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FOREWORD

This Technical Report cosers the woxrk 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 werk was performed during the period
15 September 1964 to 14 Sepilember 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. Gunther
Wurthmann of the U. S. Army Electronics Command, Fort Monmouth,
New Jersey.

The contract was performed under the overall direction of
Mr. P. M., lally, Manager of Research and Advarced 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 eanalysis), 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 ihe Materials and Process
Laboratory.

This research was part of “Prcieci DEFENDER"™ sponsored by
the Advanced Research Projects Agency, Department of Defense.
The wovrk prepared under this contract was made possible by the
support of the Advanced Research Projecis Agency under Order No.
318 through tne U, 8. 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 poriod 15 September 1964 through 14 September 1965, This
work was performed for the U, S, Army Electronics Command by the
Sperry Electronic Tube Division of the Sperry Rand Corporation,
Gainesville, Fiorida, under Contract No. DA 28-043-AM(C-00373(E),
in accordance with the Electron Tube Division (USAECON) Technical
“fuidelines No. MW-16, dated 30 March 1965. This is the final
réport for this contract, under which the work of Contract No,

DA 36-039 8C-90818 was continued and expanded.

The objectives of this research program were to investigate
microwave-tube windew phenomena occurring at high levels of rf
power, In particuler, these objectives included a study of the
gingie-surface multipactor suppression properties of differsnt
window coating materials and an 2valuation of the effect 3{ con-

ventional tube processing technlgyues non the stability of these




coatings., An analysls was to be made of factcrs which cause

breakdown (arcing) in dielectrics and surrounding zoal areas.

The need for improved microwave windows stems from the
successful development of high-power microwave generators, Tube
technology has progressed to ti:e point where the waveguide window
is one of the few remaining factors that seriously limit the
power generating capability of high-power tubes. The wavsguide
window 1s 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 isvlated electrically that
it can be treated as a separate tube component for developmental

purposes,

It was the intention of this program tu 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 ths selection of propser
1ielectric materials snd window ceoatings as well as :abrication
and processing techniques were to be supplied, A step-by-step
description of the preferred window cecating and mounting techniques
{(which includes metalizing and brazing techniques) were to be furn~

ished.

“de




SECTION 11

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 nultipactor
phenomenon. Window coating criterla and ﬁeans of eliminating

multipactor and multipactor-related problems are presented.

Sputtering equipment and new coating and control proceuures
developed in this program are described 1in 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 rcoating materials were evaluated in
specially~designed TEQ‘,?1 cavities at S-band and X-hand., The most
promising coatings were &valuated ati S- and X-band in TE;?1 cavities,.

The geometry of these cavities was such as to closely simulate

practical high-power window configurations., This report includes

e
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RS SR




a description of all of these cavities and the procedures fcollowed

in the test work,

Results of some thirty-seven experimente perrormed in this
program are presented. Physical changes in window materials
arising from multivnactor are described. In the TE;ﬁ-mode
experiments, windows have been tested at S-band up to 120 MW
with no multipactor or seal area arcing. At X-baad a power

level of 13 MW bas besn 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 I11

PUBLICATIONS, LECTURES., REPORTS
AND CONFERENCES

3.1 PAPERS PRESENTED

On 29 September 1964 a paper entitled, "Problems Associated
with Wavegulde Pressure Windows for Microwave Tubes’ was presented
by Mr. D, B, Churchill at the Seventh National Conference on Tube
Techniques in New York City, New York. The confereance was sponsored

by the Advisory Group on Electron Devices.

3.2 CONFERENCES HELD

On 14 Oc:unber 1964 at U, 8, Army Electronics Command, Fort
Monmouth, New Jersey. Present were Messrs, Irving Reingold,
Gunther Wurthmann, Bernard Smith and S8tanley Leefe, all from
USAECOM. Sperry was represented by Messrs, D, B. Churchill,

F. Tyndall, P, M, Lally, R, Petticrew and A, Saharian. Work
already in progress and detailed plans of futurs work were

discussed,

On 10 November 1984 at U, 8. Army Electronics Command, Fort




Monmouth, New Jersay. Present were Messrs. Irving Reingold,
Gunther Wurthmann and Bernard Smith from USAECOM, Sperry was
represented by Messrs, J, Whitford, F. Tyndall and J. M, ¥hite,
The general status and future plans of the High-Power Microwave

Tube Window Invastigations Program were discussed,

On 13 and 14 Januvsry 1985 Mesgsrz., Gunther Wurthmann and
Stanley Leefe of USAECGM visited Sperry Electronic Tube Dlvision,
Gainesville, Florida. Mr, D, B. Churchill of 8perry Gyroscope
Company, Great Neck, New Ygrk, was also present. The progress
of the program and plans for the future were reviewed. FEquipment

in operation was iuspected.

On 27 and 28 April 1965, Mr. Gunther Wurthmann of USBAECOM
visited Sperry Electronic Tube Division, Gainusville, Florida.‘
Mr, D, B, Churchill of Sperr; Gyroscope Company, Graat Kack,
New York, was also present. The progress nf the program and
plans for the future were discussed. Equipuwent in operation

was observed,

On 8 May 19265, Dr B, B, Brown of Séerry visited the U, S.
Army Electronics Command, Fort Monmouth, New Jersey. At a
meeting with Messrs. I. Reingold and G, Wurthmann, both frem
USAECOM, progress of the Window Program and future plans were

reviewed.

-
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“ 0n 14 June 1966 wors ecoomplishod to date and pléns for future
;erk vare discusedd at the U, 8, Army Blectrorios Command, Fort
Monmouth, Mew Jermey. Prosent wers Messres, Ilrving Reingold and
Gunther Wurthmann from UBAECOM, @8perry wia represented by P, M,

Laily, #. Tyndali end A, Baharian,

On i8 June 1088, &t the Pentagon, Washingion, D, C. Present
were Col. B. 1, Hill of ARPA, Messrs. L, Kaplan, !. Reingeld,
G, Wurthmann end Mise Barbara Malley of USAECOM, Bpsrry weas
represented by Messrs, P, M, Lally and A, Eaharian, Present al-o
were Messrs. L. Resd and ¥, Wade of Bite)-MoCullough and Nr, L,
Feinsteoin of the 8tanford Ressarch Institute. The purpose of
the oconferance was a reviaew of ARPL-mponsored rouoprnh programs on

high-power windows,

On U tober 13, 14 and 16 at Sperry Rloeotronic Tube Division,
Mr, G. Wugthmann wae present on Gotober 13 and 314, end Mr, B,
Bmiih wes pr.scnt.up Ocsteber 13, 14 and 18, The purpose 5¢ the
vieit was to rcth; Ehc results of the proegrem, Mr, Emith alao
spert some time reviewing plane &nd progresa en & UBASCOM-

spondored program on the metaliviig and braeing of forrites.
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SECTION 1V

DATA

4.1 INTRODUCTION

Waveguide windows are gas-tight dielectric bulkheads that
are wholiy-enclosed in two port waveguide sactions and more or
less freflx transmit microwave power over a specified band of
frequencies. The pfincipal 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 19 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 reproducibilifx and low gggli " From
an operational standpoint, the principal criteria are eléctrical

efficiency and physical stability.

4.1.1 A Brief Description of Window Problems

Rapid advances in tube technology in ihe past decade have
brcught forth & numbier of probhlems concerning windows., irst

came {41e prcblem of providing adequate window bandwidth. Because

SORURp——




of their low dielectric cconstant, glass windowvs ceuld be broad-
banded without too much difficulty, Howsver, at higher power
levels, the temperature-sensitive loss factors of the avajilahklae
glasses made them subjsct to run-away heating; consegquentl;, *tuhe
designers sought mcre stahle dielectric materials for high-pn-er

windows.

The most readily available material with the -egquired
¢lectirical and mechanical properties was alumina - a sintered
aluminum oxide ceramic that could-be formed in various size- ;nd
ehapes at reasonable cost, Produced in varying degrees oi purity
and density by a number of companies, alumina rapid.y hecame the
mpst widely accepnted window material.; The dielectric consiant of

\

alﬁmina, however, is about twice that of glass; consequently, the
reflective loss ot the interface iz appreciably Ligher., ' in a
properly~-designed wind w stiructure, the reflections from the
dielectric element are matched out so that at the midband
frenuency the structure as a whole is essentially reflectionlass,
Nevertheless, the bandwidth over which the matching i{s effeciive
becomes narrower as tLe disiectvic constant of the window element
is increased. The problem of hroadbending alunina windows was

a difficult one, end led to some novel design COnceptg.l’zoS

-Om

R SR s AP, FHEA IH AN A e St

i

4

b




At higher power levels, window heating became a serious
problem, Many instances of window failure due to ther=zlly-~
*axduced stresses have been recorded, Also, window heating was
feund to be closely related to the window-puneture problem, It
was noticed :hat in certain applicetion: 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~sido
surface nften was eroded and marked with rumerous small craters.
In such cases, the body o¢f the window element usually wae honey-
combed with small tunnels, some of which constituted gas leakage

patkhs,

From the available @4perimental da%a, it was observed that
windows whicn have failed exhibited either puncture or rupture,
or Lotk, depending on conditions oi operation and their con-
figuration, At hisrh-peak powers and low-duty cycles, the windows
were prone to puncture., At high-average power: on the other
hand, overheating usually ceused 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 for by dielectric losses alone, Many windows

rup-ured, presumably in consequence of thermally-induced strains.

-10-




Ugs of the puresy and most dense 2lumina bodies reduced, buti did
not eliminate thirf problem, Thisz extrs heating, which also
served to increase dielectric losses of window material, is now
rec&énized to be the result of an elec:tronic discharge on the
vacuur side of the window commonly referred to as sirgle-surface

multipfctor.

lLess serious, but neverthéléss important, window problens
are losses due to spurious {"ghost") node resocnances, metalizing
losses in the seal, and .cclusions (particularly gas~filled voids)
in the dielectric 2lement, Contcxuination and residual gas are
contributory factors in window punctures with the electronic

discharge providing the undarlying failure mechanism.4

In'view of the scope of high-power tube applications and
the geriousness of window problems, government agerncles moved
to establish a2 nunmber of window study programs that were rather
independent of the existing tube-development prggrams,5 As a
result of these investigations, ssveral successful methods have
been devised to improve bandwidths of windows (Reference 4,
paragraph 4,2 gives a detalled review on this subject). Further-
msre, the single-surface multipactor discharge on the vacuum side

of ¢ bhigh-power window hes been identified as a serious window

s L




problem. It was found to be the cause, ov at least a céntributing

ey

factor, of most window failures, particularly at very high levels
of peak rf power. The problem of secal~edzge arcing near the 4
mestal-dielectric vacuum Jjoint has aiso been established. This
latter problem i8s 1 imarily due to improper metalizing znd brazing
techniques used for assembly of windows, which produce brazing

f{illets and overlaps near or on the active side of the window.

4.1.2 Description of Single-Surface Multipactor

The nature of the multipsctor discharge has been previously

6,7
described in the literature, ’

and for this reason, only 2 brief

explanation of this phenomenon will be glvern here. If the discharge
region iz at a2 pressure of 1078 torr or less, and is free cf -
static magnetic fields, the mechanism can be described approximaiely

as follows:

A cloud of electrons oscillates in synchronism with the ¢
appliegd rf field, moving on the avera_,e 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 inclident primary. Typical window dielectries
have a fairly high secondary emission ratio over a wide primary

electron energy range. The background radiation usually is
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sufificient to provide initiating electrons. Under the influence #
cf the r{ field, most of the secondaries join the electron oloud,
replacing the electrons 108t by colliision, diffusion or cther

depletion mechanisms. The released sacondary electrons leave the

non-conducting window positiveiv charged. The positive charge I
on the window in turn provides the restoring force for the discharge
to nontinue., Certain factors tend to force a state of equilibrium
in which the average number of electrons in motlon remains constant
at a given level of the rf field intensity. The mag: 'tude of the
space~charge cloud is prckably one of these limiting factors.

The 1imiting mechanism in this case can be described as follows,.
When the window becomes charged suificiently 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 th2y gain sufficient wnergy from the rf field to cause more

secondaries,

The kinetic energy of moticn, of course, is derived from the
rf field and is dissipated upon impa- -3 heat, The amount of
rf power which flows into the multipactor discharge zan be
significant, In Appendix A, calculations based on experimental
data show thet at 5 MW of equivalent transmitted power through

an 8~band alumina window, the energy delivered by the multipactor

«13-




discharge to the window exceeds dielectric heating by about three

times. The amount of power dissipated in the multiipantor discharge

of uncoated windows ig usuaily a function of surface comditicns 3
and the type of window mdterial used. Both of these factors : ‘
determine the e.fective secondary emission ratioc of the window

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

ten~fold increase in the cavity losses by the eiectronic discharge

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

multipactor reduces the pover handling capsability of the window,

especially st high-averuge levels orf high~peak power,

Even though multipactor has been an impnrtant contributing
factor in many window failures, there is no evidence of any
chemical changes in cerarics due to multipactocr., The only
physical zhange directly attributable to multipactor has been
vellowing of cerawic due to X-ray bombtardment, There is evidence
whick shows that the presence of multipactor greatly.increases
the probability of arcing. .This is8 l1ikely due both teo local out-

gassing and the coplous supply of electrons. Arcing can cause

T I

severe damage (¢ ceramics, i.e,, local melting, piteting, cracking,
e6tc, The heat dissipated by rultipactor can cause thermally-
k3% -

induced cracks ir ~eramic, Multipactor probably contributes to

the transfer of materials on the window surrXace and adjacent metal
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parts, The coplous elec.ron supply will cause some ionization

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

can cause sputtering,

4.1.,3 Window Failurses Due to Multipactor-Related Problems

)n gertain window configurations, the intensity of the multi-
pactor discharge on the surface 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 fieid on the surface of the
window, can bhe a contributing factor in the early initiation of
the single-surface multipactor discharge. 1In fact, ir isolated
cases, an improperly designed window assembly can produce window

fallures by multipactor discharges of the double-surface type.

