the evaporated period *as about 

5 x 10   torr.  After the evaporation was completed, the apparatus 

was allowed to cool until the beat frequencies had stabilized, 

which took about 10 to 15 minutes.  Final values of the three 

beat, frequencies were measured.  The apparatus was then let down 

to air and the crystals removed for weighing. 

The values obtained from tiie three crystals were sufficiently 

24 
alike,   so that reasonable accuracy was to be expected in cal- 

culating the amount of material deposited in a given sputtering 

or evaporation experiment.  It should be noted that frequency 

shift of a quartz crystal depends only on the mass deposited and 

not on the material deposited.  The area of the crystals exposed 

to the gold was 1.76 sqcm, and the surface density sensitivity 

was 18.0 ml crograius/squaro cra/kc. 

During sputtering of windows with high-resistivity materials, 

it was found that uniform results were obtained in using tJ:e thin 

film monitor if the system was pumped and the 27-raeg6cycle rf source 

was turned on without any applied dc voltage until the crystal count 

became stable and good vacuum was maintained.  This is terasd ^f 

clean-upr  It was observed that if no rf clean-up was performed, an 

error in the reading of the beat frequency was obtained.  The crystal 
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count in this case would first decrease then increase «s the 

coating was built up.  On the other band, it the rt was applied 

and the count allowed to decrease until a repeatable beat 

frequency was obtained before dc vcltage was applied, the digital 

counter immediately showed an Increase in count consistent with 

the expected rise from application of the coating.  The reading 

of the crystal was made when the glow discharge in the sputtering 

chamber was out.  This crystal oscillator thin fit monitor 

technique was used to control cocting deposits throughout the 

program. 

4,3.4  Sputtering Prpcedure 

The sputtering procedure used throughout the program was 

essentially the same.  The following description of a specific 

sputtering experiment is illustrative of the technique used. 

In this experiment, an atct..pt was made to correlate the crystal- 

oscillator monitor with surface resistivity measurements using 

titanium as the deposited metal .  In each test, a ceremic slide 

7 cms long and 2 cms wide was metalized and plated on both ends 

leaving a square in the center 2 cms on a side.  Crystal oscillator 

measurements were made simultaneously by mounting a crystal at t-ie 

same distance from the center of the anode as the resistance 

square.  The anode was a circular aluminuir. disc b inches in 
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diameter.  The cathode was a 6-inoh diameter disc of titanium. 

The measuring devices were both mounted 1 inch from the center 

of the anode in a plane 1.75 inches from the cathode and .25 

inches above the anode.  Skatches of Bputterlng setups used in 

this program are given in Appendix E.  The trapped system was 

-7 
pumped down to 2 to 4 x 10   torr, then flushed with dried argon 

and pumped back to the same pressure.  This process was repeated 

three times.  The argon pressure was then regulated and argon 

all owed to flow through for ten minutes before sputtering. 

Sputtering ruis were made at various argon pressures from 32 to 

50 microns and at dc voltages of 3 to 4.5 kv.  The sputtering 

runs were of 30-second and one-minute duration with resistance 

and beat frequency measurements performed after each period. 

In addition, runs under the same conditions were performed in 

which the equipment was operated continuously for the same total 

time a« accumMlated in the short duration runs.  Duplicate runs 

were made in a numbe- of cases.  Figure 5 shows a plof. of change 

in beat frequency of the thin film monitor in cycles per second 

versus sputtering time for three different values of argon pressure 

It can be seen that slight changes in argon pressure produced 

relatively large changes in the sputtering rate.  For this reason, 

the control of the amount of the material deposited by attempting 
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to operate at a given pressure, voltages and anode-to-cathode 

spacing for a given time appeared impractical. 

The technique for sputtering in argon and nitrogen atmos- 

pheres consisted essentially of determining the argon pressure 

and dc voltage must, suitable to provide a reasonable coating 

rate.  Test runs were first made on dummy ceramics using both 

the thin film monitor and the resistance slide monitor as 

measuring devices.  The coatings were applied at 3 kv dc voltage 

and using the 27 Mc rf power source.  Pressures during coating 

in argon were kent in the range of 33 - 45 microns while those 

in nitrogen (se^ last paragraph) were held at 86 - 90 microns. 

The spacing of the objects was as reported in the previous 

paragraph. 

After having first determined the approximate rate of 

deposition of a particular coating under given operating conditions, 

the coating was then applied to an actual window.  By keeping track 

of the elapsed time, the approxiratie amount of sputtered coaMng 

was thus known.  As the amount of the coating deposited hegan to 

approach its predetermined value, the sputtering process was 

stopped and the actual amount of   the material depoeltsd waa 

determined by measuring the shjft In the beat frequenci.  The 
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results of this measurement were then usec' to determine If the 

sputtering should be continued and for how long.  Often, several 

cnecks cf the heat frequency had to be performed during the 
-?  -_^- . nOai; 

same run indicating' a change In the sputtering rate between the 

i 1      i : '■ 

trial run and the actual run. 
! OOK 

In addition to experiments with sputtering titanium metal 

in an argon atmosphere, experiments have been conducted.on 

the sputtering of titanium In a nitrogen atmosphere (these ware 

the only two atmospheres investigated in this program).  The 

object of sputtering titanium in nitrogen was to achieve a' 

25 coating of titanium nitride.    The technique used here was 

identical to the one Just described for experiments in argon 

atmosphere.  The nitrogen was maintained at a pressure of 80 to 

8G microns.  The coating process was controlled using both the 

thin film monitor and the resistance slide monitor.  Figure 6 

shows the beat frequency of the thin film L.onltor versus sputtering 

time   for   two values of dc voltage.  It can be seen that an increase 

in the sputtering voltage of only 30 percent produced a five-fold 

Increase in the sputtering rate   Assuming a linear dependence 

between the sputtering rate and the applied voltage, a doubling 

of the sputtering rate can b« produced by an approximate 10 per- 

cent increase in the applied de voltage, indicating a rather 
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critical control r«qulr©a«nt for the dc voltage. 

4.3,5  Changes In the Surface Realetlvity of Coatlnga 

In the calibration experiment described in Section 4.3 4, 

the two leads of the resistance slide were connected to a General 

Radio Type S44-B megohm bridge, and changes in the resistance of 

the slide were measured.  It was observed in between sputtering 

periods, and at the end of each particular sputtering run, that 

the resistance of the tltaniui coating changed with time even 

though the argon atirosphere was maintained st about constant 

value.  During the same interval, the beat frequency change of the 

oscillator was very small, indicating that not the quantity of 

material, but its resistivity, were changing.  It is suspected 

that this resistance change was due to partial oxidation of the 

titanium coating by small amounts of oxygen Inevitably present in 

the system.  A similar observation was made previously by Elmac." 

The change in the resistivity of the coating made di 'jet com- 

parison between resistance and beat frequency measurements 

impractical.  Other changes in the resistanc of coatings are 

described in Section 4.3.6. 

In the experiments in which titanium was sputtered in a 

nitrogen atmosphere (in an attempt to cüsposit titanium nitride), 
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the resistivity of the coatings deposit d remained vary high 

although the thla filu monitor indicated thet fairly iiöavy filas 

were being dsposlted.  This was to be expected since titanium 

nitride is an insulator.  The fact that the coatings aad a 

finite, but high, resistivity is indicative of souid titanium 

metal in the coating.  Upon admission of air to the sputtering 

apparatus, the resistivity increased due to oxidation of the 

Tree motal.  The coatings obtained in these runs had the 

characteristic yellow color of titanium nitride.  (As reported 

in Section 4,3.?, the resultant films were largely titanium 

dioxide). 

In almost all sputtering experiments, both resistance slide 

and crystal oscillator measurements were made.*  Nearly always, 

the thin film monitor was found to be a more reliable and practical 

device for monitoring the amount of material deposited.  However, 

resistance measurements have been found useful and at times very 

impurtant, like in determining the uniformity of sputtered 

coatings.  This subject is discussed in Section 4.3.8 in greater 

*Crystal oscillators and the resistance slide were always 
positioned close to the anode-substrate.  For larger windows, 
the coating was usually deposited to two different thicknesses, 
so that each time there wat at least one-half of the 6-inch 
window that was blocked off from sputtering.  The control 
devices were then located in this area of the window. 
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detail . 

4.3.6 Ettscx   of Tube Proceaalng T^cUniuues on Window 
Coatings 

All window coatings must go through the bakeout process. 

The actual tespdraturs at which the wlrdow is baked In vacuusi 

is generally In the 400° - 600oC range, and the window coating 

must survive this bakeout without a serious loss of it3 mechanical 

and electrical properties.  The majority of coatings evaluated 

in this program were baked at about 400oC.  In almost all 

cases, the change in loaded (j of the test cavities before and 

after the bakeout was small and usually within the range of the 

error of the cold-test equipment. 

In one case a very significant change was observed in the 

resistivity of the coating.  In this instance, chromium metal 

was sputtered on a test ceramic slide to a surface resistivity 

of .7 megohms/square, as measured in argon atmosphere at the end 

of the sputtering cycle.  On exposure to air, the resistance rose 

to a /alue in excess of 30,000 megohais/square.  Upon neating in 

vacuum to 600 C, the resistance dropped very sharply to less than 

10,000 ohms/square.  On cooling to room temperature, but still 

in vacuum, the resistance rose to 50,000 ohms, and did not change 

much on admission to air.  The resistance of the chromium-ccated 

-47- 



eeraiaic slide aft«r wet hydrogen firing was found to be so higb 

that it could not be measured with the available equlpnert. 

At about the same time this test was being performed, an 

alumina window was coated with chromium for avai'vaticn in the 

multipactor test cevity.  After bakeout of the cavityr the 

resistance of the coating was so low that the cavity resonance 

had completely disappeared and testing was impossible. 

In many instances, however, it would be desirable to coat the 

window before brazing it into a window assembly.  Such a coating 

would then have to survive the brazing process, usually a hydrogen 

firing.  la order to study the effect of tube processing atmospheres 

and temperatures on window coatings, several ceramic slides were 

coated.  In all tests the slides were first fired at 1100OC in a 

wet hydrogen atmosphere to simulate brazing of a window into its 

frame.  It »as not possible to measure any of the properties of 

the coating» during the firing process, but the resistance was 

conveniently measured before and after.  Typically, the resistivity 

of slides increased several orders of magnitude as a result of 

this firing. 

The samples were then subjected to a 900oC firing in wet 

hydrogen to simulate brazing of the window and its frame to the 
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tu'je or to a waveguide run.  This firing increased resistance oi 

the slides euae sore, but this tiffl« only fcy a factor of 2 or 3. 

Finally, i.'. samples were mounted ir vacuum and the temperature 

gradually Increased to 600oC, held for a short period, and then 

allowed to return to   room temperature.  The object of this 

cycle was to simuJat«» vacuum bakeout of the tube. 

It was discovered that the resistance of the slides dropped 

from the very high values, observed at the end of the hydrogen 

firing cycle, after the samples were subjected to vacuum atmoe- 

pher .  As the temperature of the ^samples went up, the resistance 

continued to drop and reached a minimum value at the highest 

temperature.  As the slides were cooled, tb>   resistance rose 

again and reached a relatively high value at room temperature. 

Upon opening of the bell jar to air, the resistance cliabr-dl 

even more.  Figures 7, 8, 9, 10 and 11 give resistance changes 

versus temperature for five most important coating materials 

tested in this program. 

The results obtained with the titanium coating of Figure 7 

suggest that for titanium, normal tube assembly brazing operation! 

in wet hydrogen oxidize metallic titanium, but that the reaction 

is reversible.  The oxide, at least partially, reverts to metal 
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upon heating in vacuum i»nd the surface resistivity of the coi.'.'ng 

approaches the valu« it had at th<s   end ot" the spattering cycle 

An the argon atmosphere,  Tho coating then reo/tidizes wlxh the 

reduction in temperature. 

The results o'att-ined with other coatings are similar to 

those just described with titanium, except that resistance 

fluctuations were found to be much greater than experienced vitö 

titanium coatinij.  In all :;ases shown, the resistance of coatings 

at 60ücC in vacuum was much lower than the value of the resistance 

at the end of the sputtering cycle a« .^oasured In nrf;on . 

Oxidation-reduction reactions, similar to those observed with 

titanium films, appear to be taking plac9 here alJO. 

Section 4.5.1. J describes multipactor test, data obtained 

with a vdnadium carbide coated wind JV? lireri    '.n wet liydrogen at 

] ! Ü00C .  Since tiie results ohtuined wj,tii this coat in: .verc 

found  o be poor (Kxperiment #19, Table 1.1, p.  'i) , it was 

decided to see if a change from a wet to a dry atmosphere would 

produce any sifinif leant chan-jes in the behavior of the coating. 

H total or thirteen tests were performed with dry hydrogen 

fired vanadium carbide coated retis+ance slides ^nä   windows. 

Tiie dewpoint of the hydrogen furnace was. less than -40oF.  The 
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mass density of deposited coatings ranged between 1,9 and 4,3 

raicrograms/cm .  In all case?, the resistance of the coating 

wen+ down after dry hydrogen firing,*  The reduction in the 

resistance was «ither small Ctyplcally from about 20,000 megohms/ 

square to about !d,0C0 magohras/aquare) or very large (typiceily 

from about 20,000 megohns/square to about 3,000 ohms/square) 

An attempt to obtain a dry hydrogen fired vaiif'dium carbide 

coating of about 1-10 megohms/square resistivity was unsuccess- 

ful.  A total of four six-inch diameter windows were coated in 

this cittempt.  The two closest values achieved were a surface 

resistivity of about 2,500 ohms/square an^ a surface resistance 

of 6,000 megohms/square.  No doubt, chemical and physical 

properties O- very thin coatings (discussed in Section 4,2.2 and 

4,2.3) must be responsible for this behavior.  The window with 

the costing of 2,500 ohms/square completely eliminated the 

resonance response of the multipactor cavity, whereas the window 

ivith the 6,000 megohms/square coating was a poor multipactor 

suppresDor (Experiment #21, Table II, p, 95). 

A similar Investigation was performed with window coatings 

Note that wet hydrogen firing produced an increase in the 
surtace resistance of a coating sputtered from a vanadium 
carbide cathode (Figure 8). 
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sputtered from a vanadium carbide cathode and fired in a 900 C 

wet hydrogen atmosphere.  This firing was to simulate brazing of 

a window into its fraiüß using a low-temperature, silver-copper 

eutectlc.  The 90üoC wst hydrogen firing produced a reduction 

in the surface resistivity of coatings as did dry hydrogen firing 

at 1100oC.  Wet hydrogen firing of vanadium carbide coatings 

caused very large increases in surface resistiv ty.  From the 

five coatings investigated, the resistivity of the coating after 

900 C firing was at least one order of magnitude smaller than 

its value measured in air before firing.  The inconsistency in 

the resistance changes betw-en the 900oC and 1100oC wet hydrogen 

firing is unexplained.  The experimental data obtained with a 

vanadium carbide coated six-inch window fired at 900oC In a 

wet hydrogen atmosphere is given in Table II (Experiment #2C, 

p. 95).  No attempt was made to simulate brazing windows in a 

vacuum atmosphere.  Vacuum brazing of window assemblies is not 

a suitable assembly method, since evaporation of the brazing 

alloy onto the window surfaco is almost inevitable. 

4.3.7  Identification of Sputtered Coatings 

Coatings of sputtered titanium metal show a substantial 

increase in resistivity on exposure to air as   shown in Figure 7, 

and it has been generally assumed that these coatings oxidize.  A 
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2ß similar obaarvation was mad« at Eimae.    In this program, a 

sample of sputtered titanium on an alumina substrate was exposed 

to air for a period of about two weeks, but protected from duet 

and abresion.  It was then analyzed at the Sperry Rand Research 

Center, Sudbury, Massachusetts, using electron diffraction 

techniques. 

ri 

The results of this analysis indicated that the coating 

was either titanium monoxide, titanium nitride or titanium 

carbide.  All of these compounds have virtually the same lattice 

constant and cannot be distinguished from one another by electron 

diffraction.  There was no evidence cf titanium metal, or of 

titanium dioxide or titanium sesquloxide. 

The formation of titanium nitride a^d titanium carbide is 

extremely unlikely, since the coating was sputtered in an argon 

atmosphere, and it is very unlikely that these compounds would 

be formed subsequently by exposure to the atmosphere at ordinary 

temperatures.  Therefore, it has been concluded that the coating 

was titanium monoxide.  Since coated windows must almost 

inevitably be exposed to air after coating before mounting in 

a tuba, this work strongly suggests that sputtering with titanium 

monoxide will produce the same results as sputtering with titanium 

metal. 

■ - 
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The above results show that a sputtered titanium coating, 

upon sufficiently long exposure to air, transforms completely to 

titanium monoxide.  Figure 7 also shows that this transformation 

is at least partially reversible in vacuum at elevated temperatures 

A sputtered coating produced from a titanium cathode in a 

nitrogen atmosphere, as described in Section 4.3.4, was also 

sent to the Research Center for identification.  The coating wat 

exposed to air fcr at least a week before identification was 

attempted.  The electron diffraction technique identified the 

coating material as titanium dioxide   It is not clear why the 

dioxide was deposited rather than t.   nitride or the monoxide. 

As a result of this identifloat ion, it was decided that nitride 

coatings could best be made fay sputtering directly from nitride 

in an argon atmosphere.  It was also decided that carbide 

coatings would be deposited by sputtering the carbide in an 

inert (argon) atmosphere. 

It is possible that reactive sputtering (sputtering a metal 

in a chemically active atmosphere, in order to deposit a com- 

poundof that element) could have been successfully applied with 

further effort.  It is also possible that a combination of reactive 

and non-reactive sputtering might have been advantageous.  For 
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example, titanium nitride could have been sputtered in a nitrogen 

atmosphere.  This might result in depositing more nearly pure 

titanium nitride; at least some of the nitride disassociated by 

the sputtering process wight have recombined with the nitrogen 

atmosphere. 

No other electron diffraction tests of coatings wer«) made. 