For example, tanted windows (including conicel windows) are prone to

electric field breakdoawns and multipactor discharges at higher levels

of rf pover, The axially symmetric comical windows can support

both typzs of multipacior discharge, single and dcuhle surface.

The problism of canted windows arises from the fact that they
are g2longated in the axial direction; and present a distributed,
rather than abrupt, discontinuity te the propagating wave. Mary

of these windows, for this reason, have yery high bandwidths -
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up to 25 percent, But they also have two signiiicant drawbacks,
First, being elongaféd in axial direction, they form regions where
spurious modes come into resonance at freguencies within or near
the oper-ting hand, 8Second, having surfaces normél to the dominant
mode of the propagating electric field, the canted windows are
subject to intense glectronic discharges and bresakdowns at high
levels of rf power, These drawbacks were sufficient to 1imit 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 crosc-section and has purely tangential
electric field at the surfaces. In a transverse~circular window,
the elsectric field is tangential to the dielectric only if the
rectangular-to-circular trana;tions are sufficiently far away
from thé dielectric element of the window zssembly. When these

conditions are satisfied, no highef order modes are produced near

the window.

As part of a continuing effurt devoted to the development
of improved methode of window design, a new design procedure has
been studied as vpart of this program. The procedure, given in

Appendix B, applies particularly to the derign of windows using

-18-
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plane, transverse dielectric discs in unifcrm cylindrical sections
greater than one-half wavelength long., (Using relatively long
cactions of c¢ircular gulde will preclude normal electric flelds

on the window, and thus reduce both multipactor and surface
arcing,) This new technique promises to reduce th® experimental

work involved 1n achieving an acceptable window design,

4.1.4 Means of Eliminati.z 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 emiésion film, This fact has been
known for some time, and titanium metal (which 1is reported to

have a maximum secondary emission ratio vf less than cne 9) was

the first material to be used for t{he suppression of multipactor.lo

In the case of window coatings with the =2~c-ondary emission
ratio less than one for all energy ranges of primary elecirons,
the mechanism ofi multipactor suppression is not difficult to
understand. In this case, the copiour supply of secondary
electrone from the dielectric surface has been almost completely
eliminated. Under these conditions, no buildup of multipacter
can result regardless of the number and the energy range of

incident electrons.

e e




Very o.%én’, however, even with u» secondarj emission reducing
coating, the sesiundary emission ratio is greater than one ‘over
soms small range of primary eleciron energy. 'n this case, it
13 not uncommon tiat gome wsak multipsctor discharge doms take
place on the surface cf the window. Usually, the opzration of
the window with a2 partially effective coating produces initlally
a rise in multipactor disc?arge with increasing power, followed
by a reduction in multipactor glow at higher values of the &pplied
2lectric fisld. The maximum multipactqr discharge on any one area
of the window, of course, will occur when the mean, ef?ectife
enargy of the incident electrons fal's into that range of the
secondary emission curve for which the secondary emission ratio
exceeds unlty., Neverthelees, the reduction of the overall

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 for which the secondary

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

e

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

a window coating which permits 2 multipactor discharge does not

necaessarily represent a complete failure,

The other possibilities for elimination or reduction of

single~surface multipactor include magnetic, geometric and

~18~-
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slectrostatic mewans, Eitel~McCullough found that a static

magnetic field of any orientation tended generaily to lower the

11
power threshold at which multipactor began. Eiftol-McCullough

also investigateé grooving of the window surface (grooves
perpendfcular to the electric field) .and found & smal. reduciion
with berylTia #nd alumina surfaces. With quarte, multipactor

was suppressed by grobving.lz Howaver, quertz fs really not.a
very sultable material fof high-power windowg becaure cf its
b &

extremely poor thermal éonductivity.

In the course of this program, we have conceived of an
electrostatic means for multipactor suppressisn., The concept
has not beénAteatéd. In brief, the idea consists of providing a
dc electric field at the vacuum surface of a window, in order to
draw electrons away, and tbhus prevent buildup of the multipactor
discharge,

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
rif discontinuity. 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 waveguide walls,

Rt




WAVEGUIDE WALL

WAVEQUIDE WALL
~— DIELECTRIC
: : SURFACE

INQULATED VACUUM/PRESSURE SEAL -“——-\
{The geomatry must Include en rf choks)

Dashcd lines show approximate elecirostatic tield

FIGURE~1 ELECYROSTATIC MULTIPACTOR
SUPPRESSION DEVICE
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In operation, electrons resulting from ionizing radiation, will
be drawn away from the window, and colleocted on the wire. Any
secondarics exmitted By .the wire will be drawn back “to the

wire., If the electric field is sufficiently strong, the
gsecondaries will be collccted wit hout gaining much energy {rom

the rf field,

4.2 PROBLEMS AS3QCIATED WITH THE USE OF COATINGS POR
MULTIPACTOR SUPPRESSION

4.2.1 gCoating Thickn Eeguired for Multipactor Buppression

Window coatings aire used to make the window gurface appear to
incident eleoctrons as a surfacn with the secondary emission
characteristics of the coating material. The thicknwss of
deposited filme required depends or the incidence angle of primsary
electrons and their energy level., The maximum e.ergy of multi-
pactoring electrons, in electron volts, at the morn2ant of impaet

ies given by:13

2nE 9
v . =2 L1t (1
max o®

vhere 5 is the electronic chafge-to-mass ration, 18 the radian

frequency of the applied rf field, and Eo iz the maximum

s vy me I |
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amplitude of the field. For an electric field of 50 kv/cm,*

vmax -is squal to 24,8 kv &% 3000 Mc and 2.75 kv at 9000 Mc.

The availiable inrormation on penetration of elecirons into
thin films 1is r& . her limited, but it is knewn, for example, that
the transmission of slectrons through an aluminum foil of 3.5
nicrons 1is8 almest nil if the energy level of incidont electrons

59 .
does not exceed 20 kv. This fact implies that an i1luminum
coating of 3.5 micréns on the sﬁrface of fhe window would certsinly

be sufficient t- provide all the charactevistics of &an aluminum

fiilm, even for the multipactor electrons of 100 MW, S-band wave.

The requirsrment of providing enough coating material (like
3.5 microns of aluminum), in itself, is not difficult to accompliish.
The difficulty in coating of windows with rather highly conduciive
materials such as aluminumn or titanium, arises from the fact that
the dielectric window must remain transparent for transmission of-
rf pewer. This latter requirement, which 1is discusséd subyequently

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

*The value of electric field of 50 kv/cm corresponds roughly to the
naximum electric fleld of a 100 K% electromagnetic wave propag-ting
through a round S-“and window with a diameter of 3.800 incher  This
diameter is equal to t! : diagonal dimension of WR-340 waveguilde, At
X~-band, 50 kv/cm corresponie to ahout 10 MW through a 1,226-inch
window; a diametuvr equal to cdiagcaal of WR-112 waveguicd~, These
diameters are a logical choice for aigh-power wirdow designs ~.¢t 8-
and X-band, For further information, see Appendix L.
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on the surface of the window must be significantly less than the
skin depth of the deposited material, which, in the case of an

aluminum {11lm, by itself is less than one micron,

Fortunately, there are several arguments that can be

a‘lvanced to Jjustify the use of a very thin coating. First, from
statistical considerations, ths majority of primary electrons
produced by the multipactor discharge will have energisr corres-
ponding to much less than 20 kv, even in the case of a 100 MW
S-vard electromagnetic wave, Second, the secondary emission ratio
of all materials drops off at higher snergy levels of incident
primary electrons, Therefore, greater atterntion should be given

to thal. range of the secondary emission curve for which the

secondary emission ratio is highest., Usually, this maximum
value occure near the energy level of 1000 electron volts, so ;
that muenr (uinner coatings can be used than the hypotheticai

3.% micron thick aluminum coating previously discussed, Third,

the angle made by inclident electrons with the window surface ile

very small, Primary electrons with grazing incidence.pcoduce

a rather shallo» penetration into the bombarded surface.

From the above discussion, it appears that some recduetion

in the thickness of the window coeting can be tolerated. nowever,

oottty
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it i8 gquestiohable if on these arguments alone the coating
thickness could be reduced to B value very amuch less than the
skin depth of the coating material. Neverthelees, the experimental
data indicates that films of enly a few hundred angstroms are
sufficient to alter completely the secondary emission ratio of the
substrate material.l4 The argument ihat appears to explain the
secondary elenrtron suppression action of thin films is this:
Consider a very thin coating {(with a relatively good secondary
emission characteristic) on the surface of a dislectric window
which has a high secondary emission value. An incident electron

on such a surface will do one »of two things. It will sither
dissipate its kinetic energy snntirely in the thickness nf ths

film alone - in which case the secondary emission will be a
functioﬁ of the coating material only. If the primary electron
penetrates the thin layer of fiim and enters the substrate
material, the majority of the secondaries wilil probably be

produéed in the window material itself., A small number of fast
secondaries will not be stopped by the ccating and probably will

be lost on the wa?eguide walls througn diffusion. However,

gince the greatsst number of secondaries produced in the substrate
will bBe slow ones with energies less than a few hundred volts,15

even & very thin coating will prevent these slow electrons from

-4~
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leaving the surface of the window. For example, it is reported
that a gold film 130 angstroms thick is capable of s/ -pping

. 19 P, :
eiectrons of 1,000 electron vcelts, 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 discassion, it appears that the minimum
thickness of the coating that is still effective as a multi-
pactor suppressor should br in the general neighborhood of
100 angstroms. This value of minimum thickness cannot be given
wiih greater precision for it is ¢ 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 Regquired for Uninhibited
Trevwsmission of rf Pocwer

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 ti- film should not
be less than 2.5 megohms/square. For a VSWR of 1.0%, the surface

resistivity should not be less than .83 megohms/square, The
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incident VS8WR w«#as found to be a2 function of surface resistivity
only. The results of Appendix € are in general agreemont with

the available experimental data. For example, it is known that
conductive films of about .40 megohms/square heginr to affect the

loaded Q of a tert cavity.17

It i3 interesting to calculate the thickness of thkin
titanium films of 106 ohms/square surface resistivity, In
Appendix D, this thickhess has been computed, and the results
show that the film must be about three orders of magnitude smaller
ithan one atomic layer. Such calculations are inapplicable when
they predict a thickness of less than a few atomic layers.
HJowever, the calculation leads us to think that the typical
thin fi*» of titanium is8 either of less than theoretical
density, or is discontinucus on the surface, or is anot all
titanium (some material oxidized, for example). It i3 likely

that 811 three conditions exist.

Experimental data show that typical titanium coatings of
106 ohms/square are in the range of about 20 to <40 angstroms

in thickness (depending on conditions durirg the film deposition).ls

Using the repults of Appendix D, it ce&n be shown that a

film of pure titanium 200 angstroms tbkick, of the density of
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bulk material, should have had & surface resistivity of only
23 ohms/square, These observations support our contentions about

the nature of the coatings,

1i{ may 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
rnegligible rf effects, evin though the coating material is
highly conductive metal, In the case of titanium, the experi-
mental date supports thie argument very well. 1t 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 arc obviously advantageous from
the viewpoint of film deposition; control of thickness, etc.,
need not bhe as precise. However, there are other criteria. For
example, carbon has good secondary emission properties and
fairly high resistivity, but experiments conducted in this

program phow that surface arcing removes it very reedily.

t

4.2.3 Changes in Physicai and Chemical Properties of
“hin Fiims

With such thin coatings, rather serious control problems
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arise in.coating windowse for multipactor suppression. The
main difficulty comes 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 chemical composition of the
coating cdue to the variation in the ambient conditions ¢an be
easily observed by monitoring changes in the surface resistance .
of the coating., For some coatings these resistance .fluctuations

car be several orders of magnitude,

Changes in ohemical and physical compositionpf cgoatings,

which take place during .the deposition procesg, make the control

-y

of the film deposit extremely difficult, and affect the repro-
ducinility of coatings. For exanmple, experimental data.show that
for the same surfacc  resistivity obtained under .slightly .different

conditions, the thickness of the coating of degpasilted titanium. ..

films varied by one order of magnit.ucie.]8 A8 o

Some changes in.coatings have also hean qbsearved dumring,
gmlit oiyd
high-power uvperation of windows. The term that is usually used
. T T on ¥

here is "conditioring”. That is, on first applying r{ 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 multipact~ 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 multipactor discharge, at
least during its initial stages. A more detailed analysis of

problems associated with thin ceatings is given in Sections 4.3.5, |

4,3.8 and 4,.3,7.

4,3 SPUTTERING EQUIPMENT AND EXPERIMENTAL PROCEDURES

4.3.1 Choice of Thin Film Deposition Technigue

Prior to this program, two window coating procedures had t
beer utilized extensively. Evaporation was used to obtairn
titanium films and sputtering was used to obtain coatings from

19
a titanium monoxide cathode, The sputtering technique is

s

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 evapcra-

tion, The greater strength of the bond is derived from the higher

-20-~
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velocity of sputtered particles,

Amorg other potential coating techniques, chemical vapor
deposivion shows sone 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 particlas
size a coating of about ,001 inches is necessary to obtain
coverage.20 Such thick coatings, most likely, will have a too
low surface resigstivity to be of any use. In any case, the size
of deposited particles will prowakly reduce the arcing threshold
of the window surface by creating points of lcocally 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 ty a drying or a firing process, by ion plating, or

diffusion,

O0f al? of thnese thin film deposition techniques, evaporation
and sputtering were the most known and widely used. The other
techniquess 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 program, sputiering was finally choc2n as the film deposition

technigue to ke uggd in this progran,

4.3.2 Description of Sputtering Equipment

Tre sputteving apparatus, wspecialiy designed for use with
a six-inch cathode, is shown in Figurs 2. The chamber itself
consigts 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, ancgdic shield and an argon lea'.

o

The anodic shield was used to prevént sputtering from {the back
of the cathode and the cathode lead. This was accomplished by
peosiiicning the shieid close to the cathode to prevent maintenance
of & 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 feedthroughs. The vacuum station 1is
a ligquid-nitrogen-trapped, oil-diffusion pump system. Twenty-
seven Mc rf excitation of the discharge is permitted by an rf
coii located outside the hell jar, This prevents sputtering of
coil material, Figura 3 shows the overall view of the rputtering

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

chambher. Al] coatings sputtered in this program were donrne using
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FIGURE 2

-

SPUTTERING APPARATUS
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FIGURE 3

OVERALL VIEV OF THE
SPUTTERING EQUIPMENT
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the 27 Mc rf source. The use .I rf is desirable when the gas
density is not high enough to maintain an adequate discharge
21

with dc current alone, Alego, it was found that more uniform

c:atings could te obtained using r{

Atout half-way through ths prograw a modification of the
sputtering equipmedNt oV Eigure 3 waé necessary. fhis cﬁansg in
the equipment consisteds in tdrﬁing the sputtering oﬁamhei of
Figure 2 upside down, and was ngeessiiatad ky the fact that the
carbide and nitride materials, in ﬁqrns.uspful for cathodes
from which windoﬁs coula be coated, were either unayai;ablé or
not available in reasonable puvit}er, and sputtering had ‘to be
done from powd3rs.* Since the odriginal sputggriqg hamber
(Figure 2, was built with the cathode suspande” Z.om tiie top of
tne pyrex cylinder ~rd the anode-substrate holder‘below” 1t:wos

¥

necessary to upe.d the Sputteting.éﬁambér. Only a new aexhaugt

tubulation and a new window-holding mechanism had to be provided.

Fabrication of the powder~-cathode was accomplishe? by

suspending the powder of the material to be sputtered in

No pressed or sintered discs could he made by cutside vendors
without a 2 ~ 3% nickei content or similar metal added as a
binder. Two different atiempts of making so0lid cathodes from
powder at Sterry have also failed.22
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methanol, and coating a vix-inch aluminum disc by settling and
avaporation., Thiec cake was then dried thoroughly and hsated in

vacuum, The cathodee, obtained in this fashion, did not break

up in vaocuum, but did require additionai time for sutgassing,
All ecarbide and nitride roatings on this program wers obtained

from auch cathodes,

4.3.3 Control of:

; L |
Very sarly in the program it was determined that control of
214 i

the obvious variables of the eputtaring proosss, lixe ds voltage
and current, atmosphere, presaure, tims, etc,, ¥as ndt acourate
enough to provide good rsgulation for coating deposition, The

resistancve measurement teohnique ygq{tﬁakd 0 be usrelisble to

vontrol reproducibiiity o’ coatings and almost uaeless for
monitoring cf deposits of non-metallic compounds, which tend to
produce very high resistance coatings. Probleas asmociated
with changea in the resistivity of coatings are discussed later,
It was, therefore, decided to use a corystel osoillator thin £ilm

monltor for control of the emount of material deposited,

The block diagram of “he monitor is ahbvn in Figure 4,
Oscillator #] is cornected to the crystal that is to be sxpossd

to the material being deposited in the system. Oscillator #2
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is connected to an identical crystal which is shielded from»
the deposit, but expvsed to the same thermal environment in .the
chamber as the senscor crystal, In operation, thg resonant
frequency cf the crystal exposed tv the deposition changes
linearly wit . the mass of material deposited on 1it, <he amount
of material deposited is monitored by qbserving the change in

beat frequency between the two oscillsators.

The monitor was calibrated using a method describhed by

Ha11 .23

The procedure was to mount four 4,5 megacycle crystals
about 1 cm in diameter in a vacuum chamber, Three of the crysials
were exposed to gold evaporated from a pure gold wire wrapped around
2 heated tungsten wire three inches above the crystals. The fourth
crystal was shielded from the 5 d by & thin sheet of mica., Before
evaporating the gold, the beat frequency for each of the unshieldeq
crystais with respect to the shielded crystal was read at three-
minute intervals over a period of thirty minutes. The beat

frequency wa3 found to vary less than 12 cycles per second during

this period.

After this neriod, gold was evaporated into the crystals
until the observed changes i heat frequencies were large enough

to ensure a mass change great encugh for accurate welgning. The
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pressure in the chamber duriiz the evaporated period was about

5 % 10-8 torr, After the evaporation was coipletad, the apparatus
was allowed to cool until the beat frequencies had stabilized,
which took about 10 to 185 minutes. Final values of the three

beat frequencies were measured. The apparatus was then let down

to air and the crystals removed for welighing.

The wvalues obtained from tie three crystals were sufficiently
24
alike, go 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 cryrtal depends only on th. mass deposited and
not on the material deponsited., The area of the crystals expored
to the gold was 1.78 sqem, and the surface density sensitivity

was 18.0 micrograms/square cm/kc.

During sputiering of windows with high-resistivity materials,
it was found that uniform results were obtained in ueing tie thin
film monitor if the system was pumped and the 27-megacycie rf scurce
was turned on without any applied dec voltage until the crystal ecount
became stable and good vacuum was maintained. This is termed r¢?
clean-up. It was observed that if no rf clean-up was performed, an

error in the reading of the beat fregquency was obtalned, The crystal
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count in this case would first decreass then ingrease as the
coating was buillt up, On tlhe other hand, if the rf was applied
and t‘he count allowed to decrease until a repeatable beat
frequency was obtained before dc¢ veltege 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 cxystal oscillater thin fi" 2 monitor
technique was used to control coating deposits throughout the

program.

4.3.4 S8Sputtering Procedure

The sputtering procedure used throughout the program was
essentially the same., The following desacription of a specific
sputtering experiment is illustrative of the technique used.

In this experiment, an atce.nt was made to correlate the crystal-~
oscillator monitor with surface resistiviiy measurements using
titanium as the deposited metal. 1In each test, & ceremic sllide

7 cms long and 2 cms wide was metalized and plated on both ends
leaving 2 sguare in the center 2 cms on a side. Crystal oscillator
measurements weve made simultaneously by mounting a crystal at tae
same distance from the center of tke anode as the resistance

square, The anode was a circular aluminum disc¢ & inches 1in
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diameter. The cathode was a 6-inch diameter disc of titanfium,
The measuring devices were both mourted ! inch from the center
of the anode in a plane 1.75 inches from the cathode and ,L25
inches above the eanode, 8katches vof sputterii:g setups used in
this program are given in Appendix E. The trapped system was
pumped down to 2 to 4 x }0-7 torr, then flushed with dried argon
and pumped back to the same pressure. This process waa repeated
three times, Tlre argon pressure was %then regulated and argon
aliowed to flnw through for ten minutes before sputtering,.
Sputtering runs were made at various argon pressures from 32 to
S0 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 freguency 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 as accumnulated in the short duration runs. Duplicate runs
were made in a numbe~ of cases, Figure 5 shows a plo* 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 ancde-to-cathode

spacing for a given time appeared impractical.

The technique for sputtering in argon and nitrogen atmos-
pheres consisted essential’y of determining the argon pressure
and dc voltage must suitable tc provide a reasonable coating
rate, Test runs were first mede on dummy ceramics using both
the thin film monitor and the resistance s)ide monitor as
measuring devices, The coatings were applied at 3 kv de¢ voltage
and using the 27 Mc rf power source. Pressures during coating
in argon were kept in the range o5f 33 - 4% microns while those
in nitrogen (see last paragraph) were held at 85 - 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 partlcular coating under given operating conditions,
the coating was then applied to an actual wiadow. By keeping {rack
of the elapsed time, the approximaie amount of sputtered coa’*ing
was thus known, As the amount of the coating deposited hegan to
approach 1its pradetarmined value, the sputitering process was
stopped anc the actual é&mount 3f the material deporited was

determined by measuring the shift in the beat frequency. The
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results of this measurement were¢ then used to determine if the
sputtering should be continued and for how long. Often, several

checks cf the heat frequency had to be performeu during the

A ot E-0d
S

same run indicating a change in the sputtering rate between the

trial run an¢ the actual run, .

In addition to experiments with sputtering titanium metal

H =T

in an argon atmosphers, experiments have:beén ¢nonducted .on
the sputtering of ﬁiténium in a nitrogen atmosphere (thésg ware
the only two atmospheres invesfigated in this program). The

: . : i &
object of sputtering titanium gn nitrogen was to achievé a

coating of titanium nitride.25

The technique used here‘was.
identical tae the one Jjust described for experimenis in argon
atmosphere, The nitrogen was maintained at a pressu}e of .80 to

85 mic¢rons, The coating process was controlled using both the

thin film”monitéf and the resistance slide monitor. Figure 8

shows the beat frequency of the thin film nonitor versus sputtering
tize 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 cen b2 produced by an approximate 10 per-

cont increase in the applied de voitage, indicating a rather
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critical control requirement for the dc voltage.

4.3.5 Changes in the Surface Resistivity of Coatings

In the calibration experiment described in Section 4,3.4,

the two leads of the resistance slide were connected to a General
Radio Type 544-B megohm bridge, and changes in the resistance of
the slide were measured, It was observed in hetween sputtering
periods, and at the end of each particular sputtering run, that
the resistance of the titanium coating changed with time even
though the argon atrmosphere was maintained &t about constant
value. During the same interval, the beat frequency change of the
oscillator was veyy small, indicating that not the gquantity 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 inevitabkly present in
the system, A similar observation wus made previously by Eimac.26
The change in {he resistivity of the coating made di-act com-
parison between resistance and beat frequency measurements

impractical. Other changes in the resistancsr of coatings are

descrihed in Section 4.3.6.

In the experiments in which titanium was sputtered in a

nitrpgen atmosphere (in an attempt to dazposit titarium ritrilde),

-45-
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the resistivity of t(he coatirgs deposit d remained vary high
although the thia filw monitor indicated thet fairly Lsavy films
were being dzpnusited, This was to be expscted since titanium
nitride is an insulator. The fact that the coailinge uad a
finite, but high, resistivity is indicative of some titanium
metal in the coating. Upon admission of air to the sputtering
apparatus, the resistivity increased due to oxidatior of the
free metal, The coatings obtained in these runs had the
characteristic yellow color of titanium nitride, (A reported
in Section 4.3.7, the resultant films were largely titanjum

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,
soc that each time there wat at least one-half of the 8-inch
window that was blocked off from sputtering. The control
devices were then loczted in this area of the window.

~-46~




b

s e

detail,

4.2.6 Effecy of Tube Procegsing Teclhinigques on Window
Coatings

All window coatings must go through the bakeout process.
The actual temperature at which the wirdow is baked in vacuum
is general.y in the 400° - 600°C range, and the window ccating
must survive this bakeout without a serious loss of it3s mechanical
and electrical properties, The majority of ceatings evaluated
in this program were baked at about 400°C., In almost all
cases, the change in loaded Q of the test cavities before and
after the bakeout was small and usually witkin 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 rvalue in excess of 30,000 megocams/square. Upon aneating in
vacuum to 600°C, tbe 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 adwission to air., The resistance of the chromium-ccated

-dT=
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veramic slide after wet hydrogen firing wae found to be so high

that it could not be measured with the availabie equipnert,

At about the same¢ time this test was being performed, an
alumina window was coated with chromium for evalnaticen in the
multipactor test cavity. After bakeocut of the cavity. the
resistance of the coating was so low that the cavity resonance

had completely disappeared and testing waas impossible,

in many instances, howvever, it would be desirable to ceat the
window before brazing it into a window assembly. Suck a coating
would then have to survive the brazing process, usually a hydrogen
firing. Ta 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 1106°C in a <
wet hydrogen atmosphere to sinmulate brazing of a window into its
frame., It was not possible to measure any of the properties of
the coatings during the firing process, but the resistance was
convenientlyy measured before and after, Typically, the resistivity
of slides increased several orders of magnitude as a result of

this firing,

The sampies were then subjected to a 800°C firing in wet

hydrogen to simulate brazing of the window and its frame to the
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tuhe or to a waveguide run, This firing increased resistance ol
the slides some more; but this time only by a facgor of 2 or 3.

Finally, 5. samplas;were rounted ir vacuum and the temperature

gradually insreased to 600°C, held for a short period, and then

alliowed to return *o rcom temperature. The object of this

cycle was to simulate vacuum bakenut of the tube,

It was discovered that the resistance of the slides dropped
from the very high values, observed at the end of the hydfagen
firing cycle, after the samples were subjected to vacuum atmos-
pherx . As the temperaiure of the samples went up, the resistance
continued to drop and reached a minimum value at the highest
temperature. As the slides were cooled, th> resistance rose
again and reached a relatively high value at room temperature,
Upon opening of the hell jar to air, the resistance climb~d
even more, Figures 7, 8, 9, 10 and 11 give resistance changes
versus temperature for five most important coating materials

tested in this progran.