The results of Figure 8 and 9 show that the resistance of 

sputtered carbide coatings Increases on exposure to air.  The fact 

that a simple exposure to air causes an increase in the resistance 

of the coating Indicates probable deposition of some metal 

together with the carbide.  The exact nature and composition of 

the as-deposited coatings is not known.  Some chemical spjt 

tests were made on coatings sputtered from vanadium carbide 

cathodes.  Partial solubility in sulfuric acid indicate that 

indeed some decomposition of the compound during the sputtering 

process must be taking place.  Resistance fluctuations due to 

hydrogen firing and bakeout (oxidation-reduction reactions), are 

also indicative of presence of metal in sputtered coatings of 

all carbides and even titanium nitride. 

4.3.8  Uniformity of Sputtered Coatings 

In the evaporation process, the amount of materiel deposited 
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on the surface is proportional to the inverse of the square of the 

distance between the evaporating source and the substrate surface. 

Therefore, as long as this spacing is large as compared to the 

diameter of the flat window, evaporated coatings exhibit good 

unif ornii ty, and the degree of uniformity is not affected, if, for 

example, the window to be coated is placed at the bottom of a 

metallic cylinder. 

In the sputtering process, coating uniformity is much 

more difficult to obtain.  It is very seriously affected by 

the anode-to-cathode spacing and the dimensions of ^he anode 

27 
and cathode.    Also, all the metallic objects placed in the 

space between the cathode and the anode affect the uniformity 

of the sputtered film.  For  his reason, the uniformity of 

sputtered coatings was extensively studied in this program. 

After most coatings have been at atmospheric pressure for 

some time, their resistance stabilizes, and it is usually 

possible to measure the uniformity of the coating by resistance 

measurements.  The surface resistance, in ohms per square, is 

conveniently measured by measuring the resistance between two 

probes maintained a short distance apart.  In Appendix F it 

is shown that the resistance so measured is directly proportional 
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to the surface resistivity.  The measure i re3i^tan\e is numoricaHy 

equal to the surface resistance for a particular ratio of probe 

diameter to spacing.  The surface resistivity in oh«s/#"4*iare can 

be measured fairly accurately as long as the separation between 

the probes is small compared to the dimensions of the coating, 

and smal] compared to the distance from the point of measurement 

to the edge of the coating. 

Making use of this technique, the variation in the surface 

resistivity of several six-inch diameter alumina windows sputtered 

from a six-inch cathode was measured.  The sputtering procedure 

in these tests was as described in Section 4.3.4.  It was found 

that some control over deposition of a coating could be achieved 

by the variation of the cathode-to-anode distance.  With a large 

anode-cathode spacing, the coating was heaviest at the center. 

As the anode-to-cathode distance was decreased, the applied 

film became more uniform until the dark space (in front of the 

cathode) was approached closely.  When, the dark region was 

penetrated, the pattern of tne sputtered film reversed and the 

film became a doughnut-shaped ring with the substrate nearly 

bare both at the edge and in the center. 

It was found that even the best coatings produced by this 

-■ 
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technique exhibited a resistance variation with radl',!SF and that 

the variation in the resistance of the film was greater when ths 

27 Mc rf source was net used.  With simplifying assumptions ("or 

example, neglecting space charge), the variation in the magnitude 

of the rf electric field was computed; the calculation \s 

shown in Appendix G.  It wa*» found that the rf electric field 

is directly proportional to frequency and the radius, being 

zero at the center of the disc.  Since the rf electric field 

contributes to the ionizetion of the gas, a relative improvement 

in the surface resistivity of the sputtered film with application 

of rf is understandable.  Since the rf electric field is also 

proportional to the rf current in the sputtering ooil, a measure 

of control o"er radial variation in deposition of naterial can 

be exercised. 

By the use of these techniques, plus partial shielding of 

the cathode, reasonably uniform coatings could bfe achieved. 

Figure 12 shows a typical plot of surface resistance of a six- 

inch alumina disc as a function of radius.  The resistance 

variation shown is about 3 to 1.  For this particular coating, 

the film is thicker at the center of the disc.  A sketch of the 

sputtering apparatus used to obtain this coating is shewn in 

Figure El of Appendix E, 
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Multipacior test results obtained with hydrogen fired 

vanadium carbide coated windows have shown that the firing 

process degrades the multipactor suppression properties of these 

coatings. TOT   this reason, it was decided to coat the windows 

for high-power tests in the TE ° -mode cavities after the windows 

had been brazed into position.  In this way, high temperature 

firing of the coated window could be avoided.  Both S-band and 

X-band windows were coated in t' s fashion.  The modified 

sputtering equipment used for coating of windows at S-band is 

shown in Figure E2 of Appendix S,  This sputtering procedure 

did not produce very uniform coatings.  In one window sputtered 

from a vanadium carbide cathode, the resistivity of the coating 

in the center of the window was measured to bo 100 megohms/square, 

increasing to about 2000 megohms/square at the window edges. 

Several other positions of the cathode with respect to the 

windows were tried, but the coating uniformity could not be 

improved.  An attempt at coating an S-band window subassembly 

of Figure E2 in the manner used for sputtering the X-band TE1Jl- 

mode window (Figure E3) produced even greater variations in the 

surface resistivity of the coating. 

A method which might improve the uniformity of coatings 

sputtered onto windows previously brazed into cylinders was 
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conceived but not tried.  This method involve« using an sluminuni 

wesh as the anode.  1>e mesh san be either in lri>nt of   the 

cylindrical sleeva, or positioned within the sleeve. this  would 

confine the glow discharge to tha cathode-mesh region,  Since 

the sputtered particles are Mostly uncharged, a large portion of 

them would pass throueh the mesh.  Aluminum was choR^n for the 

mesh material to avoid contamination,  If any aluminum weie 

sputtered or evaporated, it would almost certainly be oxidized 

to Al80jj. the material of the window.  It would be important 

to limit current to the mesh so that the amount of evaporation 

would be negligible. 

Coating of windows for high-power X-bftnd tests was performed 

using the sputtering setup shown in Fir ire E3.  Again, the 

uniformity of coatings was not exceptionally good, but the resulting 

variation in the surface resistivity of coated X-band windows was 

better than of those at S-band.  Typically, variation in the 

resistivity of X-band coatings was 4 to 1. 

4.4  HIGa-POWfiR TE$T SQ/IPMSNT 

4.4,1  Description of tiultiaactor Test Cavities 

An important feature of the high-power multipactor evaluation 

part of this program was a method by which multipactor could be 
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studied without seal-ar^a arcinj?.  This was accomplished oy 

means of specially designed, demountable multipactor test 

cavities.  A c-oss-sectional view of the test cavity used for 

evaluation of coatings at X-band Is shown in Figurs 13.  The 

S-Land version had a similar cross-section.  Design drawings 

for the S-band cavity are given in Appendix H.  The internal 

dimensions of the X-band cavity can be scilo: from   these 

drawings . 

Figure 13 shows that in the multipactor test structure, 

the dielectric to be tested is pieced near one end of the cavity. 

The dle'ectric constants of all of the Materials of interest 

(alumina, beryllia,, sapphire, etc.) are so high that a relatively 

short length of dielectric is equivalent to a fairly long distance 

in vacuum.  The electric field strength in the cavity is zero 

at either enc, and is maximum at the surface of the dielectric 

which faces the viewing hole.  The position of the viewing hole 

is the area of almost zero circ imferential electric wall current. 

The back side of the dielectric window is exposed to an electric 

field of only one-fifth of its maximum value on the ot^sr side 

of the disc, so that no costings on this side of the window are 

required . 

1 » 

E ■' 
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The dielectric sample Is simply clamped in place.  The 

plate behind the dielectric can be distorted by ihm   tuning ecrev 

tn  tune the cavity.  The clamp ring behind that plate forms the 

vacuum closure and compreeoes a copper gasket.  It ia   quite easy 

to replace the ditilectrlc sample.  The glass viewing window 

closes the vacuür» at the viewing port, and a conventional wave- 

guide window makes up the vacuum wall in the waveguide. 

The cavity is resonant in the TE^-mode, so that the electric 
'   ! ■ r       ■-      :'-   I 

field lines In the cavity are concentric circles.  There is sero 

fle!d on the axis and zero field on the cylindrical wall of the 

cavity.  Hence, there is no s^ ctrlc field normal to any metal 

surface, an<j no seal-edge  rcing can ever take place in such a 

cavity. Ho  »ei^-dielectric seals are requl- --d so that the 

cavity la entirely deraountabie.  ^he rfegtbh of tM* fcaxlmu» 

electric field is on a circumference roughly »läway between the 

axis and the cavity wall. 

The electric field distribution Inside the cavity Is 

determined by the m »de,  Measurements of the cavity can give 

the loaded Q and the external Q.  With these quantities all 

known, the maximum electric field tangential to the window can 

be calculated as a function of the power dissipated In the cavity. 
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which also can w   measured.  The pertinent mathematical 

expressions for the maximum electric field in the cavity, the 

input power and the cavity Q have been derived previously and 

are summarized in Appendix I.  Using these expressions, the field 

strength at ~hich multipactor starts can thus be determined. 

Figure 14 shows a disassembled S-band cavity. Two of these 

cavities were used for evaluation of coatings at S-band. Figure 

15 ähows a disassembled X-band multipactor test cavity. 

4.4.2  Multipactor Test Procedure 

The multipactor test procedure began with clamping of a 

coated or an uncoated window into one of the multipactor test 

cavities.  After the cavity was made vacuum tight, the loaded 

Q and thi,   resonant frequency of the cavity were measured and 

recorded.  After the bakeout, normally performed at about 400 C, 

the measurement of Q and frequency were repeated and compared to 

corresponding values before the bakeout.  Usually, these measure- 

ments were found to be within the experimental error of the cold- 

test equipment.  The multipactor test cavity with the attached 

vacuum station was then connected to the high-power test 

facility.  The block diagram of the experimental test setup 

used for evaluation of coatings at X- and S-band is shown in 

Figure 16. 
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FIGURE   14     PHOTOGRAPH  OF   A   DISASSEMBLED   8-BAMD 
KJLTIPACTOR   TEST CAVITY. 

-71- 



FIGURE   15      DISASSEMBLED   X-BAND   MULTI 
FACTOR   TEST  STRUCTURE 
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The diagram of Figure 16 is self-explanatory»  The high- 

power driver tube used at S-bahd was an SAS-159 klystron with 

a nominal power output of 21 MW peak and 20 kw average.  It is a 

fixed frequency tube (2856 Mc) and has only a small bandwidth, 

but variation of the input frequency over .±6 He was possible with 

a moderate reduction of the output power.  The klystron was 

usually operated at fixed frequency and the multipactor test 

cavity tuned as required.  The pulse length of the moducator 

was fixed at 2.5 usec. 

The Incident power to the cavity was measured using a 

calibrated cross-guide coupler.  The cold-test calibration 

of the coupler (50.46 db> was checked by a precision water loai 

at 2856 Mcv.  The returned power was measured by a coupler- 

attenuator combination.  The reeding of the reflected power 

meter was adjusted against the incident meter using the attenuator 

and a sh-«rt in the line. 

During experimental evaluation of windows, it wan observed 

that the best value of hot VSWR at resonance veven in the absence 

of multipactor) was always higher than its cold-test value 

obtained before or after the test.  For example, in a TE.o - 

mode cavity test at X~band, a cold-test VSWR a*, resonance was 
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measured to be 1.5 to 1.  During the high-power run, the measured 

VSWR i.. the input line was always 1.9 to 1.  In this teat, 

described in Section 4.5,4.2, no multipaotor was observed in 

the cavity during the whole experiment.  Similar observations 

were made at S-band, where in one particular test with a TE ® - 

mode cavity no uultipactor discharge was observed (Section 4.5.5). 

In this experiment, the hot VSWR at resonance was found to be 

always £.1 to 1 against its cold test value of 1.2 to 1. 

The reason for the discrepancy in the two values of VSWR is 

due to the difference in the frequency spectrum between the 

high-power and cold-test rf sources.  In the cold-test setup, 

a chopped CW signal is used to measure VSWR at resonance. 

Essentially all of the incident energy is at one frequency.  In 

tho high-power setups, on the other hand, an appreciable amount 

of incident rf energy can be of a slightly different frequency 

than the resonant frequency of the test cavity.  The band spread 

is produced by the phase modulation in the high-power klystron. 

In such a case, a part of the incident rf energy is reflected 

by the relatively narrow bandwidth of the test cavity, producing 

an incorrect value of VSWR at resonance.  An investigation of the 

rf output pulses of S- and X-band stations has shown that the 

frequency spread of the S-band station was greater than that of 
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the X-band station.  This fact explains the larger difference 

between the two values of V8WR moasurod at S-band. 

In all the data given in this report, the value of VS»R 

calculated from directional coupler readings was used to obtain 

the maxlmusn electric field in the two test cavities CEq, 110, 

Appendix I and £q. K8, Appendix K).  Since the value of  E 
aax 

in the cavity is inversely proportional to one plus the value of 

VSWR at resonance (for an undercoupled cavity), the true value 

'>t Emax would have been higher than calculated.  For example, 

if in the d-band test Just described, the hot VSWH was not 2.1 

to 1 but closer to 1.2 to 1 (i.e.. its cold-test value), then 

the maximum value of the electric field would have been about 

1 . 5 times higher. 

The difference in the two different values of VSWR was 

observed very early in the program, and a specially-designed, 

high-power slotted line was incorporated in the S-band input 

lin<9.  The VSWR readings obtained from the slotted line weie 

found to be sma. .r than the values obtained by using directional 

28 
couplers,   but not accurate enough to make calibration possible. 

The slotted line was later .-amoved from the circuit in order to 

pressurize the waveguide. 
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The x-lj«ad »oace« was a» SAX-191 kix»troo^ laieÄ Sas af ? 

noainal power output of 1.25 MW peak and 6 kw average.  It has 

a wide electronic bandwidth and was used with a 5 y^aec  pulse 

length.  Frequency adjustments on the X-band multipactor cavity 

were made again by flexing the back wall ot the cavity.  Tha 

test equipment was very similar to that described for the S-band 

setup. 

Multipactor was detected by viewing the ceramic window lit -- 

the cavity through the viowing port.  A multipactor discharge 

produces a glow on the surface of the dielectric, which is due 

to fluorescence under electron bombardment, and «an be easily 

detected.  Unfortunately, the initiation point at which the gl^w 

is first visible may differ between readings depending on the 

degree of dark adaptation of the eye.  In dach test of a coating, 

the power to the cavity was raised in email steps nf 1/2 to 2 db, 

depending on the incident power.  At higher levels of power, the 

step» were finer than at lower levels.  The increase in power 

was occasionally interrupted to check the coating for conditioning. 

All visual cbservations and meter readings made during the run 

were recorded.  A failure of the window normally terminated the 

experiment. 
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Proeedura 

■ 

The rault.ipaetor test cavities described In Section 4.4.1 

were particularly suitable for evaluating the properties of a 

coating surface for multipactor and arcing without the added 

problem of arcs originating on the metal walls and at metal-to- 

ceramic seal areas.  However,, since one purpose of the program 

- 
was to evaluate the seal-area-arc problem, it was desirable to 

test windows in a geometry and node which was a good simulation 

of acturl operation as part of the vacuum enclosure of a high- 

power tube. 

At the outset of the program, it was Intended to test X- 

band windows in resonant cavities operating in the appropriate 

waveguide modes (TE^ in circular guide; TE10 In rectangular 

guide) with the dielectric positioned so that one face was at 

the plane of maximum electric field.  These windows were to be 

brazed in place, and the cavities evacuated. 

At ti-Band it was Intended to use a ring resonator so as 

to iubjwct the window to a simple traveling wave.  In this case 

two winoow sections,very auch   like window sections for high-power 

tubes, are brazed together.  The space between them is evacuated. 

Such assemblies are walled ',winrlowtronsM and are essentially 

-78- 

i 



r«flectlonlaa« at th« frequency of tntereat.  The windowtiron im « 

Inserted in the resonant ring,   which is usually pressurised, i 

At the outset of the program, design work on the S-baad 

ring was initiated. In view of the required high-po*er hapüling 

capability of the primary directional coupler, a rfather «ietailed 

theoretical analysis of directional couplers was per ormed.  A 

new technique which involves the staggering of binomial arrayi» 

29 
has been developed for this purpose.    It was found that a nine- 

hole directional coupler consisting of seven staggered three- 

hole binomial couplers would give the desire-) coupling coefficient 

and directivity. 

In order to check the theoretical values of the coupling 

30 
coefficient equation,   four two-hole and one six-hole couplers 

were designer and built.  The experimental data obtained with 

these couplers, i.e., measured values of the couplinr coefficient 

and the required spacing of holes for maximum directivity, has 

31 been previously reported.-    The design of the rest of the ring, 

including the monitor coupler and the H-plane bends with 

viewing holes, was straightforward. 

The design of the windowtron followed a procedure deveiopeci 

3° 
at Sperry.    It consisted of two identical transverse dielectric 
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elösaents, spacad apart by some specif lad dlstaic« sad nountad 

noraa] to tha axl  of f   uniform, round vavagulda.  T»*j identical, 

nagatlva-susciptanca obstacles (rectangular-to-circular waveguide 

transitions) were counted at equal distances at either side of 

- 
tb* die i'. ■'• trie elaments.  The structure was symnetric with 

räspüct to its midplane. 

The most important elec + ric property of this windowtron we 

that the voltage reflection coefficient and its first derivative 

ware zero at the design frequency.  The "maximum flatness" 

rasponse was a desirable feature and gave a reasoncble working 

bandwidth.  Ihe experimental data for the final design of the 

windowtron was taken using a procedure developed by E", E. Churchill 

33 for this particular application. 

Alter the ring resonator design had been com&letad, we 

Lecame aware of an S-band ring rated at loo megawatts peak %nd 

j megavatt average which was government property and located 

at Lincoln Laboratories.  Arrangements w  4 made to deliver 

this ring to Sperry for use in this pirgram. 

When the ring was assembled, many leaks at tha flanges, 

at monitor couriers, at bolted-on sections, etc., were found. 

Quite a bit of work went into making the ring pressure tight. 

^ I 
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Many solder Joints In the monitor couplers %sre broken, and It 

was necessary to repair these joints and recalibrate each 

coupler. 