The results obtained with the titanium coating of Figure 7
suggest that for titanium, normal tube assembly brazing operations
in wet hydrogen oxidize metullic titanium, but that the reaction

is reversible, The oxide, at least partially, reverts to metal
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upon heating in vacuum and the suriace resistivity of the cou:'ng
approaches the value 1t had at the end of the sputiering cycle
in the argon atmosphere, Tha coating then reoxidizes wiivh the

reduction in temperature.

The results obtelned with other coatings are similar to
those just described with titanium, except that resistance
fluctuations were found to be much greater than cxperienced wvith
titeanium coatinge, In all zases shown, the resistance of coatings
at 600°C in vacuum was much lower than the ;alue of the resistance
at the end of the sputtering cycle as a=asured n argen,
Oxidation-reduction reactions, similar to thcse observed with

titanium fiims, appear to be takinyg place here alto.

Section 4.5,1.3 describes multipactor test data obtained
with a vanadium carbide coated windHw iired '‘'n wet hydrogen at
1100°%C. Bince tihe results ostained wath iiths cnatine were
found ¢ be poor (Experiment #1219, Table II, p. '4), il was
decided to see il a chan~e from a wet to a dry utmosphere would

produce any signitficant chanses in the behavior of the coating.

A total ol thirteen tests were performed with dry hydrogen

fired vanadium curbide couted resistance slides and windews.,

The dewpnint of the hydrogen furnace was less than -40°F . The
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mass density of deposited coatings ranged between 1.9 and 4.3
microgrsms/cmz. In a)l caeseef, the resistanrce of the coating

went down after dry hydrovgen firing.* The reducticn in the
resisiance was either small (typically from about 20,000 megohms/
square to about '34,000 msgohms/sBquare) or ver> large (typliceily

from a2ahout 26,000 megohns/square to about 3,000 ohms/square).

An attempt to obtain a dry hydrogen fired vansdium carbide
coating of about 1 - 10 megohms/square resistivity was unsuccess-
ful., A total nof four six-inch diameter windows were ~oated in
this attempt, Tie two closest values achleved were a surface
resistivity of avcout 2,500 ohms/square an? a surface resistance
of 6,00C megohms/square. No doubi, 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 ccating of 2,500 ohms/square completely eliminated the
resonance response of the multipactor cavity, wherea=s the window
with the 6,000 megohms/square coating was a poor multipactor

suppressor (Experiment #21, Table 11, p. 95).

A similar investigation was performed with window coatings

*
Ncte that wet hydrogen firing produced an increase in the
suriace resistance of a coating sputtered from a vanadium
carbide cathnde (Figure §&).
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sputtered from a vanadium carbide cathode and fired in a 990°C
wet hydrogen atmosphere, This firing was to simulate brazing of
a window into its frawse using a low-temperature, silver-copper
eutectic. The $00°C wet hydrogen firing produced a redunction

in the surface resistivity of coatings as did dry hydrogen firing
at 1100°C., Wet hydrogen firing of vanadium carbide coatings
caused very large increases in surface resistiv.ty. From tke
five cvatings 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 chaages bhetw.en the 900°C and 1100°C wet hydrogen
firing is unexplained. The experimental data obtained with a
vanadium carbide coated six-inch window fired at 900°C 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 atmogphere, Vacuum brazing of window assembhlies is not

a sultable assembly method, since evaporation of the brazing

alloy onto the window surface is almost inevitable.

4.3.7 ldentification of Sputtered Coatings

Coatings of sputtered titanium metal show a substantial
increase in resistivity on exposure to air ag shown in Figure 7,

and 1t has been generally assumed that these coatings oxidize, A




similar obssrvation was made at Eimac.26

In this program, a
sample of sputtered titanium on an alumina substrate was exposed
to air for a period of about twc weeks, but proteected from dust
and abrasion, It was then analyzed at the Sperry Rand Research

Center, Sudbury, Massachusectts, using e¢lectron diffraction

techniques,

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 nu evidence cf titanium metal, or of

titanium dioxide or titanium sesquioxide,

The formation of titanium nitride and titanium carbide is
eéxtremely unlikely, since the coating was sputtered in an argon
atmosphere, and it is very unlikely that these compounds would
be formsd subsequently by exposure to the atmosphere at ordinary
temperatures, Therefore, it has been concluded that the coating
was titanium monoxide., Since ccated windows must almost
ingvitably be exposed to air after coating before mounting in
a tube, this work strongly suggests that sputtering with titanium
monoxide will produce the same results as sputt.ring with titanium

metal.
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The above results show that a sputtered titanium coating,
upon sufficlently long exposure to alr, transforme completely to
titanium monoxide, Flgure 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 was
exposed to air fcr at least a week before identification was
attempted. The electron diffraction technique identified the
coating material as titanium dioxide It 15 not clear why the
dioxlide was deposited rather than ¢ - nitride or the monoxide.
As a result nf this ideantification, it was decided that nitride
coatings could best be made by sputtering directly from nitride
in an argon atimosphere. It was also decided that carhide
coatings would be deposited by sputtering the carbide in an

inert (argon) atmosphere.

It 18 possible that reactive sputtering (sputtering a metal
in a chemically active atmosphere, in order to deposit a com-
pound of that element) could have been successfully applied with
further effort. It 1s also possible that a combination of reactive

and non-reactive sputtering might have been advantageous. For
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example, titanium nitride could i:ave been sputtered in a nitrogen
atmosphere. This might result in depositing more near.y pure
titanium nitride; at least some of the nitride disassociated by
the sputtering process wight Lave recombined with the nitrogen

atmosphere.

No other electron diffraction tests of coatings were made.

The results of Figure 8 and 9 show that the resistance of
sputtered carbide coatings 1increases on exposure to air, The fact
that a simple exposure to air causes an inc¢rease in the resistance
of the coating indicates probakle deposition of some metal
together with the carbide. The exact nature and composition of
the as~deposited coatings 1s not krown. 8Some chemical spot
testas were made on coatings sputtered from vanadium carbide
cathodes, Partial solubility 4n sulfuric acid indicate that
indeed some decomposition »f the compound during the sputtering
process must be taking place., Reslstance fiuctuations due to
hydrogen firing and bakeout (oxidation-recduction reactions), are
also indicative of presence of metal in sputtered coatings of

all cartides and even titanium nitride.

4.3.8 Uniformity of Sputtered Coatings

In the evaporation ;rocess, the amount of material deposited
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or the surface 1is 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
uniformity, and the degree of uniformity is not affected, if, for
example, the window tc 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 vhe anode

27
and cathode. Also, al) 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 progran,

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 otms 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 resistence so m2asured is directly proportional
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to the surface resistivity. The measur-i resist;S%f is numcerically

equal to the surface resistance for a pariicular reatio of probe

dfiameter to spacing. The surface resistivity in ohms/square can ‘
be measured fairly d4gcurately as long as the separation between

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

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

to the edge of the ecoating,

Making use of this technique, the veriation 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 aechieved
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
£ilm became more uniform until the dark space (in front of the
cathode) was approached closely. When. the dark region was
penetrated, the pattern of the sputtered film reversed and the
fiim became a doughnut-gshaped ring with the substrate nearly

bare both at the edge and in the center.

It was found that even the best coetings produced by this
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technique exhibited a resistance variation with radius, and that
the variation in the resistance of the film was greater when ths
27 Mc rf source was nct used, With simplifying assumptions (“or
example, neglecting space charge), the variation in the magnitude
of the rf electric field was computed; the calculaticn is

shown in Appendix G. It wae found that the rf electric field

is directly proportional to frequency and the radius, being

zero at the center of the disc, 8Since the rf electric fiéld
contributes to the ionizetion of the gas, a relative improvement
in the surface resistivity of the sputtered film with appiication
of rf is understandable, 8Since the rf electric field is alsp'
proportional to the rf current in the sputtnring coil, a measurse
of control over radial variation in deposition of material can

be exercised.

By the use of these techniques, plus partial shielding of
the cathode, reasonably uniform coatings could be achieved,
Figure 12 shows a typical plot of surface resistance of a six-
inch alumina disc as a function of radius. The resistance
variatioﬁ 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 céafing is shewn in

Figure El1 of Appendix E.
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Multipacionr test results obtained with hydrogen fired
vanadium carbide coated windows have shown that the firing
process degrades the multipactor suppression properties of these
coatings. For this reason, it was decided to coat fhe windows
for high-power tests in the TElgl-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 cozted in t' s fashion. Thé modified
sputtering equipment used for ccating of windows at S-band is
shown in Figure E2 of Appendix E, This sputtering procedure
did not produce very uniform cocatings. In cne window sputtered
from a vanadium carbide cathode; the resistivity of the coating
in the center of the window was measured.tu be 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 8-band window subassembly
of Figure E2 in the manner used for sputtering the X-band TE1?1'
mode window (Figure E3) produced even greater variations in the

aurface resistivity of the coating.

A mathod which might improve the uniformity of coatings

gputtered onto windows previously brazed into cylinders was

L e
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conceived but noei tried. This methed invelves using an alumiaum
mesh as the anode, The mesh 2an be either in frent of the
cylindrical sleeva, ¢r positioned within the sleeve, fhis would
con¥ine the glow discharge to the cathode~mesh region, Since
the sputtered particles are mostly uncharged, a large portion of
them would pass through the mesh, Aluminum was caosnca for the
mesh material to avoid contamination., If any aluminum we:re
sputtered or evaporated, it would almost certainly be oxidized
to Alaos’ the material of the window, It would be important

to limit current to the mesh so that the amount of e“apgistion

would be negligible.

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

using the sputtering setup shown in Fisjire E3, Again, the

uniformity of coatings was not except! onally good, but the resulting

variaticn in the surface resistivity of coated X-band windows was
better than of those at S-bkend. Typically, variation in the

rasistivity of X-band coatings was 4 to 1,

4.4 EIGH-POWER TEST EQ IPMENT

4.4.1 Description of Mulitipactor Test Cavities

An important feature of the high-power multipactor evaluation

pert of this program was a method by which multipactor could be
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gstudied without seal-area arcing. This was accomplished oy
means of specially designed, demountable multipactor test
cavities, A c~oss-sectional view of the test cavity uead for
evaluation of coatings &t X-band i8 shown in Figure 13. The
S-band version had a similer cross-section, Design drawings
for the S-band cavity are given in Appendix H, The internal
dimensions of the X-band cavity can be scale: from taese

drawings.,

Figure 13 shows that in the mu.itipactor test structure,
the dielectric to be tested is nlaced near one end of the cavity.
The dielectric constants of all of the materiais of inierest
(alumina, beryllia, sapphire, etc.) are so high that a relatively
short length of dielectric 18 equivalent to a fairly long distance
in vacuum, Thre electric field strength in the cavity is zero
at either enc, and is maximum at the surface of the dielectric
which faces the wiewing hole. The position of the viewing hole
is the area of almost zero circ mferential electric wall current,
The back side of the dielectyic window is exposed to an electric
field of only one-fifth of its maximum value on the other side
of the disec, so that no costings on this side of the window are

required.
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The dielectric sample is simply clamped in place. The

plate behind the dielectric can be distorted by the tuning screvw
ta tune the cavity, The clamp ring behind that plate forms the
, ’ ' ‘ -
vacuum c¢losure and combresues a copper gasket. 1t is quite easy
to replace the dielectric sample. The glase viewing window

clnses the vacuu» at the viewing port, and a conventional wave-

guide window makes 1p the vacuum wall i, the waveguide.

The cavity is resonant in the Tanz-mode, so that the a]gctric
fie8ld lines in the cavity are concentric circles. Thsre is zero
fie’d on the axis and zero field on the cylindrical wall of the
cavity., Hence, there is no e. ctric fieid normal to.qny metal
surface, z=nd no seal-edge rcing can evear take pracq {n guch ‘a
cevity, No =mei2'~-dlelectric seals arse }éﬁui"d !b ;ﬁat the
cavit& i entir>1y demourtablie., the reglBh of iﬁb‘ﬁux;uhn
electric field is on a circumference roughiy midway botWeeHh the

axia and the cavity wall.

The alsctric field distribution inside the cavity is
determined by the mude., Measurements of the cavity can gilve
the loaded Q and ths external Q, Wiﬁh these qgantit!ea all
known, the maximum electric field tangential to tha_vindov can

be calculated as a function of the power dissipated in the cavity,

~-60-




which a1so can be measured., The pertinent mathematical

expressions for the maximum eiectric field in the cavity, the

input power and the cavity Q have heen derived preViously and .
are summarized in Appendix I. Using these expressions, the field

strengtr -* which 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 3hows a disassembled X-band multipactor test cavity.