The ring was first operated with pressurized air, and it 

arced at about IS MW peak circulating power.  The ring was then 

pressurized to 25 lbs. gauge with Freon C 318.  This p<ss is 

reputed to be substantially better in breakdown strangth than 

sulfur hexafluoride.    Once again arcing occurred, this tiae at 

about 19 MW,  Since the ring was so massive in construction 

that it was impossible to determine where the arcs were by 

listening, the ring was allowed to arc for sons time in order tc 

leave visible tracks. 

It was found that arcing was occurring at the face of each 

moving short, across small dielectric spacers mounted at the 

four corners.*  This was suspected since the power-handling 

ability of the ring did not improve much when a better gas, Freon, 

was used.  At this point, it was concluded that further work on the 

ring was undesirable, and it was decided to test windows in cavities 

at S-barsd as well as at X-band. 

The ring incorporated a pair of short slot hybrid Junctions back 
to back wtaich could be mov&d individually or together.  They wers 
used to change the length of the ring and to introduce a reflection 
of arbitrary amplitude and phase. 
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* cross-sectl o?": 1 view of the demountable TE * -mod© X-band 

cav? vy Is shown In Figure 17.  Design drawings for the S-band 

test cavity are given in Appendix J.  Electrically, the X-band 

cavity is essentially a scaled-down version of the S-band cavity, 

but being small in size (test window dimensions:  diameter - 1.250 

Inches; thi^/cness - .050 inches), it has nc frequency tuning 

provision.  In both cavity designs, the test window is brazed 

into its frame, and the metal-dielectric seal must be vacuum 

tight.  The frame is bolted to the viewing section of the test 

cavity using a vacuum-tight crunch seal.  An annealed copper 

gasket provides the vacuum seal and assures good electrical 

conductivity between the window frame and the cavity wall with 

the viewing hole.  The other side of the window frame is pressed 

against the cavity wall containing the input wavegui.e.  Again, 

a soft copper gasket provides a good electricel path between 

the two parts.  The viewing hole in both cavity designs is 

composed of many small apertures, manufactured by the spark- rosion 

process, filling an area 1-3/16 inches in diameter.  This means 

that in the X-band design, the viewing hole is aluost as large 

as the test window, so that photographs of the whole window could 

be taken. 

The internal design of the cavities was essentially the 
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sane as thai used for the multlpactor ^est cavities.  The dielectric 

window is again placed near one end of the cavity, and the maxiiEua 

electric field is on the surface of the dielectric which faces 

the viewing hole.  The back side of the dielectric is exposed 

to a 1 owe " field and no coating is required because of pressuriza- 

tion of this section of the cavity with sulfur hexafluoride. 

The electric field distribution in tie cavity is determined 

by the TE ^-mode.  Measurements of loaded Q, the cavity coupling 

coefficient  g , and the power dissipated in the cavity provides 

information on the maximum electric field in tne cavity.  The 

pertinent mathematical expressions, as in the case of multlpactor 

cavities, have been derived previously and are summarized in 

Appendix K,  Figure 18 shows a photograph of the disassembled 

S~band, high-power test cavity.  The Z-band version is shown in 

Figure 10. 

The procedure used for testing windows in the TE o -mode 

cavities was essentially identical with the one used for multl- 

pactor tests.  The test equipment used was also identical. 

i 

* 
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FIGURE 18  DISASSEMBLED HIGH-POWER, 
8-BAND TEST CAVITY 
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FIGURE 19  X-BÄND, HIGH-POWER TEST CAVITY 
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4.6  EXPERIMENTAL RSSULTS 

/      4.5.1  Multipactor Teat Data Obtained at S-Band 

4.5.1 .1  Results Obtained wltli Uneoated Windows - fable I 

gives a summary of all tbe tests performed at S-band with uneoated 

windows.  In the first two experiments, a ground alumina window 

was tested for multipactoi.  In both cases multipactor increassd 

with input pouer.  The multipactor glow in the cavity was 

roughly proportional to the electric field of th« "E^-mode, 

with the maximum glow occurrtr^ at the point of maximum electric 

field - about half-way between the center of the disc and the 

cavity wall.  The color of the observed glow was blue. 

It 
■ *_ 

In the first experiment, outgassing of the cavity was 

quite strong (because of inadequate bakaout).  As the pressure 

rose, the color of the glow changed to light purple, ^nd the glow 

extended over the whole volume of the cavity.  This was, of 

course, an rf glow discharge.  In all other experiments (except 

Experiment #1, Table II, p. 91), no auch outgaseing was 

observed. 

In the second experiment, arcing at the window surface 

was observed at 56 kv/cm, corresponding to an equivalent 
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transmitted power of 112 HW* and the experiment was terminatad. 

The cbrnge in VSWU with the input power for this experimcn* is 

shown in Figure Al of Appendix A,  Appendix I gives « relatlon- 

ship between the naxiaunt electric field and the input power 

as a function of tho multlpactor cavity parameters.  In this 

appendix, a numerical calculation of the maximum electric field 

reached during this test is given as a sample calculation. 

When the cavity wa» disassembled after the experiment, It 

was observed that the ceramic had become yellowed due to X-ray 

bombardment.  The yellowing across the surface of the cerealc 

and in depth of penetration waa proportional to the observed 

multipactor glow intensity, which In turn was a function of the 

mode pattern of the TE^-mode. 

In the next three experiments, lapped, uncoated AL-995 

alumina windows were evaluated for multipactor.  The purpose of 

The equivalent transmitted power mentioned in discussion of 
these and other S-band multipactor test cavity experiments 
(and in Tables I and ZI) corresponds to the peak power that 
would be transmitted in the TE'  -mode through a circular window 
of 3.80 Inches in diameter (tne diagonal of WR-340 waveguide, 
a logical choice for high power at S-band) If the maximum 
electric field at the surface of that window were eq\ial to the 
electric field reached at the surface of the dielectric in the 
multipactor test cavity.  Appendix L gives details on the 
calculation of the equivalent power. 
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Heso *xperim«at8 «as to dsternine whether or not e lapped surfaee 

had a greater resistance to arcing than a ground surface.  The 

general behavior of the lapped window was the same as that Oi 

a ground window,  Aroing near ti?a input iris prevented the 

establishment of the arcing tnreshold of a lapped window.  X- 

ray damage to the ceramic was clearly visible on the lapped 

surfaces. 

In the last experiment, a lapped quartz surface was studied 

for multipactor.  Severe detuning and :oading of the cavity was 

observed.  The glow was pale blue.  At the electric field of 

76 kv/cm, an X-ray intensity of 250 mr/hour was measured near the 

viewing hole, but the windo* showed no damage or discoloration. 

4.5.1.2  Pesul ts Obtained with Coated Windows - "'able- II 

gives a summary of multipaotor results obtained at S-band »ith 

coated windows.  In the first three experiments, coatincB were 

sputtered from a titanium metal catnode to various resistivities.* 

Note that in Experiment »3   alone four different resistivities 

were used.  The suppression of multipactor in these tests was 

not complete,, although some improvement in the initiation level 

All the resistivity values given In this Section are as 
measured in the argon atmosphere at the completion of sputtering 
unless specifically stated to the contrary. 
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of the .„ultipactor diScharge has been obtained.; At low^ lev.l. 

of electric field, the intensity of multipactor glow v** 

proportional  o the electric field fitrength of the TE^-«ode. 

At higher levels of rf püWer. the intensity of the glöw at the 

point of maximum electric fiold began to diminish and continued 

to do so until at the hlgheßt levels of rf there was no glow at 

the point of Emax   .  The ceramic window was still glowing at 

lower values of electric field (at both sides of the area of 

maximum field) forming two concentric rings.*  In the third 

experiment a sustained surface arc cracked the ceramic.  Figur- 

20 shows the cracked alumina window.  Damage from the sustained 

arc can be seen. 

urn In the next two experiments, coatings of sputtered vanadii 

were evaluated for the suppression of multipactor.  No multipactor 

"Very often, even with a secondary emission reducing coating, the 
secondary emission ratio is greater than one over some small 
range of primary electron energy.  In this case, a weak multi- 
pactor discharge can take place at the window surface.  Neverthe- 
less, the reduction of the overall magnitude of the secondary 
emission ratio of such a window surface LB   usually very 
significant.  This fact, together with the reduction in the 
energy range of primary electrons for which the secondary 
emission ratio exceeds unity, results in a reduction in the 
total amount of powei dissipated at the window.  From this 
point of view, a window coating which permits a multipactor 
discharge does not necessarily represent a failure.  It is a 
question of degree. 
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FIGURE 20  ABC DAMAGE TO TH5 TITANIUM-COATED 
ALUMINA WINDOW DUEINO THE EIOH- 
POWSR TEST 

-97- 



was obsarvad until arcing bagan.  First arcing on botb »ia«owB 

was obsarved at about 53 MW.  Tha arc» appaarad to aova around 

on tha surfaca of the window (dancing arcs).  After u  little 

while the arcing activity would subside and very light »ultipactoy 

glow would then be seen at the window coating danaged by arcing. 

These series of events would occur each time the input power 

level was increased.  Figure 21 shows arc dawmge to the coating 

after high-power tests in Experiment #4   The heavier of the two 

coatings appears to have suffered greater damage. 

In the next two experiments, coatings sputtered fro» a 

chromium cathode In argon were used.  T»ie results of Experiment #6 

with chromium coating were described in Section 4.3.6; the results 

of Experiment #7 are summarized in Table 11. 

Coatings of tantalum and carbon completely suppressed 

multlpactor all tha way up to the point of arcing.  Figure 22 

shows arc damage to the tantalum mated window, whereas Figure 23 

shows flamage to the carbon coated window.  It can bo seen that 

In the vicinity of the arc the carbon coating has been thoroughly 

removed.  A pyrolytically deposited carbon coating (rathtr than 

sputtered) which may have a better bonding characteristic has 

not been tried. 
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FIGUSE 21  ABC DAMAOS TO THS VAMADXVH« 
COATBD ALUMINA VXNOOV 
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PIGUSE 23  ABC DAMAGE TO SPUTTERED CABBOR COATING 
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In the next three experiments-, three different metals, 

titanium, vanadium and tantalum, were sputtered in a nitrogen 

atmosphere.  The results given in Table II are self-explanatory. 

In the next experiment, titanium nitride In powder form was used 

to obtain a window coating.  7wo different coating densities were 

used on £«o halves of the ceramic window.  Again, the results 

summarised in Table II under Experiment #13 require no added 

comment. 

In the next two experiment?, tantalum and titanium carbide 

coatings were studied for suppression of multlpactor.  The 

results obtained with titanium carbide looked good.  Conditioning 

of the coating, attempted during this test, increased multipactor 

threshold of the titanium carbide coating from 18 to 34 kv/c». 

In Experiment #16, a vanadium carbide coating was evaluated 

for the suppression of multipactor.  The overall behavior of this 

coating looked somewhat better than that of the titanium carbide 

coating, in spite of the fact that the vanadium carbide coating 

in the end broke down at a lower power level.  Sines flashing 

and finally arcing occurred near the input iris of the cavity 

loaded with the vanadium carbide coated window, it was expected 

that ultimately a higher-power level on the ceramic surface cruld 
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be obtained.  Two more experiments with vanadium carbide coatings 

were then performed.  The results of these tests are summarized 

J..I Table II, 

4.5.1.3  Results Obtained with Vanadium Carb;de Coated 

Wiwdo^ s Fired in Hydrogen - The last three experiments performed 

at S-band with coated windows were used to study the effects of 

window brazing techniques an multipact or suppression properties 

of vanadium carbide coatings.  In Experiment #19, a vanadium 

carbide coating was fired In a wet hydrogen atmosphere at 

1100 C.  This firing of the window was to simulate brazing of the 

window into its frame.  The results of this test, summarized in 

Table II, were  somewhat disappointing.  The multipactcr 

suppression of the fired coating was noticeably poor. 

One interesting observation was made in this tert.  At a 

power level of 85 MW (49 kv/cm), when the Intensity of the discharge 

began to diminish, it was noticed that the color of the character- 

istic multipactor glow would change from blue to slightly reddish 

in appearance.  Th^ shape of the glow of either color was 

always proportional to the electric field intensify of the TE  - 

medo.  The reddish glow «as not a gas discha  e such as observed 

previously during the early multipactor experiments in tnls 
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progran (Section 4.3.1.1). Th€ gas presflure vns lO*6 torr. A 

fact which argues agalu \ the gac discharga was the reversible 

nature of the glow - that Is, the change of color from blue to 

reddish and then back from reddish to blue in a rather rapid 

succession. A*- the po*er to the cavity w^s increased, t>e color 

changes of tne glow continued untn an arc near the input irt« 

terminated the experiment. 

In Experiment #20, a vanadium carbide coating was fired at 

900oC in a wet hydrogen atmosphere.  This firing of the window 

was to  simulate a iow-temperature, silver-copper eutectlö braze 

of the window into Its assembly.  The evaluation of this window 

showed that the behaviu- of the fired window was very much 

like, although not as good as, that of an ideatically coated but 

an uifired window.  The behavior of the 900CC fired w**»dow was 

noticeably '. „tter than that of an identically coated window, but 

tired in 1100 C, al<-i in wet hydrogen.  A comparison between the 

two cases can be made from the summary of results of Tabie II. 

In the i'inal teat, a vanadium carbide coating was fired In 

a dry hydrogen atmosphere at 1100oC.  The »uitipactor supnreasion 

property of this window was somewhere between the two previously 

discussed cases (Experiments #19 and #20 of Table II).  The 
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resistivity of the coating after 1100oC dry hydrogen firing was 

12,000 negohEs (see Section ■U.S.6 for detdils). 
i C 

4,3.2  Multloactor Test Data Qbtalned at X-ßand 

Table III   gives a summary of all multipactor results obtained 

at X~band.  Four uncoated lielectric materials were evaluated. 

The genera] behavior of these experiments was the same as the one 

described for uncoated windows at S-bai.d.  In all cases, the 

inteneity of the multipactor glow was proportional to the aagnltude 

of the eloctric field of th* TE^-mode.  The color of the multl- 

pactor glow was blue - except for quartz where the color was light 

blue, and for sapphire where the color was purple, but acquired 

some blue coloring at higher levels of rf power. 

The maximuir value of the electric field, as in the case of 

S-band tests, was determined using expressions derived in Appendix 

I.  The equivalent transmitted power is calculated from .he electric 

field as it was done at S-band.  In this case the power is computed 

for a TEj^-aode window 1.226 inches in diameter, which is the 

diagonal of WR-112 waveguide.  Appendix L gives the details, 

Experiment »3   and »4   utilized materials not tested at S-band, 

i.e., sapphire and boron nitride.  The results with sapphire were 

not unexpected, since sapphire is a monocrystal1ine fora of 
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alumina.  Th»r« was some   reason to believe that boron nitride 

might hot support »ultipactor; otber nitride« supprees multi- 

pactor, and boron carbide is a moderately effective suppressor of 

electron emission.  Boron nitride has other desirable properties; 

it can be machined, its loss tangeat is low and its tharmal 

conductivity Is high.  One potential difficulty in using it for 

windows is that there is no established procedure for uetalizing 

It.  However, a high temperature glass which wets boron nitride 

had been developed at Sperry Electronic Tube Division, and it is 

likely that this glass could be used for sealing. 

The boron nitride sample tested was of the "hot-pressed" 

rather than pyrolytic variety, and as such was more contaminated 

with impurities, especially unreacted boric acid and water vnpor. 

There is no reason to suppose that the results obtained in this 

test would be characteristic of the pyrolytic form. 

Subsequent to this test, a representative of the Carbon 

Products Division, Union Carbide Corporation, informed us that 

in testr conducted at Stanford University, pyrolytic boron nitride 

35 
apparently suppressed multipactor.    Union Carbide Corporation 

also has developed a technique for metalizing this material. 

Experiment »5  was performed with a vanadium carbide coated 
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*indow.  The multlpaotor supprsssion property of this coating 

at X-band was similar to th« behavior of an identical coating 

at S-bandr  Figure 24 shows a photograph of this window. 

Evidence of arcing to both sides of the input iris can be seen. 

At S-band, whenever arcing occurred, it v/as always at the iris; 

that is, between the two arc stains of Figure 24.  A sumaary of 

results obtained in this experiment is given in Table III. 

4.5.3  FhYsical and Chemical Changes in Windoua Due to 
Multloae^r 

4.5.3.1  Conditioning of Window Coatings to Multipaetor - 

Very early in th» program, some conditioning of window coatings 

to multipaetor was observed.  Conditioning has been defined as 

an Increase in the threshold level of multipaetor odserved after 

multipaetor has persisted for some period of time.  This was 

found to be true of nearly all the coatings investigated for 

multipaetor conditioning.  A similar observation was made at 

Eimac, ■»•here it was observed that after a period of operation 

of the window with multipaetor glow, the threshold power at which 

the multipaetor glow begins would increase sometimes by a factor 

of 2 or 3.36 

In most experiments perforised in this program, no concentrated 

effort on the study of th«^ effect of conditioning of window coatings 
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to multlpastcr was nada.  In general, the observed conditioning 

waa nnall.  In isolated cases, no conditioning could be observed 

at all.  For example, the vanadlura carbide coated window fired in 

wet hydrogen at 1100oC (Experiment #19, Table II) showed no sign 

of conditioning. 

Tho procedure used for studying conditioning is character- 

istically dsscribed in the following experiment.  In Expeneent #18, 

Table II, conditioning of vanadius carbide coating was investigated. 

Hultipactor was firot observed at 9.6 kv/cm.  After operation of 

the window at the maximum electric field of 24.2 kv/cm for a few 

minutes (at which tine oose reduction in the multipactor activity 

could te observed) the multipactor tareshold w^s found to have 

increased to IS.4 kv/cm.  This amounts to a 60 percent increase 

in the magnitude of the initial electric field.  After further 

operaticn of the window at a maximum electric field of 46.2 kv/cm 

(at this power level multipactor glow had completely disappeared 

from the points of maximum electric field), the multipactor 

threshold was found to be 20.5 kv/cm,  This corresponds approx- 

imately to a 1." percent increase in the electric field with 

respect to its initial value (or a four-fold increase in the 

level of power). 
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Conditioning wb« again tried by operation of the window at^ __g 

approximately 133 MW of equivalent trcnsmitted po*»r co?reipo^ding3 

to a maximum electric field of 61 kv/cm for a period of a few 

minute«.  After this run, the multipactor glow was first obtierved, 

at an electric field of 23.7 kv/cm; this represents only a 15 

percent increase in the electric field over its previous value. 

Conditioning of the coating vas tried for the last time after 

operation of the window surface at an electric field of 79 kv/cm. 

This time the multipactor threshold was found to be at 22.4 kv/cn. 

The results of this study show that m^jor improvement in 

the multipactor threshold appears to be taking place during the 

early stages of multipactor activity.  For example, it can be 

seen that no significant conditioning of the vanadium carbide 

coating could be observed after operation of the window at 

46.2 kv/cm electric field l3vel .  It is interesting to note that 

the value of the electric field at which multipactor glow was 

first observed in Experiment #16, Table II, was 23 kv/cm, or 

approximately the same threshold field finally reached in 

Experiment #16. 

Only in one case a complete conditioning of the window 

coating to multipactor was observed.  The results of this experiment 
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ara described in Sections 4.5.4.1 and 4.Ö.5 in greater detail^1 

In this test, the coating was sputtered vanadium carbide, and 

conditioning was observed after about one hour of operation of 

the window at a 48.1 kv/cm electric field level.  As pointed out 

earlier, the time interval used to study conditioning in all 

other experiments res never greater than a few minutes, and it 

is possible that better conditioning results could have been 

obtained if coatings were exposed to multipactor discharge for 

longer periods of time. 

There Is no conclusive evidence as to what happens physically 

during conditioning.  During mu't'.pact or f the window la   certainly 

bombarded with electrons, and probably with ions.  These conditions 

might lead to cleaning the surface, to chemical changes in the 

coating (though there is no evidence tor   this) and in the case of 

a non-uniform coating, to a redistribution of the coating material, 

4.5.3.2  Analysis ^f Gases Evolve^ During Maltioactor - A 

multipactor discharge on the ceramic surface, coated or uncoated, 

produces an increase in the gas pressure in the test cavity.  The 

rise ir   preesure is probably due to outgassing of the window 

surface under the influence of electron jombardment.37  The 

gas spectrum resembles that of typical outgassing of surfaces of 
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electron   tubas  when   subjectad   to  electron   bombardsaent. 38 

The analysis of gases evolved during aultipactor was aade 

: : i i 
on severs} coated and uncoated windows In this program.  The 

equipment consisted of a General Electric Mass Spectrometer Tube 

attached to an S-band multlpactor test cavity.  In one experi-  ^. •■ 

me.it, an uncoated AL-995 alumina window was investigated.  The 

„ o 
pressure in the test cavity after bakeout was in the 10 torr 

range.  The pump system connected to the multlpactor test cavity 

was an SL/sec ion pump.  Also connected to the system was a 

nitrogen sorbtion pump. 

The gas spectrum prior to applying rf .ower to the cavity 

was composed mainly of hydrogen and carbon monoxide along with 

minor peaks indicative of methane fragments.  As the power was 

applied, the system pressure rose to 3 x 10   torr.  With the 

onset of multlpactor glow, the partial pressure of hydrogen 

increased by a factor of three while the partial pressure of 

carbon monoxide increased by a factor of seven.  The partial 

pressures of the mass ranges twelve through sixteen (CH ) increased 

roughly proportionally to overall s. .stem pressure. 

The system pressure and the partial pressures of the main 

constituents Increased with each rlsf in Incident power and thet: 
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slowly rto-urned to th« previous level or a value eliightly abi&Ve, 

depending on the recovery time allowed.  The evolution of hydrogen 

during inultlpactor at the higher incident power was more pronounced 

than that of the carbon monoxide up to about 750 kw.  Fron this. 

power level up to ihe point at which window arcing occurred, the 

two partial pressures were about equal. 

Figure 25 shows the partial pressures of hydrogen and carbon 

monoxide as a function cf incident power.  Figure 26 shows two 

typical spectra; one at about 100 kw input with a multipaotor 

discharge at the window, and the other at the point of window 

arcing (5.6 MW). 

All of the above tests were performed with the len pump 

on.  The spectra all display a series of peaks from mass 12 to 

mass 16.  This has been identified as methane.  Since no mass 

32 peak was observed, no oxygen is present, and consequently the 

mass 16 peak cannot be attributed to 0+ or 0_++ ion species.  The 

mass 12 peak 1» higher than one would expect from methane alone. 

This is no doubt due to C+ both from the mei-haiis cracking pattern 

(relative abundance 2%) and the carbon monoxide cracking pattern 

(relative abundance 8%). 

A series of experimental runa with the ion pump on and off 
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Yellowing of the ceramic of microwave windows due to electron 

40 
bombardment has been reported previously.    Nevertheless, an 

show that th« sethane fraction is du« to  s*thanö jormslion by the 

"turned off" len puap.  During th«8e run» all othe» peaks increased 

by only a factor of 1.8 to 2.  The methane spaotruii increased by 

at least one order of aagnltudo.  This pheno&enon has been reported 

30 
in the literature by severa] investigators.    Consequently, the 

methane spectrum is attributed to th« ion pump systom, and nnt to 

the multipactor discharge.  Similar observations were made with 

coated windows.  At no time was there any evidence of disassociation 

of coating or substrate material. 

4.5.2.3  X-Ray Darage to Ceramic Windows - After completion 

of an experiaent with an uncoated alumina window (Experiment #2, 

Table I, p..88), a light tan to yellow discoloration on the surface 

of the ceramic was observed.  This discoloration displayed a 

toroidal shape typical of the TE0
0 -mode.  Figure 27 shows the 

l 
multipactor side of the window.  Slight radial changes in shading 

I 

of the surface due to discoloration can be observed.  The position 

of the crack at the point of mcxlmux electric field can also be 

seen.  TUB crack was relatively shallow, as were several others 

obtained in this program. 
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FIGUBE 27  UNCOATED ALUMINA W"!«DOW AFTER MULTI- 
PACTOH TE3T.  THE CEACK FROM ARCINO IS 
ON THE RIGHT. 

FIGURE 28  POLISHED EDGE OF bäCTION OF CERAMIC 
WINDOW.  THIS EDGE WAS NOT EXPOSED 
TO MULTIPACTOR.  MAGNIFICATION 250X, 
NO ETCH. « , 
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effort was aaa* topoBitively idsntify diacRloratlon»  Standard 

acid solubility test» were perforiaed.  The diseol r}ik*at ion was not 

affec^ac" by nitrict sulfuri^, hydrochloric and hydrofluoric aeids, 

and various mixtures of these, including aqua regia.  Erelssion 

spectrographq oZ   stained and unstained areas were identical.  It 

was clear that the discoloration was not a coating but a change 

ox color of tho ceramic itself.  These discolorat1 ens have been 

observed with various ceramic materials when subjected to Beta or 

41 
Gamma radiation and to electron bombardment.    Firing in aiir or 

wet or dry hydrogen removed the yellow color.  This is also 

characteristic of X-ray discoloration. 

It ij generally believed that electrons stripped Trom atoms 

become trapped at dislocations (or other defects) and form color 

centers.  These color centers are regions of altered optical 

c-dsDrption characteristics that are distinguished by discoloration 

of the material. 

The radiation intensity during Experiment #2   (Table I, p. 88, 

was monitored,and at an electric field of 36.6 kv/cm a radiation 

level of 2.5 mr/hour was aeas -ed.  After this point, the üiulti- 

pactor cavity was lead shielded and no further measurements were 

made.  No doubt the radiation went up with increased power, and 
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the hardness of the released X-rays certainly increased. 

Since the aiaxlHum electric field intensity reached during 

this test was   56 kv/oH, ti>a saxisua energy ol   tie incident 

electron can be computed using Eq. 1.  V    for this case was 
is a x 

42 
about 33,000 electron volts.  It can be shown   that X-rays 

produced by 33 kev electrons will penetrate to the depth of tne 

tan-to-yel } ow discoloration cbserved on the cross-sectional cut 

of the ceramic, which was about .030 inches a  the deepest pol.it. 

In view of the sevarity of X-ray damage, the investigation 

of the condition of the ceramic surface was continued.  The 

ceramic was sectioned and observations of the cross-section showed 

the following.: 

A.  Piscoloration was deepest at the point of maximum 

electric field.  The color centers were visible only as dots at 

1200X magnification.  Only one or two were visible in the field 

at this magnification at each focua level below the surface. 

Looking at many fields gave the impression that those near the 

surface, at lejst, appeared to be in the glassy phase between 

the alumina crystallites. 

B.  Figure 28 shows a polished cross-section of the potted 
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ceramic surface untouuhad by «ul tipactov.  Figur«« 2C«i end 29b 

show the cross-sections ot   the eeraaie suriacc exposed to multi- 

pactor (which produced yellor-tan discoloration).  All figures arc 

at 250S masrifieation.  Figure 29a is the appearance of ceramic 

edge before and Figure 29b after annealing in air.  Samples 

annealed in dry or wet hydrogen produced similar structures. 

C. The centers could not be seen in polished cross-sections. 

However, the edges of thuse cross-sections showed surprising 

weakness as opposed to edges of cross-sections not exposed to 

multipact or.  Polished in the same way, potted together in the 

same specimen mount, the edge of the area broke down much faster 

and more deeply than did unexposed areas (Figure 28 versus Figure 

29a). Attempts to hole1 the edge for examination by coating, facing 

with other ceramic samples in the specimen mount, etc., were 

unsuccessful.  It would appear that the glassy phase was so 

severely weakened that it could not bold the crystallites in place 

during polishing. 

D. A ceramic section that had been annealed and consequently 

returned to a white color (Figure 29b) showed the same sort of 

edge breakdown under polishing as occurred or the ur.arnealed 

exposed section (Figure 29a). 
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/IGLSF   39b AS-POL1SESD   KÜGL   Of   SECTION   »HERE   YELLOV 
coLosiNG srrEcr HAD BBEK AMHSALSD BACK TO 
UNirOlM  IBITENSEfi.      E0OS   EZBIBIT8   TBE   SAKE 
IBREGULAB   SESASDOWK   AS   OCCUBEBD   8B70BS   EPEQIUSti 
WAS   AMMSA180.      KAGMIPICATION   2S0Z.HO   ETCB. 
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FIGURE 29a AS-POLISHED EDGE OF SECTION WHERE YELLOF 
COLORING EFFECT OCCURRED.  ALL ATTEMPTS TO 
REDUCE THIS EDGE BREAKDOWN UNDER POLISHING 
FAILED.  MAGNIFICATION 250X, NO STCH. 

FIGURE 20b A8~POLISHED EDGE OF SECTION WHERE YELLOW 
COLORING EFFECT HAD BEEN ANNEALED BACK TO 
UNIFORM WHITENERS.  EDGE EXHIBITS THE SAME 
IRREGULAR BREAKDOWN AS OCCURRED BEFORE SPECIMEN 
WAS ANNEALED.  MAGNIFICATION 290X,;NO ETCH.. 
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Fro» this and from   soae sxparlments with A Viekst-E Indentst- 

on t Kentron nlcroharcineeE teLtsr, it appeared that th« glasay 

phase of the ciramic was damaged jnore severely by nultlpactor than 

mere production of color centers would Indicate.  With a 5 kg load 

on the indenter, the surface of the unexposed part of the ceramic 

broke some distance from the periKoter of the indentation in 

jagged crystalline irregularities.  With the same indenter load, 

the yellowed surface powdered and did not yisibly crack far beyond 

thg indentation perimeter.  Since the surfaces could no; b«? 

polished for this experiment, details of the differant iiapressiont 

could not be brought to single f > is for a picture but could be 

seen by changing focus depth while observing.  These effects 

lead to the conclusion that the glassy phase and perhaps the 

crystallites are severely m:: cro-cracked by the X-rays produced by 

mulMpactor, and that the degree of cracking is proportional to the 

yellowing observed which in turn is proportional to the amount of 

multipactor effect induced on a particular area of the window. 

The degree of weakening of the ceramic surface strongly 

suggests that window assemblies should be replaced on any device 

that is to be rewsrked, especially after long operation of the 

device, particularly if there is any evidence of discoloration 

since it is likely that the resistance of the ceramic to arcing 
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is greately r^ducftd cj   the pnase transformation. 

4.5.3.4  Kat«rial Transfer Djift t^ MuXtipactor - The Sioac 

sxpsriiaents with half-coated windc/e and witb windawß coated in 

the form of dots strongly suggests that some material transfer 

along the surface of the window can tako place during a multl- 

pactor discharge.  The mecha^isa-' for transfer could be sputtering 

by the ions that are inevitably present in i.   cloud of enerpeiic 

electrons. 

No direct evidence for material transfer was obtained in 

this program.  In the S-band TE,^ -mode experiment described iu 

Sections 4.5.4.1 and 4,5.5, the conditioning observea oould have 

been partly due to transfer of the venai' urn carbide coating. 

Upon disassembly of this cavity, the surface resistivity of the 

coating was checked, and it was found to he essentially the same 

as before the experiment.  however, the resistances measured both 

before and aft.ar the experiment were very high, and possibly a poor 

guide to the density of material. 

The areas which displayed vigorous multipactor at the end of 

the experiment were visibly clean of any coating when the cavity 

was disassembled.  Multipactor did not cause tne initiation of 

coating removal in these areas, but the size of the areas of glow 
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was   cbfiervsd   to   gro#  while  aultipactor  continued.     As  tor 3,km 

Initiaticß   of   the  mul 11 pactor,   It   is   likely   thtvt   a   guyisu»«  atro 

occurred  which   initially   caused   removal   of   the   coating   from   the 

areas   which   subsequently  mul t ipactored ,   but   tills   is   sfrecni ati r»n . 

i 

4.5.4     High-power   Test  Data  Obtained   at   S-  and   X-Bands 

4.5.4.1     S-Ban-j   Tests   -   Table   IV   summarizes   tte   results   of 

all   high-power   (TE^-raoda)   tes'.s,   both   S-band   and   X-band.      The 

equivalent   transmitted   r<*ak   powers   quoted   in   the  'fdtle   and   in 

the   text   are   the   powers   thrU   would   have   bsen   transmitted   by   a 

window   of   the   size   used   with   an   electric   field   equal    to   the   flel^ 

calculated   to  exist   at   the   surface   of   the   dielectric. 

In   the   first   experiment,   an   unooated   AD-94   alumina   window 

was   evaluated   for  multipactor   in   a   TEjj.-mode   cavity.     First 

multipactor   glow  was   noticed   at  an   eloct'.ic   field   of   4.7   kv/cra. 

This   value   is   slightly   higher   thaa   normally   observed   "n   the   S- 

band   multipactor   cavity.      The   glow   was   blue   in   the   center,   but 

slightly   yellow   at   points   of   lower   slectrin   field.      The   yellow 

tinge   in   the   glow   may   be   due   to  a   different   '.yps   of   ceranic   oody 

used   in   this   teat   -   AD-94.      In   all   previous   aultipactor   teilte,   o 

purer   ceramic   body   (AL-995)   wa^   used.      Figure   30   Is   a   photograph 

of   multipactor   glow   on   the   middle   section   of   the   3.14-lnch 
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FIGURE   30     PHOTOGSAi'H  OF   MULTIPACTOH   GLOW 
IN THE S-BAND, TE^-MODE CAVITY 
THROUGH THE ELOXED VIEWING HOLE. 
2.8X   ACTUAL   SIZE. 
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diameter window through a l~3/16-inch diameter viewing port. 

At an electric field of 39.7 kv/cm, flashing arcs, in the 

general vicinity of maximum electric field, were observed.  With 

the power held at a constant level, arcing would normally subside, 

showing some kind o1* conditioning of the window surface.  This 

series of events would occur each time the input power level 

was increased^ and at each new power level the location of the 

a c would move to a different spot.  Figure 31 shows a photograph 

of one of these arcs.  Notice the poorly-defined boundary of the 

glow discharge near the ends of the arc, a characteristic of non- 

damaging surface arcs.  At an electric field of 56.3 kv/cm, a 

persistent arc was formed along a crack in the Ceramic.  The 

arc was too long to be photographed through the viewing port, but 

was confined entirely to the surface uf the ceramic.  No arc 

across the metal-dielectrlc seal could be seen, and the subsequent 

examination of the ceramic surface showed no damage to this area 

of the window. 

In the second S-band experiment, a ground AD~94 alumina 

window sputtered with vanadium carbide was studied for julti- 

pactor.  As a result o' the study performed with hydrogen-fired 

coatings (Sec ti on . 4 , 3 , G ) , the sputtering -»f tliis window was done 
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FIGUHE 31 PHOTOGRAPH OF A NÜN-DAMAGING 8UPFACE 
ARC IN THE S~BAND TEST. 2.8X ACTUAL 
SIZE. 
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in the modified sputtering setup shown in Figure E2 of Appendix £. 

A varying surface resistivity (as measured in air after sputtering) 

was obtained.  The surface resistivity a'i Ahe center of the window 

was about 100 megohms/square increasing to about 2000 at the window 

■ ■ 

edgfcs. 

The first multipactor glow was observed at an electric 

field of 11 kv/cm.  At an electric field intensity of 33.6 kv/cm 

(40 5 MW), a few flashing arcs were observed in the genera] 

vicinity of E
max.  After a little while, arcing disappeared, 

and power could be raised again.  After about an hour of op0^atio•, 

at 48,1 kv/cm (83 MW), the window surface was coupletely dark.  A 

subsequent search for multipactor at lower levels of rf power 

produced no multipactor discbarge.  This window was later operated 

for several hours at various peak and average power levels.  These 

experiments and results are fully described in Section 4.5.5. 