4.4.2 Multipactor Test Procedure

The multipactor test procedure begar with clamping of a
coated or an uncoated window into one of the multipactor test
cavities, After the cavity was made vacuum tight, the loadend
Q and thi resonant frequency of the cavity were measured and K
recerded, After the bakeout, normally performed at about 400°C,
the measurement of Q and frequency were repeazted and compared to
corresponding values before the bakeout., Usually, these measure-
ments were found to be within the experimental error of the coid-
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

igure 186,
[

-70-

== i O e g Y N A et 004




FIGURE 14 DJHOTOGRAPH OF A DISASSEMBLED 8-BAND
MILTIPACTOR TEST CAVITY.
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FIGURE 15

DIBABSEMBLED X-BAND MULTI-
PACTOR TEBT STRUCTURE
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The diagram of Figure 16 is self-explanftory? The high-
powver driver tube used at S-bahd was an SAS-15¢ klystron with
a nominal power output of 21 MW peak and 20 kw average. It is a
fixed frequency tube (2856 Mc) and has ohly a small bandwidth,
but variation of the input frequency over 16 Mc was possible with
a moderate reduction of the output pbwef. The klisiron was
usually operated at fixed freqhency énd the multipactor test
cavity tuned as required, The.pulse length of thornodutator

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 ; precision water loac
at 2856 Mc. The returned power was measured by a coupler-
attenuator combination. The reading 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 wanm observed
that the best value of hot VSWR at resonance veven in the absence
of multipactor) was always higher thgn its cold-test value
obtained before or after tie test. For example, in a TE;?:'

mode cavity test at X-band, a cvold-test VSWR a* resonaunce was

-74-~
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measured to be 1.5 to 1. During the high-power run, the measured

VSWR i.. the input 1ine was always 1.9 to 1, In this test,
described in Section 4.5.4.2, no multipactor was cbserved in

the cavity during the whole experiment, 8imilar observations

0

were made at S-btand, where in one particular test with a TE111'

mode cavity no multipactor discharge was observed (8ecticn 4.5.5).
In this experiment, the hot VSWR at resonance was found to be

always 2.1 to 1 against its cold test value of 1.2 to 1.

The reason for the discrepancy in the two values of VSBWR is
due to the difference in the frequenecy spectrum between the
high-power and cold-test rf sources. 1In 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
the high-power setups, on the other hand, an appreciable amount
of incident rf energy can be of a slightly diflerent fgequency
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 r{ 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 astation, This fact explains the larger difference

between the two values of VSWR moasured at 8-band,

In all the data given in this report, the value of VSWR
calculated from directionnal coupler readinrgs was used to obtain
the maximum electri~ fleld in the two test cavities (Eq, 110,
Appendix I and Eq. K8, Appendix K), 8ince the value of Enax
in the cavity 1s inversely proportional to one plus the value of
VSWR at resonance (for an undercoupled cavity), the trus value
a2t Emax would have been higher than calculated. For example,
if in the 3-band test just described, the hot VSWR was not 2.1
to 1 but closer to 1.2 to 1 (i,e.. 1ts cold-test walue), then

the maximum value »of the electric field wouid have beer ahout

i.5 times higher,

The difference in the two different values of VS¥R was
observed very early in the program, and a specially-designed,
high-power slotted line was incorporated in the S-band input
line. The VSWR readings obtained from the slotted line were
fournd to be sma.. .r than the values obtained by using directional
couplers,28 but not accurate enough to make calibrativn possible,
The slotted line was later »amoved from the circuit in order to

pressurize the wavoguide.
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The X-hand gourse was &p SAX~-Y9]1 klystron, which Has ai . *

i

norinal poyer output of 1,25 MW peak and 6 kw average, It has

a wide elect;onic bandw1d£h and was used w;th a & usec_pulse
length, Frequency aSJustments on the X-band mu;tipactof cavity
were made again by flexing the back wall otAthe c#vity. The
test equipment wes very similar to that described for the S-band

setup.

¥ultipactor was detected by viewing the ceramic window in
the cavity through the viewing port. A multipacter discharge
produces a glow on the surface of the dielectrlc, which is due
to fluorescence under electron bombardment, anZ (an he easily
detected. Unfortunately, the initiation point at which the glow
is first visible may differ begween readings depending on the
degree of dark.adaptation of the eyg. In 2ach test of a coating;
the power to the cavity was raised in emall spéps anf i/2 to 2 db,
depending on the incident power. At higher levels of power, the
steps were finer than at lower levels. The ;ncreaae in power
was occasionally interrupted to check -the coating for conditiorning.
All visual chservationa and meter readings made during the runm
were recorded, A fallure of the window normally terminated the

experiment,




Ay

4.4.3 Degoriptiop of High-Power Tes '%.Bouipment and
grgggdurg

The muvltipactor test cavities described in Section 4.4.,1

3

were particularly suitable for evaluating the proporties of a

coating surface for multipactor and aveing without th;:added

problem of arcs originating on the metal walls and at metal-fo-
ceramic se«al areas, However, since omne purpecse of the progrdm
was to evaluate the seal-area-arc problexm, it was desirable to
test windows in a geomeliry and mode which was a good simulation
of acturl operation as part of the vacuum enclosure of a high-

powver tube,

At the outset of the prngram, it was intended to test X-
band windows in resonant cavities operating in the appropri;to
waveguide modes (TB11 in circular guide; TE10 in rectangular
guide) with the dielectric positioned so that one face was at
the plane of maximum electrie field. Thess windows wera to be

brazed in place, and the cavities evacuated,

At 5-Zand it was Intended to use a ring resonator so as

to subjuct the window to a eimple traveling wave. 1In this case

tvo winaow sections,very nuch like window sections for high-power

tubes, are brazed togzether. The space between them 1s evacuatsd.

S8uch assemblies are ualled "windowtronsg" and are essentiaily
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reflectionless at tha frequency of intersst. The windowiron is

inserted ir the resonant ring, which is usually pressurizad,

At the outset of the program, design work on fh; S-band
ring was initiated. 1In view of the required high-pn;er hardling
capability of the primary directional coupler, a fhther détailed
theoretical analysis of directional couplers was per nrmed. A
new technique which involves the staggering of binomial arraye
has bean developed for thie purpose.29 It was found that -a nine-
hole divecticnal coupler consisting oi seven staggered three-
hole binomial couplers would give the desired 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 designed 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
been previously raportedeal The design of the rest of the ring,

including the monitor coupler and the H-plane bends witn

viewing holes, was straightforward,

The design of the windowtron followed & procedure devoelcped

2
at Bperry.3 it consisuved of two identical transverse dielectrie
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elenents, epacad apart by some specified distance 2nd mounted
norral to the axi- ef & uniform, round wavaguide., Tw» identieal,
nagative-suscrptance obstacles {(rectangular-to-circular waveguide
transitions) were anounted at equal distances at elither side of
thy dieisntric elsments, The structure was symmetric with

res,aect to its midplane,

The most important electric property of this windowtron w-e
that the voltage raflection coefficient and its first derivative
ware zero at the design frequency. The "maximum flatness™
rospor.se wvasd a desirable feature and gave a reasoncble working
bandwidth, 1he experimental data for the final design of the
windowtron was taken using a procedurs developed by P, B. Churchill

for this particuiar application.33

Alter the ring resonator design had been completad, we
Lecame aware of an 8-b%and ring rated at 100 megawatts peak =nd
1 meguvatt arerage which was government property and iocated
at Lincoln Laboratories., Arrangements w o« made tc deliver

this ring to 8perry for use in this picrgrem.

¥hen the ring was assembled, many leaks at the flanges,
at monitor couplers, at bolted-on sections, etc., were found,

Quite a bit of work went into making the ring pressure tight.
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Many solder joints in the monitor couplers were broken, and it
was necessary to repair these jointe and recalibrate each

coupler,

The ring was first operated with pressurized air, and it
arced at about 15 MW peak circulating power. The ring was then
pressurized to 25 lbs. gauge with Freon C 318. Thig p4s is
reputed to be substantially better in breskdown strangth than
sulfur hexafluoride.34 Once again arcing occurred, this time at
about 19 MW, Since the ring was so massive in construction
that it was impussible to determine where the arcs were hy
listening, the ring was allo!ed to arc for some 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 thieg point, it was concluded that further work on the
ring was undesirable, and it was decided to test windowa in cavities

at 8-band as well as at X-band.

*The ring incorporated a pair of short siot hybrid junctions back
to back whi:" could be movsd individually or together. They were
used to change the length of the ring and to introcduce a reflection
of arbitrary amplitude and phase,
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* cross-sectis®.l view of the demountable TE,?I-ode X~band
cavi‘y is shown iu Figure 17. Design drawings for the 8-band
test cavity are given in Appendix J. Electrically, the X-band
cavity is essentially a =scaled-down version of the 8-band cavity,
but being small in size (test window dimensgions: diameter - 1,250
inches; thi_ «ness - ,050 inches), it has ne 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 18 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 wail containing the input wavegui-e. Again,
a soft copper gasker provides a good electricazl path between
the two parts, The viewing nole in both cavity designs is
composed of many small aps2rtures, nanufactured by the epark- rosipn
process, fillling an area 1-3/16 inches in dlameter. This means
that in the X-band design, the viewing hnle is almost as large
as the test window, so that photographs of the whole window could

be taken.

The internal design of the cavitios was essentially the
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same as thq& used for the multipactor *est cavities. The dielectric

Vs
vindow 1s again placed near one end of the cavity, and the maximum

electric field i3 on the surface of the dielectric which Taces
the viewing hole, The back sidé:of the dielectric is exposed
to a lowe™ field and no coating is requirad because of pressuriza-

tion of this section of the cavity with sulfur hexafluoride.

The electric field distribution in SFL c;;ity is determined
by the TEI:z-mdde. 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
pertingnt mathematical expressions, aé in the case of mulgipactor
cavities, have been derived prsviously and are summarized in
Appendix K: Figure 18 shows a photogfaph of the disassenmbled

8~-band, hiéh-power test cavity. The X-band version is shown in

Figure ]9.'

The procsdure used for testing windows in the TEigx-mode
cavities was ®#ssentially identical with the une used for multi-

pactor tests. The test equipment used was also identical.
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FIGURE 18

DISASSEMBLED HIGH-POWER,
8-BAND TEST CAVITY
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FIGURE 19 X-BAND, HIGH-POWER TEST CAVITY
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4.5 EXPERIMENTAL RESULTS

4,5.1 Mu}lti Tegt D [ ned at S-Ban

4.5.1.1 Results Obtained with Uncoated Windows - Table :
gives a summary of all the tests performed at S-band with uncoated
windows. 1In the first two experiments, a ground alumina window
was tested for multipactoir., 1In both cases multipactor increscsd
with input pover, The multipactor glow in the cavity was

roughly proportional to the electric field of tha "Ef -mode,

with the maximum glow occurring at the point of maximum electric
field - about half-way between the center of the disc and the

cavity wall. The color of the observes glow was blue,

In the first experiment, 2utgassing of the cavity was
quite strong (because of inadeguate bakeout), As the pressure
rose, the color of the glow changed to iight pqrple, znd 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 I, p. 91), no such outgassing was

\

observed. ‘

In the second experiment, arcing at the window surface

was observed at 56 kv/cm, correspording to an equivalent
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transmitted power of 112 MW* and the experimenti was terminated,
The chenge in VEWR with the input power for this experiment- is
eshown in Figure Al of Appendix A, Appendix I gives a relatinn-
ship between the maximum electric field and the input power

as a function of ihe multipactor cavity parameters, In this
appendix, a numerical ca&lculation of the maximum elactric field

reauched during this test is given as a sample calculation,

Whon the cavity was disassembled after the experiment, it
was observed that the ceramic had bhecome yellowed due to X-ray
bombardment. The yullowing across the surface of the cereamic
and in depth of penstratiorn was proportional to the obhserved
multipactor glow intensity, which in turn was a function of the

-

mode pattern of the TE;%-mode.

Iin the next three experiments, lapped, uncoated AL-985

alumina windows were evaluated for multipactor., The purpose of

*Tha equivalent transmitted power mentioned in discussion of
these and other S-band mn) tipactor test cavity experiments
{and in Tables I and Il) corresponds to the peak power that
would bhe transmitted in the TE‘1-mode through a circular window
of 3.80 inches in diameter (tne diagonal of WR-340 waveguide,
a logical choice for high power at 8-band) if the maximum
electric field at the surface of that window were equal 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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hese experiments was to determine whether or not & lapped surfa
had a grevater resistance to aroing than & ground surface., The
general behavior of the lapped window was the same as that of

a ground window, Arcsing near tih2 irput iris pravented the
estahlishment of the arcing tareshold of a lapped wincdow. X~
ray damage to the ceramic was clearly visible on the lapped

surfaces.

In the last experiment, a lanped quartz surface was studicd
for multipacter. 8Severe detuning and Xocading of the cavity was

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

ce

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

viewing hole, but the window showed no damage or discoloration.

4.5.1.2 Fesults Obtainyd with Coated Windows - ™able II

gives a summary of multipactor results obtained at S-band with

coated windows. In the first three experiments, coatingr were

sputtered from a titaniur metal cataode to various resistivities.*

Note that in Experiment #3 alone four different res‘stivities
vere 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 SBection are as

measured in the argon atmosphere at the completion of sputtering

unless specifically stated to the contrary.
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of the multipactor discharge has Leen obtained. At lower levels
of electric field, the intensity of multipactor glow was
proportional :o the electric field strength of ;ﬁe ngirmode.

At higher levels of rf puover, the intengity of the glow at the
point of maximum electiric fiold began to diminish and continuad
to do so until at the highqst levels of rf there wdg no glow at
the point of Emax . The ceramic window was 81111 glowing at
Iower values of electric field (at both sides of the area of
maximum field) forming two concentric rings.* In the third
éxperiment a sustained surface arc cracked the ceram;c. Figure

20 shows the cracked alumina window,. Damage fro=m fbe sustained

arc can be seen.