4.5.4.2  X-Band Tests - An uncoated AD-94 alumina window was 

evaluated for multipactor at X-band in a TE ° -mode cavity (Experi- 

ment #3 of Table IV).  The first multipactor glow was observed at 

8.6 kv/cm, or at about the same electric field level as in the 

multipactor cavity.  At a slightly higher field, an arc near the 

metal-dielectric seal was formed.  An examination of the window 
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assembly showed that a very small amount of Gevac,* which had been 

used to stop a I'sak developed during the bakeout of the cavity, had 

been sucked into the vacuum sid'' of the test cavity.  It produced 

a small dielectric discontinuity at the seal edge.  Since the leak 

was at the point of maximum electric field, arcing occurred at a 

relatively low power.  As the power to the cavity was Increased, 

the seal-edge arcing spread out over the bottom section of the 

window, but did rot subside.  Figure 32 shows a photograph of this 

window assembly.  Penetration of Gevac into the vacuum side of 

the cavity and evidence of arcing can be seeu.  The arrow drawn 

on the window shows tne direction of electric field during the 

test . 

The experiment with an uncoated AD-94 window was repeated 

(Experiment #4,   Table IV).  First multipactor was observed at an 

electric field of 7.2 kv/cm.  Figure 33a shows multipector c'ow at 

16.4 kv'cm and Figure ö 3b shows it at an electric field level of 

33.5 kv/cm.  The intensity of the   glow is roughly proportional to 

the magnitude of the electric field of TE0 -mode. 

At an electric field of 44.6 kv/^m (7.7 MW), a persistent 

arc was finally formed near the metal-dielectric seal, and the I 

General Electric Trade Name 
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FIGURE 32  SEAL-EDGE ARC DAMAGE IN TE^^MODE 
X-BAND CAVITY.  ARROW SHOWS DIRECTION 
OF ELECTRIC FIELD. 

■132- 



i 

33a 

33b 

FIGURE 33 MULTIPACTOR 
MODE CAVITY 
FIELD OF 10 
2.3X ACTUAL 

DISCHARGE IN X-BAND, TE^- 
a) GLOW AT AN ELECTRIC 

KV/CM.  b) GLOW AT 34 KV/CM. 
SIZE. 
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experiment was terminated.  During this experiment, tha VSWR in 

the output line increased due to nultipactor loading from 1.9 at 

the point of multipactor Initiation to 8.7 shortly before arcing 

occurred.  VSWR during window arcl ig at tiaaes wap as high as 18 

to 1 . 

One vanadium carbide coated window was studied for multi- 

pactur behavior at X-band in the TS^j-mooe cavity (Experiment. #5, 

Table IV).  The sputtering procedure used to obtain a coating is 

shown in Figure E3 of Appendix E.  Although the metallic shoulder 

of the X-band fixture was relatively short compared to the window 

diameter, the resultiip- coat'ng was not very uniform.  Its resis- 

tivity varied from 250 megohms/square at the center to about 1,100 

megohms/square on the outer edges of the window.  A crystal monitor 

next to the window showed a mass deposit of 5.7 micrcgrams/cra^. 

No multipactor could be observed w.'th this window until an 

electric field level of 58.7 kv/cm (13 MW) was reached.  At this 

point an arc across the mstal-dielectric seal was formed.  The 

arcing at the seal i^ turn produced a multipactor discharge as 

sho^n in Figure 33b, although not as bright.  When the arc 

extinguished itself, aultipaetür g3ow disappeared.  This series 

jf events repreated itself a number of times, and in each case, 
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when arcing stopped, the multipactor discharge Wüuld eubsidfs.  A 

sustained arc  was finally formed and experiment was terminated. 

The VSWR at resonance In the input line remained constant through 

the whole experiment.  Its value (1.9 to 1) was slightly higher 

than the wold-test value of 1.5 to 1.  This is a rather small 

discrepancy, normally observed during the high-power test of all 

windows in X~ and S-band cavities, and is probably due t« imper- 

fections in the energy spe ^.rum of the rf pulse.  The examination 

of the window showed evidence of arcing near »he seal.  The brazing 

fillet near the point of arcing measured .0046 inches, a rather 

large value as compared to a 1.250-inch diameter of the window. 

4 5.5  Extended Tests in the S-Band. TE^-Mode Cavity 

In the last exper.' lent performed in this program, the 

vanadium-carbide coated, TE   -mode, S-band window, described in 

Section 4.5.4.1, was subjected to rf power over extended periods 

of time.  As reported in Section 4.5.4,1, after a period of 

conditioning, the window displayed no multipactor at power levels 

as high as 83 MW.  This window was then tested for a total of 

15-1/2 hours at 80 MW pwak and 20 kilowatts average, with no 

evidence of deterioration.  At this point, the duty cycle was 

doubled, and the window operated for 10-1/2 hours at 40 kilowatts 

average power and 80 MW peak.  Again, thsre was no evidence of any 
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deterioration during this period. 

In the next run, the repetition rate of the mod''.lator was 

reduced to 100, and the value of the maximum electric field in 

the cavity increased to 57.7 kv/cm (119 MW).  Numerous surface 

arcs were obcerved in the process of Jacreaslng t-e input power. 

However, none of these arcs were serious enough to damage the 

wincow or the coating.  lha station was left to run at an 

electric field of 57 kv/cm (116 MW) for a total of seven hours. 

The equivalent, average transmitted power at this level was 

29 kw.  It was observed that intermittent surface arcing at this 

poiver level persisted and that after st,ven hours of operation one 

arc in 10 to .'-■, minutes could be obs rved. 

As the next stop, the maximum electric field in the cavity 

was reduced to 54 kv/cm (105 MW), and the average power to 26 kw 

(.00023 duty).  No arcing or multipactor could be observed at 

this level of operation of the window.  After one hour, the 

repetition rate of tht modulator was increased from 100 to 200. 

The window was now subjected to a maximum electric field of 54 kv/cm 

and a peak equivalent transmitted power of 105 MW corresponding to 

52 kw of average power at .0005 i2uty.  After one and one-half hours 

of operation at this level, a fairly large frequency detuning was 
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i 
observed.  Inspection of the window nurfac© showed a glow of a 

peculiar-looking shape right at the point of maxifflum electric 

field.  The glow consisted of two 3/32-inch diameter spots 

separa -<d in the plane of the electric field by a distance of about 

3/8 inch.  The two glowing spots wtre connected by a gloving rod, 

and the whole picture ressrabled a duasbbell.  As the input power to 

the cavity was sustained, the size of the spots kept increa^ihg, 

showing a deterioration of the coating;,  Tho color of the glow was 

a characteristic blue of an uncoated alumina window during multl- 

pactor.  It is possible that a surface arc might have damaged the 

coating and initiated a wultiyactor discharge. 

The station was shut off and the cavity retuned.  When rf 

power was^ again applied, the first glow was observed at an electric 

field of 4.5 kv/cm, a value corresponding to an uncoated alumina 

window.  The glow had the same shape as observed previously. 

Figure 34 shows a photograph of the {:1 ow on the dark background 

of the alumina window throu 'h the eloxtd viewing hole.  It could 

be seen that the size of the spots by that time had increased to 

about 3/8 inch.  At ♦his relatively low electric field level 

(4.5 kv/cm), corresjonding to 700 kw of peak transmitted power 

(equivalent average transmitted power was only 175 watts), the 

pressure in the cavity wai 10   torr.  On the other hand, at 
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FIGURE 34  MULTIPACTOB GLOW ON DAMAGED COAVING 
HESULTING FROM OPERATION OF THE 
WINDOW AT 1Ü6 MW PEAK AND 82 KW 
AVERAGE POWER.  1.9X ACTUAL SIZE. 
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52 kw of equivalent average transmitted power (but in absence of 

—8 the glow) the cavity prtssure was always less than 2 x 10   torr 

A photograph of the test window' i» shown in Figure 35.  T*-« 

carnage to coating 5j«n b« readily Mmmtt.  ^Th« pattern of the damage 

corresponds to the shape of the observed glow anown in Figure 34. 

Except for the removal of the coating, no other damage to the 

surface of the window could be seen.  A check of surface resistivity 

of the window coating detected no change in the surface resistance 

- 
from its value ireasuret. before the test. 

i 

4 . 6  EVAlL'AViON g| METAL 12IMP TBCHNIQUBS 

As part of this window-stuiy program a search for better 

windoAf assembly techniques wa^ conducted early in this program. 

Special attention was given to new mstalizing techniques that 

would produce a minimum penetration into the ceramic body and a 

mlniroun thickness of wetalizing.  The developed technique was to 

b-j compatible with the use of a minimum fillet consistent witli 

a vacuum-tight Joint and minimum disruption of th*» properties of 

the ceramic in the immediate vicinity of the seal   The active 

surface of the ceramic was to be made completely free from 

metalizing overlaps. 
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FIGUaE 36  COATING DAMAGED BY OPEHATIOK OF THE 
WINDOW AT 10S MW PEAK AND 52 KW AVERAGE 
POWER.  WINDOW DIAMETER IS 3.14 INCHES. 
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A series of metalizing experiments were performed.  The 

objr «, of these tents was to evaluate several metallzlng techniques 

on different alumina bodies.  Criteria for evaluation were thickness 

of metallzlng layer, width of the seal area, tensile strength of 

the seal (which Is a measure of quality of the seal), and the depth 

of penetration of the metallzlng constituents.  The thickness of 

43 the metallzed layers was obtained by direct measurement method; 

seal tensile strength was obtained by using the standard ASTM test 

specimen.  Penetration of metallzlng constituents was obtained by 

optical methods using micrographic techniques. 

The five metallzlng techniques Investigated were: 

A. Conventional Mn-Mn (80:20) metallzlng at 
14750C. 

- ■ 

B. Mo03-MnOa metallzlng at 1475
0C. 

C. Mo03-MnOa metallzlng at 1100
oC. 

D. Solution metallzlng at 14750C. 

E. Solution metallzlng at 110G0C. 

Preparations of the above metallzlng paints and their application 

techniques are given in Appendix M. 

A total of thirty-five test assemblies were built and one 

test assembly, representing each of the five metallzlng gisups, 
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was selected for metallographic inspection.  Figure 36 is a 

plctoriaJ representation of a cross-sectioned seal.  Using this 

as a guide, one can better Interpret the photomicrographs of the 

seals in Figure 37.  Only metalizlng technique A shows a slight 

penetration of the metal constituents into the ceramic body.  In 

all others, penetration is not visible.  Metalizing thickness in 

Figures 37C, D and E must be in the order of <0,0001 inch. 

Metalizing thickness of the convertional Mo-Mn (Figure 37A) is 

approximately 0.001 inch while that of MoOa-Mnü„ (Figure 37B) 

fired at 14750C is 0.0002 inch.  The specimens (Figures 36B to 

36E) coated with nickel oxide resulted in wide variations of nickel 

thickness.  A metalizing thickness of 0.0002 inch would permit one 

to be able to nickel-plate since the deterioration due to activation 

bath prior to plating would not be sufficient to create bare spots 

on the metalized ceramic.  The average tensile strength obtained 

in technique B was about 40 percent higher than those obtained 

using other techniques in this experiment (Appendix M gives data 

on the five metalizing experiments).* 

Metalizing technique B (Mo03-MnO  fired at 1475
0C) appeared 

to be the most promising technique for fabrication of window 

All of this metal-ceramic seal work drew very heavily upon work 
done by Sperry for the U. S. Army Electronics Command.44 
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(A) <B) (C) 

(D) (E) 

FIGURE 37 PHOTOMICROGRAPHS SHOWING CROSS-SECTIONS OF 
99,5% ALUMINA SAMPLES USING FIVE DIFFERENT 
METAL I ZING TECHNIQUES, A TO E. 
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assemblies.  With a thin and uniform nicke} plating and a minimum 

of metalizing thickness, vacuum-tight window assemblies uf high- 

tens ile strength appeared to be possible.  This technique was 

utilized in this program for fabrication of hifch-pover, ^.JJ- 

mode window assemblies.  The windows were usually contained in 

a kovar sleeve during the brazing operation by four turns of 0.020 

inch molybdenum wire around the kovar shall«  The 0,001 inch copper 

plate served as the solder material.  Figure 38 «hows a typical 

X-band window assembly.  Microscopic examination «t 10X revealed a 

uniform braze fillet <.00I inch, 
*5 ; 

- ,. 
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FIGURE   3d      TYPICAL   WINOOV   ASSEMBLY 
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SECTION V 

CONCLUSIONS 

All dielectric materials suitable for high-power wlndcwe 

tested in this program are subject to multipactor,  (Pyrolytic 

35 boron nitride has been reported to suppress multipactor,  ) 

The multipactor phenomenon is a common occurrence at higher 

power levels at nearly all frequenciesv  Since the energy 

of incident, electrons is inversely proportional to the square 

of the frequency, the   electric field at which multipactor starts 

is higher for higher operating frequencies. 

When a dielectric window is subjected to a multipactor 

discharge, the amount of rf power dissipated at the window as 

heat can be significant.  In this program, a three-to-four-fold 

Increase in the test cavity dissipation due to multipactor has 

been measured.  Other investigators have seen a ten-fold increase 

g 
in the dissipated power in the cavity.   From the point of view 

of efficient operation of the tube and the window power handling 

capability, the multipactor discharge at the window must be 

eliminated, or at least reduced to tolerable levels.  Coating of 
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Windows with various materials produces the desired reduction in 

the intensity of the glow, and at times a complete elimination of 

the single-surface multipactor was observed.  The use of grooved 

surfaces on quartz has also been successful in multipactor 

12 
ei iminati on, 

The question of which is the best dielectric material for 

microwave windows cannot be answered in a simple way.  The choice 

of the dielectric material Is primarily determined by the mode of 

operation of the window (high peak power or high average power), 

and the operating frequency of the tube, which determines the size 

of the window.  Although grooved quartz has shown multipactor 

suppression, it is basioally a poor dielectric material.  Its 

thermal conductivity is low (less than 1/10 that of alumina), 

which renders it unsuitable even for moderately high average 

power applications.  Its extremely low coefficient of expansion 

makes it difficult to seal.  Sapphire is a reasonably good window 

material.  It has a lower loss tangent and higher flexural 

strength than alumina, but is quite expensive, particularly at 

low frequencies where large size windows ore required. 

At the present time, alumina and beryllia appear to be the 

optimun. window materials.  Beryllia with its very high thermal 
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conductivity appears to be uniquely advantageous for high avtrage 

power use, although it is expensive and toxic.  The toxieity of 

beryllia makes simple tube processing operations like sandblasting 

extremely difficult.  High-grade alumina windows should be used 

at all power levels where the theraal conductivity of alumina is 

adequate. 

The use of an Isotropie boron nitrjde (of the pyrolytic type) 

for microwave window applications looks very promxsing because of 

its high thermal conductivity and low lo^ri tangent.  The problem 

of metalizing boron nitride windows appears to have been solved 

The use of compression seals without any metalizing is another 

alternative ol   making vacuun-*i;ht window assorablies, 

35 

The question of the best window design is also a function of 

the mode of operation of the window.  From discussion of Section 

4,1.3, it is clear that window designs which have cross-sections 

elongated in the axial direction (for example, all canted v/indows) 

are not su.'table for high-power applications.  In transverse 

windows, the tangential electric field of the dominant mode is 

always parallel to the surface of the window, so that they are 

not subject to a doubl e-surf ac<- multipactor discharge.  Of course, 

the uniformity of the dominant mode near th? dielectric surface is 
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guaranteed only if oil trantiltlnna or irises are sufficiently 

far away from the window.  The spacing of the vectangulsr-to- 

circular wa.egulde transitl^r-. should be about one-half wavelength 

away from the window.  In Appendix B, a new design procedure for 

such a window geometry is given.  In window designs with transi- 

tions too close to the window (for example, in a pill-box window) 

a certain amount of normal component of electric field on the 

window surface is inevitable. 

For high peak power applications, the use of a round window 

is more desirable.  With this type of window, the maximum electric 

field intensity at the window, in general, is smaller thar at a 

rectungular window with comparative diagonal dimensions.  Also, 

the maximum field intensity in a round window occurs at its 

center so that the metal-dielectric seal (a potential window 

arcing area) Js subjected to a relatively lower field intensity. 

The enormous advantag  of sealing a round window over a >ec" 

tangular window is   obvious. 

In high average power applic  ions, it is desiraole to have 

all areas ot   '.he  window close to the outside surfaces which can 

be cooled.  A rectangular window meets these requirements better 

than a round window, ana in those applications where the peak rf 
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power transmission is not a limiting factor, a rectangular window 

can bf» safely used.  But the difficulty of making vacuum-tight 

seals with rectangular windows, and the tendency of windows to 

crack under high power in the plane of the narrow guide dimension, 

are the major restraining factors for its use. 

The question of window thickness is not a serious one.  Thin 

window designs tend to provide greater bandwidth« and less trouble 

from undesirable modes.  Vemperature gradients created in windows 

of the same  ross-sectional dimensions by the bulk losses of the 

dielectric material are independent of the window thi-jknoss   On 

the other hand, a thicker window has a larger crosfi-sectional area 

for radial conduction of losses due to multlpactor discharge, and 

for this reason it is generally preferred in high average power 

applications.  But a thin window has a greater flexural advantage 

which makes up for a smaller radial conduction cross-section. 

All windows operating above a certain power level should be 

coated.  The threshold point at which the multipactor discharge is 

initiated is determined when the energy level of incident electrons 

(given by Eq. 1) reaches the first cross-over point on the secondary 

emission curve of tLe window -naterial .  For the same coating material 

the threshold is a function of the electric field strength and the 
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Of^rating rt   freq.^ncy. 

All of th;i coating materials used for the suppression of 

aultipactor in this program vere E '.© to reduce the Intensity 

of the rau It1 pactor discharge.  In isolated cases, the multipactor 

suppression was a complete one. From costings obtained from 

metallic cathodes by sputtering, vanadium showed better multl~* 

pactor suppression characteristics than titanium.  Sputtered 

tantalum and carbon showed no aultipactor discharge up to the 

point of surface arcing.  From non-metallic materials, titanium 

nitride,and titanluw and vanadium carbides showed the best over- 

all multipactor performance of all coatings.  The result« of these 

tests are summarized in Table II, p. 91.  In one experiment with a 

sputtered titanium carbide coating, a maximum electric field 

intensity of 79 kv/cm (224 MW) was reached before surface arcing 

could be observed.  The window failed at an electric field of 

89 kv/cm, corresponding to an equivalent transmitted power of 

281 MW.  No significant differences between the £-band ano X- 

band multipactor results (except for different multipactor 

thresholds) were observed. 

All ooatipgs in this program were applied by the sputtering 

technique.  Sputtering is particularly suitable for a thin film 
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deposition of retractory materials.  The control of coating 

deposition was obtalnea using calibrated thin film crystal 

monitora.  The us« of control variables of the sputtering 

process for the control of deposited coatings was found to be 

entirely unsatisfactory, as was the use of surface rtsistivity. 

Resistance changes in between the sputtering runs and within the 

same run made this measuring procedure unreliable. 

Wet hydrogen firings and bakeouts performed on different 

coatings showed large fluctuations in the value of the surface 

resistance.  The bskeout process by Itself (except for sputtered 

chromium coating) did not appear to affect the chemical properties 

of the coatings.  The 900oC wet hydrogen firing, the 1100oC dry 

hydrogen firing and the 1100oC wet hydrogen firing affected the 

multipactor suppression properties of sputtered vanadium carbide 

coatings with increasing intensity in the above given order.  The 

vanadium carbide coating fired at 11Ü00C in a wet hydrogen atmos- 

phere nearly completely destroyed the secondary suppression 

property of the coating   Sven though this window behaved as if 

it were completely uncoated, a gray metallic film was visible on 

its surface after firing.  There is very strong evidence, tharefore, 

that coatings should not be fired in a wet hydrogen atmosphere si 

temperatures higher than 900oC.  Even at this temperature, a 
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damage to the properties of the coating may result. 

The coating thickness required for nultipaotor Buppression 

was not studied in this program, but th« resrltr of other Invejti- 

gators have shown that coatings of the same surface resistivity 

but of a ten-fold thickness variation (20 - 200 angstroms for 

ev&porated titanium) can suppress multipactor equally well. 

On the other hand, a theoretical irvestigatlon of attenuation of 

electromagnetic waves through thin conductive films (Appendix C), 

has shown that the incident VSWR in a propagating wave will 

exceed 1.05 to 1 if the surface resistivity of the coating is made 

less than .7 megohms/square.  Assuming uniform conductivity (a 

reasonable assumption for thin coatings), the incident VSWR was 

found to be Independent of film thickness and only a function of 

the effective surface resistivity. 

Materials of high conductivity which deposit on the window 

surface in their pure state require a thickness of less than 

one atomic layer to produce a surface resistivity of 1 megohm/ 

square.  In fact, an islanding of the coating is required to 

produce such high surface resistivity.  Coatings of this type 

are probably poor multipactor suppressors.  On the basis of the 

above discussion, it can be seen that only those materials 
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which produce fairly thick coatings (greater than 20 angetrums) 

of high reeistivity (greater than 1 »agohn/square) are suitable 

window coating naterials. 

The electron diffraction analysis of a sputtered titanium 

coating has shown that this coating (after exposure to air) is 

tltanluffi monoxide.  This suggests that coating of the windows 

with titanium and titanium monoxids w-ill produce the same results. 

Partial oxidation of titanium metal  probably accounts for the 

high resistances observed. 

Oxidation-reduction reactions taking place with sputtered 

coatings (Figures V - 11) indicate that a partial decomposition 

of carbide and nitride during the sputtering process must be 

taking place.  Partial solubility tests in sulfuric acid were 

performed on sputtered vanadium carbide coatings.  These tests 

have also shown a presence of some rneta: in ehe coating together 

with some carbide. 

Surface arcing Independent of seal-area breakdowns was 

experienced in this program.  It can be concluded, therefore, that 

there will always be arcing problems, even if all arcs traceable 

to seals were eliminated.  But Improper sealing procedures can 

reduce power handling capabilitiee of the window.  A new metalizing 
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and window sealing technique described in this report produces 

a strong metai-dielectric seal with a thin metallzing thickness 

and a minimum of penetration of the metallzing constituents into 

the ceramic.  In one test at S-band, a maximum electric field in 

the cavity of 63 kv/cm was reached without any voltage breakdown 

at the seal. 

The investigation of coatings and window materials for 

changes under a multipactor discharge has shown that coatings 

are subject to conditioning.  The chemical process involved here 

is not well understood, but apparently has something to do with 

46 outgassing of the coating. '  The analysis of gases evolved 

during the multipactor does not show any chemical decomposition 

of the coating or window material due to multipactor.  Further- 

more, the experimental data sL JTS that an excessive multipactor 

activity on the surface of a ceramic produces changes in the 

crystal structure of the alumina, but no adverse effects of X- 

rays on quartz could be observed.  Finally, there is some evidence 

of coating material transfer. 
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SECTION VI 

RECOMMBNPATIONC 

It has been shown in this program that there are many metallic 

and non-metallic materials which can be used as nultlpactor 

suppressor coat^ng» on high-power windows.  Tests have shown that 

coated alumina windows can tolerate higher electric field than 

uncoated windows.  But no matter how good a i-jating, there was 

always ■. limiting value of electric field at which time surface 

arcing resulted.  This arcing limit was established Independent 

rf the seal-area breakdowns.  From all coating materials tested, 

titanium carbide and nitride as well as vanadium carbide 

exhibited the best resistance to surface arcing.  Other accomplish- 

ments of this window-study program were development of sputtering 

techniques for new coating materials, devising of better sputtering 

control procedures, and establishment of new, improved metalizing 

and window blazing techniques. 

However, in spite of the advances mcde in the control of 

the single-surfece multlpactor problem, certain questions related 

to this problem remain unanswered.  The principal area whlo': 
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requires additional Investigation Is concerned with control of the 

coating materials.  It has been shown in this program that window 

coatings change their properties (sosietimes irreversibly) not 

only during the hydrogen firing process (used to simulate window 

brazing), but also during the oakeout and even during the coating 

deposition process. 

A logical approach for ccntinued investigation at this point 

would be to select one or two materials and to work on them in a 

much more Intensive fashion.  The materialo to be investigated 

can be chosen from either titanium nitride, titanium carbide or 

vanedium carbide.  The work should then begin with film deposition 

techniques.  Using a given malarial, systematic variations in all 

the parameters of the method of tapplication should be made so that 

limits on the variables can be established. 

Chemical or electron diffraction techniques of coating 

identification should be used on the obtained films to determine 

their composition.  Surface resistivity and optical measurements 

(to determine thickness) should be made for each coating, and 

several samples of each variation should be made in order to 

permit statistical evaluation of the data.  At the conclusion of 

this investigation, it should be possible to produce a coating of 
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desired thickness and composition at will. 

: 

With the completion of this phase, aultipactor evaluation 

of coatings in a test cavity should begin.  A number ut  esamples 

of several different thicknesses should be tested.  The object 

of this investigation would be to deternlne the most suitable 

range of thicknesses for multlpactor suppression and surface 

arcing.  Naturally, all surfaces to be tested in the cavities 

would be subjected to vacuum bakeout.  Chemical and physical 

analysis of coatings after the bakeout (and preferably after the 

high-power test) would be highly desirable  in order to observe 

changes which may ^ccur. 

Other prnoesses, like hydrogen firing in wet or dry hydrogen 

atmospnere should be Investigated next.  Physical and chemical 

changes during the firing process »houlJ be observed end evaluated 

using sufficient number of samples to get. the reliable statistibal 

data.  Of course, hydrogen firing of the coating to simulate 

brazing of the wind-w into a window assembly would not be 

necessary if the coating of the window were done after the window 

brazing process was completed.  However, in such a case, an 

investigation of coatings of windows in their brazed subassemblles, 

especially with respect to their uniformity, must be performed. 
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The above described Investigation procedure would place at 

least one coating technique on a well-founded engineering base 

and provide the necessary tools of good window coating control. 

An extensive life-test program to determine if coating properties 

degrade with time and average power should also be conducted. 

.;•• 
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SECTION VII 

IPENTIglCATION OF KEY TECHNICAL PERSONNEL 

7.1  APPROXIK ITE NUMBER OJ MAN-HOURS 

The following key technical personnel contributed to the 

High-Power Microware Tube Window Investigations Program during 

the period IS September 1964 through 14 September 1965. 

D. Bell 

D. Churehil1 

R. Harter 

A. Kiefer 

W. Kolb 

P. Lally 

K. Reichert 

A. Saharian 

A. Sandeis 

L. Tentaiclli 

C. Trace 

J. White 

B. Win .ers 

MAN-HOURS 

41 

2S5 

126 

424 

22 

205 

17 

18S6 

183 

67 

36 

265 

1222 
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APPENDIX A 

AN ESTIMATE OF KULTIPACTQH LOSSBS ON 
THE SUHFACE OF AN UNCOATED ALUMINA WINDOW 

Wften the rf power is applied to a cavity incorporating an 

uncoated alumina window, a mui tlpactoi" discharge commences as 

soon as the threshold valufe toe   the in.' elation of multipactor 

is exceeded.  At S-band, this threshold value of the electric 

f^-id IK about 3 kv/cm.  As the power to the cavity is increased 

beyond this critical value, the intensity of the discharge on 

the surface of the wi'' "ow also increases.  If the dielectricall y- 

loaded cavity was orlginalJ  slightly undercoupled, then a rise 

in the multipactor intensity will produce an added loading in tba 

cavity ohservad by an increase in VSWK of the input line.  A 

small frequency detuning will also be produced. 

I-'igurf. Al show» a plot of VSWR at resonance  ir.)  versus 

the incident power of a dielectrical1y-loaded cavity.  This 

data was obtained in Experiment #2   of Table I.  The pl.it shows 

a variation in VSWR up to an incident power of 40  kw,  It can 

be seen that, the change in VSWR la rather rapid for the "jalues 
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of incident power slightly exceeding the threshold value.  At 

higher values of incident power, a saturation effect begins to 

take place and the resonant VSWR of thft input line remains 

essentially the same.  For example, for this par'clcular test, 

with an incident power of 5.6 MW„ the VSWR was only 5 to 1, or 

slightly greater than the highest value shown In Figure Al. 

The cold-test value of VSWR at resonance  (r )  for this o 

cavity was measurec to be 1.2 to 1, urdercoupled, and the 

internal  Q  (Q )  after bakeout was 1890.  Therefore, the exter- o ' 

nal  Q  ^ext^  was 2270» since at resonance: 

Qext = Qo^ <A1) 

and 

3 = l/i" 0 (A2) 

where  g  is the cavity coupling coeffic.ent defined In Equation 

A2 for an undercoupled cavity.  Using this data, the lower limit 

of the power dissipated on the surface of an unco.sted alumina 

window due to the multlpactor discharge can now be estimated. 

From Eq. Al It follows that 

ß1    Pa 
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where subscript one and two refer to two different driving 

conditions in the cavity.  In the derivation of Eq. A3, the use 

was made of the fact that the externa1 Q of the cavity is 

independent of cavity loading and remains essentially constant 

48 
for all driving conditions of Figure Al.    By letting the 

subscript one in Eq. A3 refer to the initial cold-test values 

of the cavity  (P, ) and the subscript t^o, for example, to point 

P   on the VSWR curve of Figure Al, one obtains using numerical 

values for  Q0 , ^  and  ßa : 

1890   Qoa ,'  k 

T^l =725 (A4) 

It follows that at point  P3 , that is for an incident power of 

170 kw, the internal  Q  was equal to 566.*  The equivalent 

series resistance of the cavity has, therefore, increased by 

a factor of 3.3.48 

The actual added power dissipation in tae cavity due to 

the multipactor discharge can be obtained from the definition 

of the internal Q of the cavity, which is:4 

*At ihe point  P  , 170 kw of incident power corresponds to 
an equivalent transmitted power through the window of about 

5 MW .  The maximum electric field produced at the window is 

12 kv/cm (Appendices I and L). 
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energy stcred in cavity 
0     power dissipated Tn cavity 

Now, the relative amplitudes of electromagnetic fields in the 

cavity must be the saEe for an equal amount of rf power trans- 

mitted through the window.  This fact is true regardless ii   the 

multipactcr discharge is present or not.  Equal field ampli- 

tudes, in turn, imply equal energy storage in the cavity for an 

equal power transfer through the window.  The reactive loading 

of the cavity due to the multipactor discharge can be neglected. 

Using Eq. A5 and the two values of  Q0 , it follows that at 

point  Pa , the dissipated power in the cavity with the multi- 

pactor discharge is about 3.3 times higher than it would have 

been with no multipactor loadiug.  The power dissipated on the 

surface of the alumina window in the presence of the electronic 

discharge is actually higher than 2.3 times the power dissipated 

in the cavity due to bulk dielectric heating and wall losses. 

The power dissipated by the multipactor discharge was greater than 

2.3 times the dielectric losses aior«. 
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APPENDIX B 

A GEOMETRICAL METHOD FOR DESIGNING 
WINDOys WITH MOPE TRANSDUCEBS 

The new wlndcw design procedure described In this Appendix is 

particularly suitable for the design of windows using plane, trans- 

verse dielectric discs in uniform cylindrical sections greater than 

one-half wavelength long, intended to establish purely tangential 

surface fields for the purpose of minimizing multipactor and surface 

arcing.  It promises to reduce the experimental work involved In 

achieving an acceptable design. 

For most high peak power applications, the circular dielectric 

disc has come to be accepted as the preferred type of window. 

Except in special cases involving higher-order mode transmission 

systems, the window assembly Includes transducers to convert the 

energy of the TE^ rectangular mode to that of the TE   circular 

mode, and vice versa.  A wel1-matched transducer is several wave- 

lengths long; consequently, practical-sized window assemblies use 

short, partially-reflecting transducers, and are adjusted for can- 

cellation of the rei'l ections at specified frequencies.  The design 
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prublem is similar to that of waveguide bandpass filtore, except 

vhat mode transducers do not have the simple, predictable reflectance 

(voltage reflection coefficient) functions that oonventioial filter 

components have.  There is no known method of synthesizing a short 

modfj   transducer to meet a prescribed reflectance function; nor, in 

general, can the reflectance function of a mode transducer be 

50 
derived by analytical methods. 

Conventionally, window assemblies using mode transducers are 

designed by "cut-and-try" methods.  Owing to the fact that there 

are several dimension&l variables, this procedure is tedious and 

costly.  The proposed new method narrows the area of experimental 

machining principally to one transducer, and replaces most of the 

assembly testing by a graphical analysis.  It is not necessary to 

fabricate the other components, or even to make the final choice 

of the type of dielectric window material, until an acceptable "on- 

paper" design has been completed. 

The principal steps of the new method are summarized as 

f o 11 ow s : 

1.   Tentative general specifications are established on the basis 

of the electrical and mechanical requirements.  These Include 

frequency raage, waveguide sizes, number of resonant sections, etc. 
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The data taken on various typt s   of windows in other window study 

programs can serve as a guide. 

2.   Tentative contours for the TEQ _ TEj0 raode transducer ar« 

selected, and a test model is fabricated. 

3. The complex voltage reflection coefficient at the terminal 

plane of the transducer, seen from the circular side with a 

matched load on the rectangular side, is measured over the frequency 

band of interest and plotted in polar form.  The measurement 

actually is made on the rectangular side, using an adjustable 

short circuit in the circular section, following any of several 

5] well-known procedures. 

4. By translation and projection, the loci of the measured data 

are transformed to the domain of the dielectric-filled region. 

The conditions for zero insertion loss at the bandedge frequencies 

are imposed.  A set of compatible dimensions (If it exists) is found 

by a graphical selection procedure that converges rapidly. 

5. If no compatible set of dimensions can be found, the contours 

of the transducer are modified, and the entire procedure is 

repeated.  At any stage, the insertion loss at other frequencies 

in the band can be derived. 
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Theoratlcal1y, the method is not restricted to any range of the 

variable dimensions.  Hcwever, as a practical matter, certain initial 

restrict lone can be made to reduce the labor involved.  Without much 

loss of generality, the ratio of the circular and rectangular wave~ 

guide cross-sections can be held fixed.  The impedance ratios then 

are functions only of the frequency and the dielectric constant. 

Further, the lengths of the resonant sections can be restricted to 

one-half wavelength or less.  This eliminates higher-order longi- 

tudinal resonances.  If it is to be regarded as a coupling element, 

rather than a rebcnanl section, the dielectric disc can be restricted 

to thicknesses of less than one-quarter wavelength.  Appreciable 

simplification of the graphical analysis results. 

A sample design illustrating the method is shown in Figure Bl - 

B8.  The specifications ot this design call for a thin-disc 

window comprised of two resonant stctions, matched at frequencies 

fj and f3 which differ by about ten percent, and fcaving short, 

tapered transitions Joining the circular section whose impedance 

is roughly equal to that of the rectangular waveguide.*  Figure Bl 

*The wave impedances of the TE^ mode and the TE^ mode (in vacuum) 
are exactly equal when the ratio of the diameter of the circular 
section to the width of the rectangular section is 3.682/n.  How- 
ever, there is no reason to hold exactly to this ratio, and for 
mechanical reasons it is expedient to choose the diameter equal to 
the diagonal of the rectangular section.  This choice avoids steps 
at the Junction corners. 
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FIGURE BS      CONSTRUCTION   SHOWiNI»  A 
SOLUTION YIELDING A COMPATIBLS 
SET OF DIMENSIONS  t AND d 
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shows the half of the assembly that lies on the output side of 

the raidplane M.  Th^ Input half (the Jäirror image of the output 

half) is not involved in the design, inasmuch as the overall 

insertion loss is determined by the real and imaginary parts of 

the midplanc reflection coefficient.  When the imagirary part 

m   zero, the insertion loss is zero.  Otherwise, the insertion 

loss Is ryiven by the relation: 

Insertion Loss o 30 L 
r      /s ii»(rm)'\ 1 

(Bl) 

where  P   is the midplane reflection coefficient, seen looking 
m 

toward the load. 

Typical reflection coefficient data derived from mea&ure- 

ments on the output transducer are plotted in Figure B2,  In this 

tnd the following figures, the first subscript indicates the 

plane of ..^ference^ and the second subscript indicates the 

frequency. 