In the next two experiments, coatings of spuvttered vanadiunm

were evaluated for the suppression of mul tipactor, No multipactor

*Very often, even with a secondary emission reducing coating, the
secondary emission ratin is greater than one over some small
range of primary electron energy., In this case, @ weak multi-
pactor discharge can take place at the window surface. Neverthe-
less, the reduction of the overall magnitude of the Ssecondary
emissionr ratio of such a window surface 's usually very
significant., This fact, together with the reduction in the
enargy range of primary electrons for which the sacondary
emission ratio exceeds unity, resul.s in a reduction in the
total amount of pnawe: dissipated at the window. From this
point of view, a window coating which permits a multipactor
discharge doas not necessarily represent a failure, 1t is a
question of degree.
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' FIGURE 20 ARC DAMAGE TO THEE TITANIUM-COATED
| ALUMINA WINDOW DURING THE HIGH-
POWER TEST
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was observed until arcing began, First arcing on both windovws
was observed at about 53 MW, The arcs appeared to move agbﬁnd

on the surface of the window (dancing arcs). After x little
while the arging activity would subsidé and very light multipactor
glow would then be seen at the window gcoating damaked by areing.
These serles of events would occur each time the input power

tevel was incresased., Figure 21 shows arc damuge to the coating
after high-power tests in Experiment #4. The heavier of the two

coatings appears to have sufiered greater damage.

In the next two experiments, ccatings sputtered from a
chromium cathode in argon were used. The resuits of Experimant #6
with chromium coating were described in Section 4.3.6; the results

of Experiment #7 are summarized in Table I1I.

Coatings of tantalum and carbon completely suppressed
muitipactor all the way up to the point of arcing. Figure 22
shows arc damage to the tantalum coated window, whereas Figure 23
shows cfamage to the carbon coated window, It ean be sBeen that
in the vicinity of the arc the carbon coating has been thoroughly
removed. A pyrolytically deposited carbdnrcoating (rather -than
sputtered) which mey have a better bonding characteristic has

not been tried.
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FPIGURE 21

ARC DANAGE TO THE VANADIUM~-
COATED ALUMINA VWINDOW
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FIGURE 23

ABRC DAMAGE TO S8PUTTERED CARBON COATIKNG
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Halisnilie

In the next three experimentr, three different metals,
titanium, vanadium and tantalum, vers sputtered in a nitrogen
atmospherea. The recgults given in Table Il are self—axplanato:y.
In the next experiment, titanium nitride in powder form was usgad
to obtaia a window coating, Two different coating densities were
used on iwo halves of the ceramic window. Again, the results
summarized in Table Il under Experiment #13 require no added

comment,

In the next two experimenis. tantalum and titanium carbide
coatings were studied for suppression of multipactor, The -
results obtained with titanium carhide 1ooked good, Condi<ioning
of the coating, attempted during tbis test, increased multi;actor

threskhold of the titanium carbide coating from 18 to 34 kv/cm,

In Experiment #18, 5 vanadium carbide coating was evaluatsd
for the suppression of multipactof. The overall behavior of this
coating looked semewhat better than that of the titanium carkide
coating, in spite of the fact thaﬁ the vanadium carbide noating
in the end broke down at a lower power level!. B8ince flashing
and finally arcing occurred near the input iris of the cavity
loaded with the vanadium carbide coated window, it was expscted

that ultimately a higher-power level on the ceramic gurface cruld

-102-
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be obtained, Two more experiments with vanadium carbide coatings
were then performed, The results of these tests are sumuarized

+u Table II.

4.5,1.3 PResults Obtained with Vanadium Carb:de Coated
¥iudo.s8 Fired in Hydrogen - The last threse experimeants parforméd
at S-band with coated windows were used to ntudy’the effects of
window brazing techniques o5n multipactor suppression properiles
of vanadium carbide coatings. In Experiment #19, & 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 11, were somewhat disappointing. Tho multipactoer

suppression of the fired coating was noticeably poor.

One interesting observatinn was made in this tert, At a
power lavel of B85 MW (49 kv/em), when the intensity of the discharge
hegan to diminish, it was noticed that the color of the character-
istic multipactor glow would chenge from blue to slightly reddish
ir appearance. Tha shaps of the glow of either color was
always proportional to the electric field intensiiy of the TE;;—
mocdoe, The reddish glow was not a gas discha e such &8s observed

previously during the early multipactior experiments in tnis

-103-
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progran /Section 4.3.1.1). The gas pressure was o torr, A

fact which argues agaii. * the gas discharga was the reversible
nature of the glow - that is, the change of color from blue to
reddixh and then back from reddish toc blue in a rather rapid
succession, Ar the power to the cavity was increased, t4o color
chenges of tne glow continued until an arc near the input iris

terminated the mxperiment.

In Experiment #20, a van~dium carbide ceating was fired at
900°C in a wet hydrogen atmosphere, This firing of the window
was to simulate a iow-temperature, silver -copper eutectié braze
of the window into its assembly. The evaluation of this window
showed that the behavi.. of the fired window was very much
like, although not as good as, that of an ideuntically coated but
an unfired window. The kehavior of the 900°C fired window was
noticeably ‘'s:ter than that of an idertically coated window, but
fired in 1100°C, als» in wet hydrogen. A comparisen tetween the

two cases can be made from the summary of results of Tabie 11,

In the {iral teat, a2 vanadium carbide coating was fired in

a dry hydrogen atmosphere at 1100°C. The muitipacter supnression

propirty of this window was somewhere between the two previnusly

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

12,000 megohms (see 8Bection 4,3.6 for details).

4,3.2 Multinactor Test Data Obtatned at X-Band

Table 1JI gives a summary of all multiéactor &esh]ts obtained
at X~band. Four uncoated dielectric matierials were evaluated.
The general bpehavior of these experiments was the same as ihe one
des :ribed for uncoated windows at S-haird. In ail cases, tﬁe
intensity of the multipactor glow was proportional to the nagnitude
of the electric field of th: TES -mode. The color of the multi-
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.

fhe maximur value of the electric field, as in the case of
8-band tests, was determined using expressions derived in Appendix
1. The equivalent transmitted power ies calculated from -he vlectric
field as it was done at S8-band. In this case the powar 1is computed
for =& TEfa-node window 1.226 inches in diameter, which is the

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

dxperiment #3 and #4 utilized materisls not tested at 8-band,
i.e., sapphire and boron nitride, The results with sapphire were

not unexpected, since sapphire is a monocrystalline foram of
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alumina., There was gome reason to belleve that boron nitride
might hot support multipsctor; other nitrideg suppress multi-
pactor, and boron carbide i8 a moderately effoctive suppressor of
electron emission. Boron nitride has other deairab}e properties;
it can be machined, its 1c0ss tangeat is low and 1ts'tharma1
conductivity is high, One potential difficulty in using it for
windows 1s that there is no established prccedure 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 giass 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 vapor.
There 18 no reason to suppose that the results obtained in this

test would be characteristic of the pyrolytic form.

Subsequont to this test, a representative of the Carbon

Products Division, Union Carbide Corporation, informed us that

in testr conducted at Stanford University, pyrolyiic boron ritride

35
apparently suppressed multipactor, Union Carbide Corporation

also has developed a technique for metalizing this materia].35

Experiment #5 was performed with a wvanadium carbide coated

-107-
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#indow. The multipactor suppression property of this coating
at X-band was similar to the behavior of an identical coating
at 8-band. 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 vas always at the iris;
that is, between the two arc stains of Figure 24, A summary of
results obtained in this experiment ig given in Table IIl,.

4.5.3 Physical and Chemical Changes in Windous Due to
Multi r

4.5.3.1 Conditioning of Window Coatings to Multipagtor -

Very early in the program, some conditioning of window coatlngs
to multipactor was observed. Conditionirg has been defined as

an increase in the threshold level of multipactor observed after
multipactor has persisted for some period of time. This was
found to be true of neariy all the coatings investigated for
multipactor conditioning. A eimilar observation was mado at
Eimac, wvhere it was observed that after a perliod of operation

of the wind5w with multipactor glow, the threshold power ut which
the multipactor glow begins would increase sometimes by a factor

of 2 or 3.38

In most experiments performed in this program, no concentratec

effort on the study of the effect of conditioning of windovw coatings
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FIGURE 24

X~BAND, VANADIUM CARBIDE COATED
WINDOW AFTER MULTIPACTOR TESBT.
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t5 multipastor was madz, In general, the observed conditioning
was smell, 1In lsolated cases, no conditioning could be observed
at all, For example. the vanadium carbide coated window fired in
wet hydrogea at 1100°C (Exporiment #19, Table I1) showed no sign

of conditioning.

The procedure used for studying conditiconing is character-
istically described in the following experiwent. 1In Experiment #18,
Table 11, conditioning of vansdiuz carbide coating was investigatied,
Mul tipactor was firot observed at 6.6 kv/cm, After operation of
the window at the maximuﬁ electric fleld of 24.2 kv/cm for a few
minutes (at which time some reduction in the nultipictor.activity
could ke observsd) the multipacior tanreshold w.s found‘tb have
increased to 13.4 kv/cm., This amourts to a 60 percent increase
in the magnitude of the initial electric field, After further
opsraticn of the window at a maximum electric field of 46.2 kv/cm
(at this power level multipactor glow had completely disappeared
from the poirts of maximum electric fleld), the multipactor
threshold was found to be 20.5 kv/em, This corresponds approx-
imately to a 1.7 percent increase in the electric field with
respect to its initial value (or u four-fold increase in the

level of power).
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Conditioning was again tried by operation ol the window at

&i 55k

approximately 133 MW cof equivalent trensmitted power gpgrequqd%ngz
to a maximum electric field of 81 kv/cm for a period of a fev
minutes, After this run, tbé multipactor glow was first observad,
at an electric field of 23.7 kv/cm; this represents only a 13
percent increase in the elesctric £ield over its previous valuse,
Conditioning of the coating vas tried for the last time after .
operation of the window surface at an elactric field of 79 kv/em,

This time the multipactor threshold was found to be at 22.4 kv/cnm,

The results of this study show that mujor 1mprovament in
the multipactor threshold appears to be taking place dgring the
early stages of multipactor activity, For example, it can be
seer. that no significant conditioning of the vanadium cgrhide
coating could bhe observed after operation of the window at
46 .2 kv/cm elactric field lavel, It is 1nteresfing to note that
the valus of the electric field at which multipactor glow was
first observed in Experiment #1868, Table 11, was 28 kv/cm, or
approximately the same threshold field finally reachad in

Experiment #18.

Orly in one case a complete conditio~ing of the window

coating to multipactor wes observed. The results of this experiment
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are described in Secctions 4.5.4.1 and 4.5,5 in greater detail.

In this test, the coating was sputterad vanadium carbide, arnd

conditioning was observed after about one hour of operation of

the window at a 48,1 kv/em electric fiald level. As pointed out

earlier, the time interval used to study corditioning in all

other experiments wass never greater than a few minutes, and it

is possible that better conditlioning results could have been

obtained if ccatings were exposed to multipactor discharge for

longer periods of time.

There is no conclusive evidence as to what happens physically

during conditioning., During mu'tipactor, the window is certainly

bombarded with elecirons, and probably with ions. These conditiions

might lead to cleaning the surface, to chemical changes in the

coating (though there is no evidence fry this) and in the case of

a non-uniform coating, to a redistribution of the coating material,

4.5.3.2 Analysis of Gases Evolved During Multipactor - A

multipactor discharge on the ceramic surface, coated or uncoated,

produces an increase in the gas pressure in the tast cavity.

rige ir pressure is probakly due to putgassing of the window

surface under the influence of electron Jombardment.37

The

The

gas spectrum resembles that of typicail outgassing of surfaces of
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¢lectron tubes when sulbjectad to electron b¢:unt:_i;_x_'?dzzlon\‘,.:‘18

The analysis of gases evolvad during multipactcr was made
on several coated and unéoated windows in th{s program. The
equipment consisted of a General Electric Mass Spehtrometer Tubo
attached to an S-band multipactor testi cavity. In ons experi- -

-~

meat, an uncecated AL-995 aiumina window was investigated, The

pressure in the test cavity after bakeout was in the 1()"8

torr
range, The pump system connected to the muitipactor test cavity

was an 8L/sec ion pump. Also connected to the system was a

nitrogen sorbtion pump,

The gas spectrum prior to applying rf _.ower to thé cavity
was composad mainly of hydrogen aad carbon aonoxide along with
minor peaks indicative of methane Zragments. As the power was
applied, the system pressure rose 1o 3 x 10°7 torr. With the
onset of multipactor 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 (cu‘) increased

roughly proportionally to overall s, stem pressure,

The system pressure and the partial pressures of the maln

constituents increased with each ris¢ in incident power and then
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8lowly re.urned te the previous level or a value slightly abbve,
deéending on the recovery time ;lloyed. The evolutiion of hydgogon
during multipactor at the higher incident power was more pronounced
than that of the carbon monoxide up to about 750 kw. From this.
power levelzup to She point at which window arcing.occurred, the

two partial pressures were about equal,

Figure 25 shows £he 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 multipactor
diicharge at the window, and the other at the point of wirndow

arcing (5.6 MW).

All of the above tests were performed with the ion pump
on. The spectra all display a series of peaks from mass 12 to
mass 16, This has heen identified as methane. 8ince no mass
32 peak was observed, no oxygen is prosent, and consequently the
mass 16 peak cannot he attributed to 0+ or 0,++ ion specles. The
mass 12 peak 1z higher than one would expect from methane alone.
This 18 no doubt due te C4+ both from the methans cracking pattern
(relative abundance 2%) and the carbon monoxide cracking pattern

(relative akundance 8%).