Figure B3 illustrates the construction for making a projectlve 

transfc'mation of a point  P  on the reflection coefficient plane.* 

*In the microwave literature, this transformation is referred 
to as the "g-transf oriuati on", a term apparently originated by 
Ueschamps.   In texts on projective geometry, it is sometlraes 
called the Harboux transformation. 
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By   ueang of this transformation, reflection cosffioienta  i" 

and ri8  ar« transformed to points  C^,  and  ri8 , plottfd in 

Figure B4.  Ths corresponding reflection coefficients at other 

reference planes throughout the distance  s  have the same  ;J, ,,n 

magnitudes; therefore, their transforned values also lie oa 

the circles  C   and  C  . 

9  r h 
Upon crossing the interface at plane 2, a reflection 

coefficient is subjected to a bilinear transformation of the 

type produced by an Ideal transfMImer.  All Impedance values 

are multiplied by the ratio  IC./K  where  K   is the propagation 

constant in the dielectric region, and  K  IS the propagation 

constant In the region  s .  For a typical window material, the 

ratio is about four; hence, all reflection coefficient values 

tend to move to the right.  The center  0  moves to the point v 

on the real axis, st a radius (with respect to the new center) 

given by 

K  - K 
W = S  (B2) 

K + *r 

The circles  C   and  C   become smaller circles in the right 

half plane.  When every pnlnt on the smaller circles is pro- 

jected by the Derboux transformation, it is found that the 

projected points lie on -llipses, designated C'    and C '  in 
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Figure B5.  Actually, It is not necessary to go through t&« trans- 

formation of the large circles to the sraall circles; the aJllpse» 

«ay be formed directly by using the concept of "invarlance of tha 

52 
hyperbolic distance" described by Desehamps.  The constructlona for 

transforming points  a ,,  b t and  c , lying at the intersect ions 

of a circle with ',ne a„.d to points  a  ,  b  , and  c   , lying on 

an ellipse, are illustrated in Figures B6 and B7, 

The point  w  is the Darboux projection of ths point  w .  To 

find the point  a  such that the hyperbolic distance  <wa >  is 

equal to the hyperbolic distance  <0a> , the point  S  Is placed 

on the circumference in a position making the arc 8P     equal to 

the arc  PR , where  R  is formed by the projection of  a  on  C 

from  Q .  The line  ST  is drawn through  w , and the point  ä/ 

is located at the intersection of t:.e line  TP  with the real 

axis.  It is an easily-proved theorem of Euclidean geometry that 

the angle Z-STP  is independent of the Ipcation of the point  T ; 

hence, it is invariant with the posltio. of  w , and ia designated 

a .  Likewise, the hyperbolic distance  <wc >  is made equal to 

the hyperbolic distance  <0c>  by finding the point  V  such 

that  PV  passes through  w , then drawing  VS , which inter- 

sects the axis at  c  .  As before, the angle ^-SVP  is equal 

to a . 

-176- 

.;. 



To avoid   confusion In Flgura 38, the construction ef point 

b'' is shuwn in Figure B7.  The secondary circle le drawn wit* 

the chord through  w  as a diameter, and the angle is constructed 

with respect to its axis.  The hyperbolic distance  <wb > i.» 

equal to the hyperbolic distance  <0b> .  Other points on the 

alllpse can be found by constructions sirilar to that of   Figure B7 

Another churd through  w  is selected as the diuneter of a 

secondary circle, and the angle  a  is constructed with respect 

to an orthogonal diameter.  It can be proved, however, that the 

locus of all points derived in this way is an ellipse; therefore, 

it is simpler to construct the ellipse from its minor and major 

axes.  The line length  a c  forms the minor axis.  The major 

axis is easily derived from the line length  wb  , using the 

canonical equation for an ellipse. 

According to Equation B2, the point  w  is frequency-sencitive. 

The propagation constant  >?_  varies almost linearly with frequency, 

but the propagation constant  K  varies somewhat more ropidly with 

frequency.  Consequently, as the frequency increases, the point  w 

and its projection  w  move slowly toward the origin.  This fact 

is taken into account In constructing the ellipses  C. ^ and  C / . 

A solution that yields a compatible set of dimensions is 
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shown In Figur» B8.  The angles L*     d  andZ,K._d  are the 

arguments of the dielectric-domain of reflection coefficients 

at plans 2.  By construction, they are in the proportion of 

icei/'Ke8 ; hence, at both frequencies, the mldplane reflection 

coefficients lie on the real axis, representing zero insertion 

losses.  The hyperbolic "radii",  <*ir jI>  and  <w8f
/
a8> 

are transformed into the radii  OP-,  and  OP,,,  by the con- 

rtructlons indicated.  These constructions simply yield the 

angles; a point on either ellipse must transform to some point 

on the prototype circle.  The constructions preserve the 

"elliptic angles" between the corresponding radii in the two 

52 domains.    That one of tne construction lines happens to pass 

through the. intersection of  C   #ith the imaginary axis is 

pure coincidence. 

The points T-x      and  r_a , derived in this way, conttitute 

a solution of the design problem if (and only if) they bear the 

proper angular relations with respect to tha points  P    and 

P13 .  That is, a length  s  can be found such that  P.. rotates 

into  P81 through the angle  2-,^ s , and  P    rotates into  P 

through the angle Zy   s    ; both relations being taken in the 

clockwise direction as shown.  If no such length p      can be 

found, a different trial value of window thickness  d  must be 
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chosen, yielding different positions for the points  ra{  and 

r / .  It will be noted that these points spread apart rapidly 

as  f /  approaches the top of the ellipse  C8 ; hence, in this 
.T : • ■• . 

region the argument at  fia changes more rapidly with window 

thickness than does the argument of  f 8j •  For this reason, 

successive trials can be made to converge rapidly on a compatible 

solution, if one exists. 
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APPENDIX C 

ATTENUATION OF ELECTROMAGNETTC WAVES 
Tat*OUGH THIN METALLIC FILME 

Consider a wave Incident on a thin metallic filit of Infinite 

lateral dimensions and located in the x - y plane, as shown in 

Figure Cl.  For reasons of simplicity, let the wave be a TEM 

wave, and assume a normal Incidence on the plane.  The thin film 

of Figure Cl can represent any metallic coating on the surface 

of a dielectric window.  The mismatch due to the dielectric 

window is a window design problem and wil  be neglected her«» so 

that the space Impedance and the propagation constant to both 

sides of the thin film element will be the same and equal to that 

of air . 

The e-.pression for the TEM wave incident upon the film In 

the positive z-direction can be written as 

E   E, e~Jl^Z (Cla) 

H = ^e'
jV (Clb) 

where  K  is the propagation constant given hy     ^/c     (radian 
e 
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FIGURE-C!      A    TEM    WAVE   INCIDENT ON A 
THIN    METALLIC   PLANE 
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frequency over velocity of light) and  Z   is the free space 

1/ 
impedance given by  (n0/e0) 

8 = 377 ohms .  Similar expressions 

for incident anrt reflected waves can be written for both surfaces 

of the thin film elemen.. 

The propagation constant within the conductor, when  0 » (ug , 

53 is given approximately by 

1 + J) V 2 (C2) 

and the space impedance 

z = a + s) fm CC3) 

where  a  is the conductivity of the resistive material and  e 

is Ihe dielectric constant.  The assumption of Q  » (jjg  is a 

va]id one even in the case of imperfect conductors of the type 

used for window coatings.  For example, it is reported that 

Q 
titanium films of 10  ohms/square resistivity suppress multi- 

17 pactor when deposited on the surface of the window.    The 

thickness of films of 106 ohms/square resistivity is smaller than 

18 
200 angstroms.    Using these values of resistivity and thioknos.'i, 

the bulk conductivity of the film comes out to be  g ^ 50 mho/m , 

Thinner films produce higher cc>nduci t ivi ty.  The product of  yue , 

on the other hand, equals unity at a frequency of about 18 Gc. 
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When the expressions for the Incident and reflected slectrie 

and magnetic flolds are equated on both sides of the thin metalli, 

element (z   D  and  z - T)« a relationship between the wave 

amplitudes can be obtained.  Each wave amplitude can be expressed 

as a function of the incident wave ZQ     and the thlcknest*  T  of 

the conductive film.  The resulting complex amplitude of the 

transmitted wave is found to be given by: 

Z«   +   Z   » -. 
Et  -   Eei[cosh  YT  + ~—  Binh  yT] 

2ZZ . 
(C4) 

where  eJK'oT was set equal to one.  This is a valid assumption since 

>• T is extremely small. 

Assuming that  a  is always greater than 50 mho/n, then the 

magnitude of the complex impedance of Bq. C3 is less than 1 for 

all frequencies less than 18 Gc.  For all smaller frequencies and 

higher conductivities  0  the impedance is even smaller.  But, when 

Z « Z0 , Eq. C4 can be simplified to 

Z_ 
E^ - E [cosh YT + — sinh yT]"1 (C5) 

Eq. C5 can be simplified some more by considering only small 

values of thickness  T  as compared to skin depth  5 .  Therefcre, 

with 
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Y x  becomes; 

yT « <1 + J) 

With the magnitude of  YT  smaller than one, the expression 

In the brackets of Eq. C5 can be expanded Into power series and 

simplified by neglecting all higher order terms.  Eq. C5 then 

becomes: 

Et r Eo (1 + 2Z VT> (CO) 

When the expressions for the complex space impadance  Z  and 

the propagation constant y     (given by Eqs. C2 and C3) are 

introduced into Eq. C8, the magnitude of the transmitted wave 

is given by: 

Et = E{1 + 188 ay)"1 (C7) 

uftere  Z0  was set equal to 377 ohms. 

Eq. C7 gives th< .nagnitude of the transmitted wave through 

a thin conductive film of thickness  T and hulk conductivity a   . 

Knowing the values of  T and  a , Eq. C7 can be used tc d«>termina 

a numerical value of  ^t^o •  However, it would be interesting to 
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relate the VSWR of the incident wav« to the amplitude of the 

transmitted wave Et and then to the surface resistivity Ä 

of tho window coating.  The VSWR of the incident wave is giv^n 

by 

„.    2 \/vSWB 
(£*) = -J  (C8) 
E0    l + VSWR 

Combining Eq. C7 and C8, It follows that the fcurface resistivity 

■ 

R  in ohms per square is given by: 

37?  x/VSWR ,      , 
R -  1« _ (C9> 

( vJvSWH - I)9 

where  B r I/QT • 

Figure C2 «hows the dependence of surface resistivity  B 

on VSWR for the input TEM weve.  For other modes of propagation, 

the results will be very similar.  It can be seen that in order 

not to have a higher VSWR than 1.05, the surf-ice resistance of 

the coating should not be less than about 0.7 megohms/Bquare.  It 

13 important to point out that the VSWR depends only on the 

surface resistivity and not on the film tfc-'.ckneKS or its con- 

ductivity.  The thickness of the coating required la a function 

of the secondary emisslou property of the homogeneous coating. 
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CALCULATION OF THIgKHSSS 07 
TITANIUM FILMS OF VERY HIGH RESISTIVITY 

Experimental data shows that evaporated titanium films of 

a 
10  ohms per square, or an order or two magnitudes higher, 

1 7 suppress multipactor.    The bulk dc resistivity of titanium 

nieta} is about 50 microum-cro.  Assuming that the evaporated film 

of titanium is deposited in its pure metallic state, then the 

thickness of the film of 10  ohms/square is given by: 

-6 
50 x 10   cm _o 

t -  — — -   5 x 10   angstroms 
io9 

For comparison, the diameter of one titanium atom is roughly 

two angstroms.  Therefore, in order to obtain a film of titanium 

metal of only 10  ohms/square, the thickness of the uniform 

coating must be about throe orders of magnitude less than one 

atomic layer.  Usually, however, the tendency of thin films, 

assuming that they are deposited in their pure state, is to form 

disconlinuougi sections in form of islands, at least during the 

initial stages of their formation, so that no atom-splitting IT 

actually necessary to obtain high resistivities. 
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APPENDIX E 

SKETCHgf OF SPUTTERING SETUPS 
USED 1H THJ.S pROGaAM 

Figure El Sketch of Sputtering Apparatus Used 
for Coating All Unmounted Windows. 

Figure '^2 Sketch of Sputtering Setup Used for 
Coating Brazed TE^-Mode, S~Band 
Window Assembliei. 

Figure E3 Sketch of Sputtering Setup Used for 
Coating Brazed TE0 -Mode, X-Band 
Window Assemblies. 
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FIGURE -El    SKETCH OF  SPUTTEftlNS  APPARATUS   USED 
FOR  COATING ALL UNMOUNTED   WINDOWS 
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PQTSNTiÄL 

WINDOW ^SS'V 

ALÜMiNUM 0/SH 
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(f' D/A) 

 -(5^ ID BELl A 

FIGURE-E2      SPUTTERING   SET-UP  FOR   COATING    BRAZED 
S-BANO  WINDOW  ASSEMBLIES 
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CERAMIC 
SPECIMEN 
jfy Dffi- 

ALUMINUM 0!SH 
WITH POWJER 

FIGURE-E3    SPUTTERING    SET-UP   FOR   COATING BRAZEP 
X-BANO WINDOW  ASSEMBLIES 
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APPENDIX F 

RESISTANCE bETWEEN TWO PHQBES CN THE 
SURFACE OF A CONDUCTIVE._3HSET 

The potential anyvhere between the twn conductive cylinders 

5 5 of   Figure   ¥1   is   given   by; 

v
0   a"   r<x   -   p)a   +   y8]   -  in\ix  +   p)8   +   y^il 

V  =   7   ^       ^"[^   -   r   -   p]3   -   ^n[q   -   r   +   p]8 J (71> 

where      p  -     J  q8   -   r8 

The potential function of Eq, Fl remains unchanged if the conductive 

cylinders of Figure Fl are linbedec. in a conductive medium of con- 

ductivity  Q , 

By definition, the currenx density  J  is given by; 

J ~ CjE (F2) 

In Eq. F2, the current density  J  and the electric field  E 

are vectors.  The total current  I  flowing between the cylinders 

can be found by integration of Eq. F2 over any continuous surface 

separating the two cylinders.  However, it is advantageous to 
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V0/2 

FIGURE   F i     TWO PARALLEL  CONDUCTING  CYLINDERS 
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confine tha integratior» over gome specified plane which can 

Fimpljfy Integration,  A plane half-way between the cylinders 

an(? parallel to the y-axis Is one such pxane. 

The electric field  E , defined as a gradient of the potential 

function  V , in the plane half-w^y between cylinders, has only 

an x-coraponent.  Therefore, it is given by: 

Ex(x - 0) 
PV, 

(?  + !' Un q - y 
(F3) 

r - p 

""he total current  I  flowing between the cyllTders is 

equal to 0     times the integral of Eq. F3 over the «hole plane. 

Therefore, 

oo 

f 
I ~ 2aT  J Ex(x T 0)dy (F4) 

where  T  is the thickness of the homogeneous film of con- 

ductivity  0  (see Figure Cl).  In Eq. F4, the product  QT  is 

equal to the reciprocal of the surface resistivity  (R)  of the 

conductive film. 

Integration of Eq. F4 gives an expression for the resistance 

between the conductive cylinders.  This expression is: 

V„   2H    q ~ r + p 
-f- = ~ t" " ' — 1 TT     q _ r _ p 

(F5) 
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With the dsfinltion of  p , given in E.. PI, Bq. F5 becomeöi 

-HB— — en I   +     Jl   -    r8/q9 

(F6J 

1 -?- s/l   -   r8/q 

It can be soen that, except for a constant, the resistance 

measured between the two conductive cylinders is directly 

proportional to the surface resistivity of the film.  For a 

particular choice of cylinder dimensions and their spacing, 

the resistance is exactly equal to the surface resiptivity of 

the films.  For smaller values of  r/q , Eq. F6 ca.^ be simplified 

to 

_0   2H    £2 
I  "  TT  ^  r 

and   the   product     (2/Tr)^n (2q/r)   =   1     when     q/r     is   approximately 

2.4. 
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APPENDIX G 

CALCULATION 0? RF ELECrRIC MELD DISTRIBUTION 
IN THE SPUTTERING &ETUP 

The Variation in the ita-üitude of the rf field In the active 

re ion of t?* " : -•uttering setup can be calculated Trovided two 

simplifying assunp.tirns are made.  Firat of all, It will be 

assumed that in the active region of the sputtering setup there 

is complete space charge neutralisation.  Second, it wixl be 

assumed that the rf coil used for sputtering and shown In 

Figure Gl, is long so that the electromagnetic field induced by 

the coil within the sputtering region is Independent o'.' the 1 ongi- 

tudma] dimension  z . 

Using these assumptions, the two Maxwell curl equations c«n 

be simplified.  From 

V x H - J (Gl) 

where the magnetic field  H  and the current density  J  are 

vectors, it follows that 

9Hz 
-■07 - \ (G2) 
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FIGURE 91        A   CROSS SECTION   VIEW OF THE rf COIL 
IN   THE  SPUTTERIWO    APPARATUS 
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since  J  is entirely  g-directed.  From tha r-oomponent of the 

curl equation (Eq. Gl), it follows that  H2  is circularly 

symmetric, so that the partial differential in Eq. G2 can be 

treated as a total differentia] with respect to r   . 

A line integral of Eq. G2 around a closed, rectangular loop 

of Figure Gl, shows that the magnetic field induced inside the 

long rf coil is constant and directly proportional to the rf 

driving current  I  in the coll.  The proportionality constant  A 
/ 

Js a function of the coil geometry.  The magnetic field within 

the rf coil can, therefore, be written in the complex form as: 

Hz = Ale * (G3) 

From the second Maxwell curl equation 

an 
^   x  2  =   "Moat 

it   follows   that 

1       9 aHz Jout 

where ^     is the permeability of space.  Integration of Eq. u4 

gives 

Ea . MIL „J»» <C5) 
Ö     2 
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in Eq, G5, the singular solution resulting from the constant 

of integration was discarded.  Eq; G5 shows that the induced 
\ 

rf electric field is directly proportional to radius  r , and 
\ 

is zero at  r - o .  It is also proportional to the applied rf 

current  I  in the coil. 

\ 
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APPENDIX H 

DESIGN DRAWINGS FOR THE S-BAND 
MDLTIPACTOa CAVITY. TE^-MQDE 

1011 Final Assembly 

1012 Body 

1013 Cavity Wall 

1014 Lid 

1015 Waveguide 

1016 Vacuum Gasket 

1017 Exhaust Block 

1018 Window Plate 

1019 Window frame 

1020 Connector 

1021 Exhaust Tube 

1022 Tuner Screw 

1023 Tuner Saddle 

ALL BODY PARTS WERE NICKEL PLATED, 
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APPENDIX   I ;      •■     | 

I     ! ( ' 
SUMMAHY   OF   ELECTRIC   FIEjLD  AND   EfflO   R8LAi'ION8 

0^ A   DIELECTRICALLY   LOADED   T^^-liÖDE  BEäPNATOR 

Ml i    :        *   i 
The electric field expressions for an asymmetrically loaded 

i    -_ . ;    . - I 

0        I i   S6 
^^-mod« resonator have been derived prevjoual^.    This Appendix 

gives a summary of these resujts 

In the ^nultipactor test cavity, the schematic representation 
.. - .» 

. of which Iß   shown in Figure II, the elOctrte flejd in the three 

regions of thk civity is; 

Vi^ AJ'o i-^T )sin KZ, 0<2<sx  (II) 

9d - BJ'o (^-f1->^os ve (s1 + d - z),  s1$z^(si + d)  (12) 

s ^ ^ Sgg  = CJ^ {—S}—)cOB   K    (»^-'Sf ^df,v 

(fli  f 0)^(8^;+ XI + 8a)   (13) 

For the definition of termss soe the list of symbols; at the end 

of this jrepor * . 

pw 1 j>,. ,   t «i.:! 

-r    ■-■ ■ U _ •    F" -      .- .' »« -    ,    - . 
■-: 

.AJ .    3JJ=,-3     ' a  ■ 

iä -  --- .. 

:-  
^JF 

i 
s 

Je1  n*   Ja d 1 :- 
- 

--.^ -  - . 

) 1   i -L:;i • - = * 1    i_J ,' "  "   " "                    " 
i- .  »vt -" 1 •---M P5TSai4   ■      1--.- ;W4S4 -»   »»1 ! .. i.. 

M 
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I 
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For the electric field and its first derivatives to be 

continuous across the dielectric boundaries 

B = C - A 
sin tfB, 

cos Kgd 

and  tan vs, tan v d - — 1       E    if_ —^3 

(14) 

(15) 

Tho total stored energy in the cavity is given by 

U   =   J Ul 9 du   , <X6) 

wLere   the   integration   is   perforuied   over   the   entire   cavity   volume 

It   follows   that 

U   =    .0406   TTeor*B8F (17) 

where 

F  = 
co8wKed     f- 

1    sin^KSj^ 
L1 - 

sin   aySj 
2KS, 

.       f sin   2iced-| r 

* e I. 2v  d       -< 8     L 2i^d 

sin   2K8 

2KSB 

(18) 

Using   ths   definition   of   thfj   internal   Q   of   the   cavity   and   the 

relationship 

(i + sr 
4ß 

(19) 
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i 

the modulus of the electric field strength, given in Sq. 17, 

becomes: 

B _  
86-8 g  plQeXp 

D(l + g) NJ   F 

The   maximum   of   the   electric   field   on   the   surface   of   the 

window   occurs   at 

r™»v  =    .4804   r max o 

so   that 

J'    CXO
r
iraaX)   =    .582    , 

and 

50.31   g /PiQeXo 
(110) 0max ' D(l + g)   ^  F 

where  F  is given by Eq. 18. 

In an experiment with an uncoated alumina window at S-band 

(Experiment #2, Table I, p. 88 ), arcing at the window was observed 

when the incident power was 5,6 MW.  The VSWB at this power level 

(shüitly before arcing) was 5.0 to 1, and the cavity was still 

undercoupled.  The initial change in VSWR for this run is given 

in Figure Al of Appendix A.  The cold-test loaded Q of the cavity 

was 1030 and a VSWS at resonance of 1.2 tc 1 (undercoupled), 

-21"- 



Therefore, the external Q In this experiment was 2270 

The diameter of the S-band multipactor cavity was 15 on and 

the geometric factor  F . given by Eq, 18, was found to be 13.4 cm 

With this value of incident power and the cavity parameters,  S 

at 2853 Mc was found to be ecual to: 

max 

e 
50.51 

15x6 
10° - 56 kv/cm 

At X-band, the loaded Q of multipactor test cavities was 

about 5^0,  The diameter of the test cavity was 5.07 cm.  The 

geometric factor  F , for the multipactor cavity loa^-ad with an 

AL-995 alumina window, was 4.08 em at 8915 Mc. 
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APPENDIX J 

DESIGH DBAWIrtGS FOH TftS fi-FAMD. 
TR^^^MpD^ TEST CAVITY 

1000 
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li^9 

1010 

Final AsBambly 

Body 

, Back Cover 

Flange, Window 

Flange, Tuner 

Window S?aeve 

Gasket 

Diaphragm 

Cup, Tuner 

Window Core 

Window Asseably 

ALL BODY PARTS WERE NICKEL PLATED. 
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APPENDIX ¥ 

SUMHASY OF ELECTRIC fcJJJ^ A^D POWER KELATIQHS OF A 
DIELECTRJCALLY LOADED TS^^MOOE RESONATOR 

The elective field expreseiona for an asymmetrically 

loaded TE^j-mode resonator have been derived previously.  This 

Appendix gives a summary of these results. 

The schematic diagram of the high-power test cavity Is 

giver, in Figvre II of Appendix I.  The electric field in the 

three regions of Figaro Tl is given by: 

/ 
-    Y / J / (_ 

x« r 
x Ee = x/iJi/(~^~) cos ez<z) (Ki) 

0 

anc 

r      Y ^ r 
Er = -^ J1 (-^~) sin 0Zfz) (K2) 

where 

A   sin vr2, 0<:z^8, 

Z(z) -r i  B   cos Ke<s1 + d - 2),        s^z^Uj + d> (K3) 

C   cos v:(z - B1 - d), (B1+ d><:z<(Bl td + s, ) 
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For the definition of terms, see a list of symbols at the end of 

the report . 

For the electric field and its first derivatives to bo 

continuous across the dielectric boundaries: 

sin KS. 
B - C ^ A 

cos if d 

ana 

tan xs, ^«n K^d = -* =  /—  

Th© total stored en  gy In the cavity is given by 

J J. 
c 
2 

ET | dv. 

(K4) 

(K4) 

(K5) 

where the integration is performed over the entire cavity volume, 

Integration cf Eo . K"? gives: 

U r  .101 TTeoV^F , (K6) 

where  F  is given in Eq. 18 of Appendix 1.  Using the definition 

of internal Q of the cavity and the expreaslon of Eq. 19, the 

modulus of electric field glv*n in Eq, K6 becomes; 

D(l -t   0) 

5S-a 9   / MeX0 
(K7) 
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With   the   rcaxlaium   value   of   electric   field   of   the   TE01-mode 

occurring  at     r  -:   0   ,   it   follows   from   Eq.   Kl   or  K2: 

E 
50.7   g /PiQeX 

»«x        D<1   +   g) V F 
(K8) 

where  F  is given in Eq. 18.  The evaluation of the maximum 

field of the TE^-mode is identical with the procedure described 

in Appendix 1 for the mul tipact. or test cavity. 
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APPENDIX L 

RELATIOWSHIP BETWEEN TBANSMITTED POWER 
AND MAXIMUM ELECTRIC FIELD IN CIHCüLA.'i yAVEGUlDBB 

The «aximuw electric field intensity in a round waveguide 

propagating an electromagnetic ",ave in the ^^ j circular dominant 

node is given by: 

22.3   Xg,!/.    volts .,,. 
E    - —■— (Pr8) ■   CL1> 
max    a    X0    unit length 

For the definition of terms, see the list of symbols at the end 

of this report. 

It can be aeen that the maximum value of the electric field 

in a waveguide transmitting a given amount of rf power depends on 

the transverse dimension of the waveguide.  There is a large 

number of waveguide diameters suitable for window design.  At S- 

band, a logical choice would be a window with » diameter equal 

to the Inside diagonal of a WR-284 rectangular waveguide.  This 

would correspond to a window diameter of 3.14 inches.  The cut-vff 

frequency of the TMe
0 -mode for this diameter guide is 2880 Mc. 

From Eq. LI, it follows that for a window of 3.14 inches diameter, 
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a wave propagating 100 MW of S-band power at 2856 Uc would produce 

a maximum electric field at the center of the guide of 70.1 kv/em. 

Figure LI gives a relationship between the tran jnvit ted power and 

the different values of maximum electric field ot a window of 

3.14-ir.ches diameter.* 

An S-band window of 3.14-inches diameter can be utilized 

for high-power applications.  For example, it is being used in 

a Sperry SAS~159 klystron, a tube with a nominal power output of 

21 MW peak and 20 kw average.  However, for high-power windows, 

windows capable of t.ansmltting a peak of 100 MW of rf power, a 

logical thing to do would be to Increase the diameter of the 

window.  The danger of prod 3ing undesirable window modes uust 

be considered individually. 

A logical choice for the diameter of a high-power window is 

the Internal diagonal of WR-340 rectangular guide.  This corres- 

ponds to a circular window diameter of 3.80 Inches, and the 

maximum electric field of a 100 MW wave in this size guide is 

only 52.8 kv/em.  This particular valu: ot the electric field r'«8 

used in this px-o^ram for the computation of the equivalent 

Figures LI and ^2 were submitted by Günther Wurthmann of U. S 
Army Electronics Command, Fort Monm^uth, New Jersey. 

-235- 



too 

s 

X 
u 

ID 

2 

u 
< 
> 
5 
o 
u 

1.0 

0.1 

 1 

  

— ■ 

r z 
—,  i / r 

/ y 
^ / 

/ / 

i 
/ 

' * / 

A* 

/ 

ir/r /* <. / r<v 0/  A J*/J* 
^AV0 

■• c 

# 

    i 

0 

^ 

/ 

/ f 
mr \f\. 

f i 1 / 
> / 

i 
|   500 

z   300 
u 

/ / 
/ f / y 

/ / / / 
/ / o//- 

/ / f~*r 
) 
/1 / 

\ 

/I / / 
1 

/ Ü 
r 

i 

o 
UJ 

DC 2 
/ 

/ 

L 

i 
1 

/ 

10 

MAXIMUM  FIELD STRENGTH    UV/em) 

100 300 

FIGURE-LI PLOT OF EQUIVALENT   TRANSV'TTEO  POWER VS  MAXIMUM FIELD 
STRENGTH IN A CIRCULAR S-BAND  WAVEGUIDE  AT 2B9S Me 

-236- 



transmitted power at S-band.  For example, if   an observation in 

the multipactor cavity was made at an electric field of 16 kv/cmt 

then 18 over 52.8 squared times 1U0 was the equivalent transmitted 

power through the window at that time. 

The relationship between the transmitted power and the 

maximun electric field for the S~band window of 3.80-inches 

diameter is given in Figure LI.  Note that for this diameter 

guide, the cut-off frequency of the second higher order mode 

(TE^) is 3020 Mc.  The cut-off frequency of TM^-mode is 2380 Mo. 

In Figure L2, a similar power-alectric field relationship 

was plotted for two different diameters of X-band windows, and 

the diametar of the window equal to the inside diagonal of 

WR-112 waveguide (1.223 inches) was used for the computation of 

the equivalent transmitted power at X bend.  For this size 

window, 51.3 kv/cm corresponds to 10 MW of transmitted power 

at 8900 Mc.  Actually, in high-power experiments at X-band, a 

window diameter of 1.250 inches was used so that the reported 

values oi the equivalent transmitted power were slightly smaller* 

than experienced during the test. 
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APPENDIX M 

PREPARATION OF DIFFEHENT METALIZING PAiNTS 
AND APPLICATION PRJCEDURES 

I 

The following Is the list of some of the metalizing paints 

which were used on the window-study program. 

1 .   Preparation of Binder S-40Q 

To every 750 ml of equal volumes of butyl acetate and butyl 
; !■ ,      :   h     ■     ■ .,6 

alcohol, add the following: 

Nophthenic Acids - 25 ml 
Pyroxylin (Dupont No. 5511) - 25 gm 

Mix in glass container for at least three to four hours 

bef ore use. 

2.   Conventional (Mo-Mn) Paint - S-100 

S-100 paint shall be made up in the following proportions: 

Molybdenum Powder - 80 parts by weight 
Manganese Powder - 20 parts by weight 

To every 100 gramH of the above, add 50 ml of 3-400 binder. 

Mill powders in ball mill to fineness of 7 - 7.5 grind 
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(Hegmen Fineness Gage), density 2.30 - 2.45 (Gardener No. 

5070-W-3) and viscosity 1.6 ±  Sec (Zahn No. 2). 

Molybdenum Trioxide - 600 gras 
Manganese Dioxide -•  32 gins 
Cuprous Oxide -0.60 gms 
S-400 Binder - 360 ml 

Mix the above mixture in a ball mill Jar for thirty hours. 

Solution Metalizing 

Solution a 

Ammonium Holybdate - 300 gm 
Deionized Water -1000 ml 

Solution b 

Manganous Nitrate (50%) solution 
Metalizing solution:  To every 100 ml of Solution a, add 

0.5 ml  of Solution b.  (Metalizing 
solution should bo prepared immediately 
prior to using.) 

Nickel Paint S-58 

Nickeleous Oxide - 50 gm 
S-400 Blndar - 50 ml 

This mixture was ball milled 24 hours before using. 

During the process of metalizing^ all test specimens were 

brush coated (two coats) with a hydrogen firing at the specified 

temperature after each coat.  The Mo08-Mn0. and solution metalizing 
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Bpeclmens were burnished with a steel wire brush to remove excess 

metal powdors after firing or>^ration.  The test pieces used i'or 

solution metallzing experiments were heated in aa air over to a 

temperature of 90 - 1C00C prior to painting in order to obtain a 

l.igh concentration of Mo and Mn and to facilitate drying.  All 

test pieces with the exception of the conventionally metal iz.ed 

specimens were given a brush noat of nickel oxidfe and reduced in a 

hydrogen furnace at 900° - 1000OC.  The convention; 1ly metallzed 

(Mo-Mn) test pieces were nickel plated (.0002 - .0003; and 

hydrogen fired at 900° - lOOO0^.  Test pieces were measured for 

coating thickness aftar each firing step.  The test pieces were 

then copper brazed and tensile tested.  A test specimen from each 

group was then selected for micrographic Inspection.  The metallzing 

data obtained from 35 tests performed with 99.5 percent alumini 

bodies is given in the follo-»ing tabls. 

la 
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TABLS   Ml 

METALIZING   DATA   ON   99.5%  ALUMINA 

Metalizing 
Technlaue 

Firing 
Terapera- 

turq 

No. 
of 

Coats 

Coating 
Thickness 

Inches 
Ni   Plate 

Inches 

Tensile 
Strength 

(osl) 

A 
Mo-Mn 14750C 2 0.0012 0.ÖC03 8,240 

B 
MoO   -MnOa 14750C 2 0.00033 0.0006 11,740 

C 
MoOa -MnO,. 

3               ri 
1100oC 2 0.C0013 0.0007 8,290 

D 
Solution 

Metalizing 14750C 2 0.00012 0.0005 7,830 

E 
Solution 

Metalizins noo0c 2 0.0001 0.0006 8,410 
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8 - 

Y = 

r = 

m 

6 -= 

Go = 

n = 

9 = 

kläl-StLJXMSPliZ 

Cavity coupling coefficient (ratio of the unlaaded 
Q to the external Q> 

Propagation constant in a conductive film 

Voltage reflection coefficient 

Midplane voltage reflection coefficient 

Skin Depth 

Dielectric constant 

Dielectric constant of vacuum 

Relative dielectric constant (referred to vacuum) 

Electronic charge to mass ratio 

Angular coordinate variable 

KC   \/l - v8 , waveguide propagation constant 

i<0 = 

Mo = 

v - 

= K0 v«7" va , waveguide propagation constant in 
dielectric medium, dielectric constant  g'' . 

■ 

w/c , free spaca propagation conatant 

Wavelength in free space 

- 
Guide wavelength 

Permeability constant 

Permeability of vacuum 

Ü   2XnC , dispersion constant 
(i/0J 
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ü - Electric con-ductivity of «atsrlal 

T .. Coating thicksB^gs 

X' » Bessel function argument 
■ 

v^ - 3.832, first real root of equation ^^y)   ~   0 

X^ = 1.841, first real root of equation  Jj</> s 0 

(D - Angular frequency 

U)  s Resonant angular frequency 

a = Radius of a circular waveguide propagating TE^ 
doninant node or the inside width dimension of a 
rectangular ivaveguide when applicable 

A, B, C = Moduli of field strength equations 

I) - The inside height dimension of rectangular waveguld« 

c - Velocity of light in vacuum 

0 -  Cavity diameter 

d ~   Thickness of dielectric disc 

du = Differential element of volume 

S  - Angular component of the electric field 

BÄ - Maximum amplitude of the electric field o 

E  = Tangential electric field 

F ~ Geometric parameter of the dielectrically loaded 
cavity 

f - Frequency 

fc = Cutoff frequency 

f  ~ Resonant frequency 
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J - Current dennlty ■ 

Jn - Bessel function of nth ord«r 

3^ ~  F^rst derivative of Beseel l'unstion with respect to 
its argument 

P - Power propagating through a guide window 

Pd = Dissipated power In the cavity 

Pj = Incident-wave power in waveguide 

QÄ - Cevity external Q 

QL e Cavity loaded Q 

Q0 - Cavity unloaded (Internal) Q 

r - Radial coordinate variable 

r^ = Value of r for maximum field strength 

r0 - Cavity radius, also VSWE at resonance when ap.
1ioable 

R - Surface resistivity of coating 

Sj, sg - Longitudinal cavity spacing parameters 

t - Time variable 

U - Stored energy 

x - Rectangular coordinate variable 

y ^r Rectangular coordinate variable 

z -  Axinl coordinate variuble, also rectangular coordinate 
variable 

£ s Space impedance 

Z  - Free space impedance 
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