A series of experimental rung with the ifon pump or and off
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show that {he methane fraction is due to methane iorrmation by the
*turned off™ icn puamp, During these runs all other peaks increassd
by only a factor ot 1.8 to 2, The methane spectruin increased by

at least one order of magnitude, This nhenomenen %as been reported
in the literaturo by severa:! 1nvestigatcrs.3g Consequently, the
methane spectrum 18 attributed to tha ion pump system, and nont to
the multipactor digcharge. Similar ohservations were made with
coated windows. At no time was there any evidence of disassociation

of coating or substrate material,

4.3.3,3 X-Ray DPamage to Ceramic Windows - After completion

of an experiment with an uncoated alumina window (Experiment #2,
Table I, p..88), a 1light tan to yellow discoloration on the surface
of the ceramic was observed, This discoloration displayed a
toroidal shape tyg?cal of the TEéﬁ-mode. Figure 27 shows the
multipactor side of the window. 8light radial changes in shading
cf the surface due to discoloration can be cbserved. The position
of the crack at the point of maximur electric field can also be
seen, This crack was relatively shallow, as were sBeveral others

obtained in this program,

Yellowing of the ceramic of micrswave windows due to electron

40
bombardment has been reported previously, Nevertheless, an
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FIGURE 27 UNCOATED ALUMINA WI!iDOW AFTER MULTI-
PACTOR TERT. THE CEACK FROM ARCING 18
ON TEE RI1GHT.

FIGURE 28 POLISHED EDGE OF 3ECTION OF CERAMIC

WINDOW, THIS EDGE WAS NOT EXPOSED .
TO MULTIPACTOR. MAGNIFICATION 250X,
NO ETCH.

-118-




o

effort waes mauie to positively identily discoloration, S8Standard
sacid solubility tests were performed, The discolnration was not
affectsd by nitric, sulfuri-, tydrochloric and hydrofluoriec acids,
and varlous mixtures of these, inecluding aqua regia. Emission
spectrographs ol steined and unstained areas were ldentical, it
was clear that the discoloration was rot a coating but a change

o1 color of the ceramiec itself, These discolnrations hzve been
observed with various ceramic materials when subjected to Beta or
Gamma radiation and to electron bombardment.41 Firing in aiz or
wet or dry hydr-rogen removed the ysllow color, This is als»

characteristic of X-ray discoioration,

It i35 generally believed that electrons stripped Irom atonms
become trapped at dislocations {(or other defects) and form color
centers, These color centers are regions of altered optical
zdsorption characteristics that are distinguished by discoloration

of the material,

The radiation intensity during Experiment #2 (Table X, p. 88,
was meonitored,and at an electric field of 36,6 kv/cm a radiation
level of 2.8 mr/hour was meas ~ed, After this point, the multi-
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 »nf the relvased X-rays certairly increased,

S8ince the maximum electric field intensity reached during
this test was 056 kv/cm, tic maxisum ensrgy of tae incident
electron can be computed using Eq, 1. vmax for this case was
about 33,000 electron volts. It can bLe shown42 that X-rays
produced by 33 kev electrons will penetrate to the depth of {ne

tan-to-yeliow discoloration chssrved on the cross-sectional cut

of the ceramic, which was about ,030 inches a. the deapest poiat.

In view of the sevarity of X-ray damage, the investigation
nf the condition of the ceramic surface was continued. The
ceramic was sectioned and observations of the cross-section showed

the following:

A, Discoloration was deepest at the point of maximun
electric field, The color centers were visible only as dots at
i200X magnification, Only one or two were visible in the field
at this magnificaticn at each focus level below the surface,
Looking at many rfieldes gave the impression that those near the
surface, at le:st, appeared to be in the glassy phase between

the aiumina crystallites,.

B. Figure 28 shows a polished crose-section of the potted
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ceramic surface untourthed ky multipactor. Figures 2Ca cnd 29D
slow the cross-sections pf the ceramic éurtaca exposed to multii-
pactor (which preduced yellow-tan discoloration), .All figures arg
at 2508 magrification., Figure 288 is the appearance of ceramic
edge before and Figure 28t after annealing in air. Samples

annealed in dry or wet hydrogen produced similar structures.

C. The centers could not ke seen in polished cross-sectionns.
However, the sdges of these cross-—-sections showed surprieing
weakness as opposed to edges of cross~sactions not exposed to
multipactor. Polished in the same way, potted together in the
same spscimen mount, the edge of the area btroke down much faster
and more deeply than did unexposed aress (Figure 28 versus Figure
29a), Attempts to hold the edge for examination by coating, facing
with other ceramic samples in the specimen mount, etc., were
unsuccessful, It wouuld appear that the glassy phase was so
severely weakened that it could not hold 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 occurvred or the urarnealed

exposed 3ection (Figure 29a),.
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PIQURE 3%b

& AS~POLISEED EDGE COF BSICTIOF TELRS

fELICF
AL ATTINFTS IO

&5

COIORING EFFEKT OOCTERYD.

RTSSCE TEIE EDCE BITAIDO¥S UTXEDER POLISEINC

FAILED., BAGRIFPICATIOS 233X, X0 EYCE,

AS-POLISERD EDGE OF SECTION ¥HERE YELLQY
COLORING EPFPECT HAD BEEN AWNZALED BALK TO

UXIFORK WHITENEBRS. EDGE EXHIDBITB THE BAME
IRREGULAR

WAE ANNEALED, MAGNIFICATION 250X..N0 RTCH, .

BEXAKUCYX A8 OCCUREED BEZORE EZPECIMEN



Y
- L., <

FIGURE 20a AS8-POLISHED EDGE OF SECTION WHERE YELLO¥
COLORING EFFECT OCCURRED, ALL ATTEMPFTS TO
REDUCE TBI8 EDGFE BREAXDOWN UNDER POLISHING
FAILED, MAGNIFICATIOR 260X, NO STCH,

FIGURE 20b AS-POLISHED EDGE OF SECTiON WHERE YELLOW
' COLORING EFFECT HAD BEEN ANNEALED BACK TO
UNIFORM WHITENERS,., EDGE EXHIBITS THE SBAME
IRREGULAR BEEAKDCWN A8 OCCURRED BEFORE BPELIMEN
WAB ANNEDALED, MAGNIFICATION 250X, .NO ETCH, .
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From this and from some BXperimentBAvith A Vickere indenter
cn ¢ Kentron microbhardness tevrtsr, it appeared that the giaesy
phase ¢f the coramic was damaged more severely by multipactor than
mere production of color centers would indicate. ¥ith a 5 kg load
on the indenter, the surface of the unexposed part of the ceramig
broke some distance from the perimeter of the indentation in
Jagged crystalline irregularities. With the same indenter load,
the yellowed surface powdered and 4id not visibly crack far hevond
the indentation perimeter. Since the surfaces could no-. ba
polished for this experiment, details of the differa2nt impressions
could not be brought to single f.vxs.for a picture but could he
seen by changingk focus depth while observing. These effects
lead to the conclusion *hat the glassy phase and perhaps the
crystallites are geverely micro-cracked by the X-rays produced by
mul tipactor, and that the degree of cracking is proportional to the
yeiloving 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
suggestis that windnw assemblies should be replaced nn any device
that is to be reworked, especially after long operation of the
device, particularly if there is any evidence 9f discoloration

since it is l1ikely that the resistance of the ceramic to arcing
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is greately reduced ¢y the phase iransformation.

4.5.3.4 Matsrial Transfer Due tp Multipactcer ~ The Eimac

experiments with half-c¢oated windc. s aand %ith windows coated in
the form of dois stronglv suggests that some material transfer
along the surfane of the window can take pilace during a wmulti-
pactor discharge., The mechaiisw for transfer could be sputtering
by the ions that asre inevitably present in ¢ cioud of energelic

electrons,

No direct evidence for material transfer was obtained in
this program. In the S-band TElfl-mode experiment described iu
Sections 4.5.4.1 and.4,5.5, the conditioning observed czould have
been partly due to transfer of the vena! . um carbide couting.

Upon disassembly of this cavity, the surface rasistivity of tha
coating was checked, and it was found to he essentially the sane
as befonre the experiment. Hhowever, the vesistances measured both

before and after the experiment were very high, and possibly a poor

guide to the density of material,.

The areas which displaysd vigorous multipactor at the eud of
the experiment were visibly clean of any coating when the cavity
was disassembled. Multipactor d'd not cause tne initiation of

coating removal in these areas, but the size nf the areas of glow
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was cbserved ito grow while multipactor continued. As for-the
initiaties of the mul tipactor, it is likely thot a guria&é—g{c

eccurred which initially caused removal of the toating from the

T

areas which subsequentily multipactored, but tals is speeéniatinn,

4.5.4 High-Power Tesgt Data Chtajned a* 5~ and X-Bands

4.5.4.1 S-Bard Teste - Table IV summarizes tte resuits of

all high-power (TE\ -mode) teeis, both S-band 4nd X-band. Tho
equivalent transritted reak powers quoted in the Takle and in
the text are the powers thai would have bu=en transmiited by a
window of the size used with an electric field equal to the Ffielg

calculated to exist at the surface of the dielectric.

Ir the first experiment, an uncoated AD-94 alumine window
was evaluaied for multipactor in a TElilomode cavity, ?1rst
multipactor glow was noticed at an electric field of 4.7 kv/cnm,
This value is slightly higher theu normally observad in the 8-
band multipactor cavity. The glow was blue in tae cencer, but

slight’y yellow at points of lower slectric field. The vellow

etk

tinge in the glow may be due to a different ‘yps of ceramic Dody
used in this test - AD-94, 1In all previous multipactor teuts, =
purer ceramic body {(AL~895) was used. ¥igure 30 ig a photongraph

of multipactor glow on the middle section of the 2.14~-1inch
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FIGURE

30

PHOTOGRAVF:! OF MULTIPACTOR GLOW
IN THE 8-BAND, Tnlfl-uonn CAVITY
THROUGH THE ELOXED VIEWING HOLE.
2.8X ACTUAL SIZE,
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diameter window through a 1-3/16~inch diameter viewing port.

At an electric field of 39.7 kv/cm, flashing arcs, in the
general vicinity qf’maximum electric field, wé#e‘observed. With
the power held at a constant level, arcing would normally subside,
showing some kind of conditioniné of the window surface. This
series of events would occur eaca time tpe input power 1level
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 noundary nf 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 coeramic. The
arc was too long to be photographed tpréugh the viewing port, but
was confined entirely to the surface uf the ceramic. No arc
across the metal-dielectric 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 asulti-
pactor. As a result o the study performed with hydrogen-fired

coatings (Section _4.3.0), the sputtering »f tliis window was done
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FIGURE 31

PHOTOGRAPH OF A NUN-DAMAGING SUPFACE
ARC IN THE E-~BAND TE3T. 2.8X ACTUAL
S1ZE,
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in the modified sputtering setup shown in Figure E2 of Appendix ¥,

A varying surface resistiviiy (as measured in air after sputtering)

S
Y

was obtained. The surface resistivityﬁﬁwmthe center of the window
was about 100 megohms/square increasing to about 2000 at the window

edges.

-~

The first multipactor glow was ocbserved at an electric
field of 11 xv/cm. At an electric field intensity of 33.6 kv/cm
(40.5 MW), a few flashing arcs were observed in the general

. After a little while, arcing disappeared,

vicinity of Emax

and power could be raised again. After about an hour of operatio-
at 48.1 kv/cm (83 MW), the window surface was coumpletely dark. A
subsequent search for multipactor at lower levels cf rf power

produced no multipactor discharge. 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 ?Elgx-mode cavity (Experi-
mert #3 of Table IV)., The first multipactor glow was observed at
8. kv/em, or at about the same electric field 1evel as in the
multipactor cavity. At a slightily 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 1aak developed during the bakeout of the cavity, had

been sucked into the vacuum sidr of the tes: cavity. It produced

a small dielectric discontinuity at the seal edge. Since the leak 1
was at the polint of maximum electric field, arcing occurred at a
relatively low power, As the power to the cavity was increased,

the seal~-edge arcing spread cut over the bottom section of the

window, but did ~ot 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 seenx, The arrow drawn

on the window shows tne direction of‘glectric field during the

test.

The experiment with an uncoated AD-94 window wis repeated
Experiment #4, Table IV)., First multipactor was observed at an

electric field of 7.2 kv/cm. Figure 33ashows multipactor glow at

TR

16.4 kv/cm and Figure 53bshows it at an electric field level of
33.5 kv/ecm., The intensity of the glow is roughly proportional to

the magnitude of the electric field of TEfl-mode.

At an electric field of 44.8 kv/em (7.7 M¥), a persistent

arc was finally formed near the metal-dielectric seal, and the

*
General Electric Trade Name.

N R R
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FIGURE 32 B8EAL-~-EDGE ARC DAMAGE 1Y TExxl'"ODE
X-BAND CAVITY, ARROW SHCWS DIRECTION
OF ELECTRIC FI1ELD,
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33a

FIGURE 33

33b

MULTIPACTOR DISCHARGE IN X-~BAND, TElil—
MODE CAVITY. a) GLOW AT AN ELECTRIC
FIELD OF 16 XV/CM., b) GLOW AT 3% KV/CM,.
2.3X ACTUAL S1ZE,
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experiment was terminated. During this experiment, ths VSWR in
the output line increassed due to multipactor loading érom 1.9 at
the point cof multipastor initiation to 8.7 shortly hefore arcing
occurred. VSWE during window arciig at times wae as high as 18

to 1.

One vanadium carbide coated window was studiad for multi-
pactur behavior at X-band in the TElgz-moue cavity (Experiment #5,
Table IV). The sputtering procedure used to cbtain & 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 resultins coating 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 micreograms/cm®,

No multipactor could be observed w!th this window until an
electric field level cof 58.7 kv/cm (13 MW) was reached. At this
point an arc across the metal-dielectric seal was formed. The
arcing at the seal i turn produced a multipactor discharge as
shown in Figure 33b, although not.as bright. When the arc
extinguished itself, multipactuor glow disappeared. This series

>f events repreated itself a number of times, and in each case,
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when arcing stopped, the multipactor discharge wouid subside, A
sustained arc was finally formed and experiment was terminated.
The VSWR at resonance in the input line remained conataht.thréugh
the whole experiment, Its value (1.9 to 1) was slightly higher
than the .old-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 probaktly due tn imper-

fections in the energy spe trum of the rf pulse. The examination

of the window showed evidence of arcing near he seal, The brazing

fillet near the peint ¢f 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, $E121—M9gg Cavity

In the last exper. ient performed in this program, the
vanadium-carbide coated, TElfl—mode, S-band window, described in
Section 4.5.4.1, was subjected to rf power cver 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 puak and 20 kilowatts average, with no
evidence of deterioration., At this point, the duty cycle was
doubled, and the window operated four 10-1/2 hours at 40 kilowatts

average power and 80 MW peak, Again, there was no evidence of any
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deterioration during this period.

In the next run, the repetition rate of the mod:iator was
reduced to 100, and the value of the maximum electric field in
the cavity increased to 57.7 kv/em (119 HW), Numerous surface
arcs were observed in the process of ‘acreasing t.e input power.
However, none of these arcs were serious enough to damage the
wincow or the coating. 7The station was left to run at an
electric field of 57 kv/cn (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
puwver level persisted and that after scven hours of operation one

arc in 10 to “., minutes cculd be obs rved.

As the next stop, the maximum electric field in the cavity
was reduced to 54 kv/em (105 MW), aad the average power to 26 kw
(.00025 duty). No arcing or multipactor could be observed at
this level of operation of the window. After one hour, the
repetition rate of the modulator was increased {rom 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 duty, After one and one-~half hours

of operation at this level, a fairly large frequer.cy detuning was
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observed. Inspection of the window surface showed a gloew of a
peculiar-~looking shape right at the point of maximum selectiric
field. The glow consisted of *wo 3/32-inch diameter spots
separa’ ~d in the plane of the eleciric field by a distance of about
3/8 inéh. The two glowing spots were cbnnected by & gloving rod,
and the whole picture ressmbled a Jdumbbell. As the input power to
the cavity was sustained, the size of the spots kept increarilg,
showing a deterioration of the coating, The color of ine glow was
a characteristic blue of an uncnated alumina'window during multi-
pactor. It is possible that a surface arc might have damaged the

coating and initiated a wultijactor discharge.

The station was shut off and the cavity retuned, When »f
power was, again applied, the first glow was observed at an electric
field of 4.5 kv/cm, a value corresponding to an uncoate.l alumina
window. The glow had the same shape as observed previously.

Figure 34 shows a photograph of the glow on the dark background
of the alumina window throu-'h the eloxed viewing hole. It ¢ould
be seen that the size of the spots by that time had increased to
about 3/8 inch, At *his relatively low electric fizld level
(4.5 kv/cm), corresponding te 700 kw of peak transmitted power
(equivalent av:rage transmitted power was only 175 watts), the

7

pressure in the cavity war 10 ' torr. Oun the other hand, at
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FIGURE 34 ULTIPACTOR GLO¥ ON DAMAGED COAVING
RESULTING FROX OPERATION OF THE
WINDOY AT 1085 MW PEAXK AND 52 KW
AVERAGE POWER, 1.98X ACTUAL SIZE,
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52 kw of equivaient average transmitted power (but in absence of

the glow) the cavity pressure was always less than 2 x 1(‘)“8 torr.

A photograph of the tesgt window 1s shown in Figure 135. T::
camage to coating ce&n hbe fandily gioﬁ,  The patterh of the damage
corresponds to the'ﬁhaée of.the obsétvp? glow aﬁown in Figure 34,
Except for the ren§va1 cf the coating, nb oth.ifﬁimage to the

surface of tba window could he seen. A check of ‘surface resisiivity

of the window cqaﬁing;detec%ed ndvchange in the surface resistance

from its value mreasure¢ before - the test.

4.6 EVA’UAYION @F METALIZING TECHNIQUES

As part of this iipdpv—ntuﬁb program a search for better
windos assemkly techuiques war coﬁd;cted early in this program,
Special atl‘ention was given to new mefalizing techniques that
would produce a minimum penetration into the ceramic body and a
minimum thickness of metalizing, The developed technique was to
be compatible with the use of a minimum fillet consistent witu
a vacuum-tight joint and minimum disruption of the propsrties of
the ceramic in the immediate vicinity of the seal. The active
surfacerbf the ceramic was to be made completely free frem

metalizing overlaps.
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FIGURE 35 COATING DAMAGED BY OPERATIOK OF THE
WINDOW AT 165 MW PEAK AND 52 KW AVERAGE
POWER. WINDCW DIAMETER IS 3.14 INCHES,.
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A swries cf metalizing experimenis were performed. The

obje . of these tests was to evaluate several metalizing techniques

on different alumina todies, Criteria for ovaluation vere thickness
of metalizing layer, width of the seal area, tensile strength of

the seal (which is & measure of quality of the seal). and the depth

of penetration of the metalizing constituents. The thickness. of

the metalized layers was obtained by direct measurement method;43

seal tensile strength was obtained by using the standard ASTM test

specimen, Penetration of meralizing constituents was obhtained by

optical methods ueing micrographic techniques,
The five metalizing teckniques investigated were:

A. Conventional Mo-~¥Mn (80:20) metalizing at

1475°,
B. n&ooa-unoa metalizing at 1475°C,
C. MoOs—HnOa metalizing at 1100°C.
D, Solution metalizing at 1475°C,
E. Solution metalizing at 1100°C.

Preparaticns of the above metalizing paints and their application

techniques are given in Appendix M.

A total of thirty-five test assemblies were built and one

test assembly, reopresenting each of the five metalizing gxoups,
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was selected for metallographic inspection. Figure 38 is a
pictorial representation of a cross~sectioned seal. Using this

as a gulde, one can better interpret the photomicrographs of the
seals in Figure 37, Only metalizing technique A shows a slight
penetration of the ﬁetal constituents into the ceramic bedy. In
all others, penetration is not visible. Metalizing thickneegs 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 K00, -MnO, (Figure 37B)

fired at 1475°C i1s 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 epots
on the metalized ceramic. The average tensile strength obtained

in technique B was about 40 percent higher than these obtained
using other <‘echniques in this experiment (Appendix M gives data

on the five metalizing experiments) . *

Metalizing technigue B (Hooa-!noa fired at 1475°C) appeared

to be the most promising technique for fabrication of window

E 3
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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FIGURE-36 PICTORIAL REPRESENTATION. OF
A CROSS- SECTIONED SEAL
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(a) (B) {c)

TSP

(D) (E)
FIGURE 37 PHOTOMICROGRAPHS SHOWING CROSS-BECTIONS OF

99 ,85% ALUMINA BAMPLES USING FIVE DIFFERENT
METALIZING TECHENIQUES, A TO E.
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assemblies. With a thin and uniform nickel plating and a minimum

of metalizing thickness, vacuum~tight window assembliss of high-

tensile strength appeared to be possible, This technique was

]

utilized in this pr-~grem for fabrication of high-power, TE:II-'

mode window assemblies. The windows were usually contained in

-3 o

a kovar sleeve during the brazing Qperhtion by téﬁ?? urns of 0.020

i

inrh molybdenun wire around the kovar shall. The<0;§

1 inch copper

plate served as the solder material. Figura 38 rhows a typical
X-band Qingow assembly. Microscopic examination-.at 10X revealed a

L

uniforme braze fillet «.001 inch.

=

.pk’ug*g
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FIGURE 38

TYPICAL

WINDO¥W
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SECTION V

CONCLUSIONS

All dielectric materials suitable for high-power windcwe
tested in this program are subject to multipactor. (Pyrolytic
boron nitride has been reported to suppress multipactor,as)
The mul tipactor pheanomenon is a common occurrence at higher
power levels at nearly all frequencies. Since the energy
of incident electrons is inversely preportional 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 he significant., 1In this program, a three-to-four-fold
increase in the test cavity dissipation due to multipactor has
been measured, OCther investigators have seen a ten-fold increase
in the digsipated power in the cavity.8 From the point of view
of efficient operation of the tube and the window power handling
capability, the multipactor discharge at the window must ke

eliminated, or at least reduced to tolerable levels. Coating of
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windews 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

elimination.12

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 basically a poor dielectric material., 1Its
thermal conductivity is low (less than 1/10 that of alumina),
which renders it unsuitable even for msderately high average
power applications., 1Its extremely low crefficient 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 are required.

At the present time, alumina and beryllia appear to be the

optimur window materials, Beryllia with its very high thermal
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conductivity appears to be uniquely advantageous for high average
power ﬁse, although it is expensive and toxic. The toxiciiy of
beryllia makes simple tube processing operatiors like sandblasting
axtremely difficult. High-grade alumina windows should be used

at all power levels where the theruul conductivit~ of aluiina is

adequate,

The use of an isotropic boron nitride (of the pyrolytic type)
for microwave window applications looks very promising hec&avse of
its'high thermal conductivity and low lozs tangent. Tre problem
‘ . a5
of metalizing boron nitride windows appears to have been solvéed.

The use of compression seals without any metalizing is another

alternative ol making vacuur-4izht window assemblies,

The qucstion 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 windows)
are not sultable for high-power applications. In 'ransverse
windows, the tangential electric field of the dominant mode i3
always parallel to the surface of the window, so that they are
not subject to a doéuble-~surfac. multipactor discharge. O©f course,

the uniformity of the dominant wode near th3y dielectric surface is
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guaranteed only 1f all transitions ci 1rZses are sufficlently

tar away from the window, The spacing of the rectangylar-to~
circular wa-eguide transitis~ should be ahout ope-hal!vwavelength
awvay from the window. In Appendix B, a new deaign procedure for
such a winduw geometry is given, In window devsigns with tranéi-
tions too close to the window (for example, in a pill-box winﬁow)
a certain amount of normal component of glectric field on the

window surface is inevitable.

For high peak power applications, the use of a round window
is more q§sirable. With tiis type of window, the maximum electric
field inteneity at the winduw, in general, is smaller thar at a
rectungular window with comparative di;gonal dimensions. Also,
the maximum field intensity in a round window cccurs at its
center so that the metal -dielectric seal (a potential window .
arcing area) is subjected to A relatively lower field intcnsity.
The enosrmous advantag . of sealing a round window over & rec-

tangular window e obwious.

In high average power applic 1ions, it is desiranle to have
all areas of +he window close to the outside surfaces which can
be cooled. A rectangular window meets these requiremente uvetter

than a round window, and in those applications whers the p#ak r{
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power transmission 1s not a limiting factor, a rectangular window
can be safely used. But the difficulty of making vacuum-tight
s2als with rectangular windo;s, and the tendency of wilndows to
crack under high power in the plane of the n;rrow guide dimeansion,

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 bandwidthe and less trouble
from undesirable modes, ‘lemperature gradients created in windows
sf the same :ross-sectional dimensions by the bulk l1losses of the
dielectric material are independent of the window thickness Gn
the other hand, a thicker window has B larger cross—-sectional area
for radial conduction of losses due to multipactor discharge, and
for this reason it is generally preferred in high average power
applications. But a thin window has a greater flexural advantage

which makez 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 ovn the secondary
emission curve of tie window material. For the same coating msterial

the thresheid is a furction of the electric field strength and the
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of*rating rf {reqivney.

Ail of thu coating materials used for the suppression of
multipactor in this program were ¢ ‘& to ~educe the intensity
of the multipactor discharge. In isnlated cases, éhe nultipactor
euppression was 2 compiete one, From coastings obtained from
metaliic cathodes by sputtering, venadium showed better multi-’
pactor suppression characteristics than titanium, Sputtered
tantalum and carbon showed nc multipactor discharge up to the
point of surface arcing. From non-metallic materials, titanium
nitride,and titaniurn and vanadium carbides sLowed the best over-
all multipactor performance of all coatings. The results of these
tests are summarized in Table II, p. 91. In one experiment with s
sputtered titanium carbide coating, a maximum electrir field
intensity of 79 kv/cm (224 MW) was reached telore surface arcing
could be observed. The window failed st an electric field of
89 kv/cm, corresponding to an equivalent transmittad power of
221 MW, No significant differences between the E£-band anc X-
band multipactor resulte (except for different multipactor

thresholds) were observed.

All coatipgs in this program were applied by the sputtering

technique, U8puttering is particularly suitable for a thin film
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deposition of refrdétbry materialtr. The conirol of coating
deposition was obtainec using calibrated thin film crystal

: & < kS
monitora. The use of control variables of the sputtering
. . ) i 8 o, (@ A B°
process for the control of deposited coatings was found to be
entirely unsatisfactory, as was the use of surface resistivity,

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 durtace
resis{anca. The bekeout process by itself (except for sputtered
chromium coating) did not appear to affect the chemical properties
of the coatings. The 900°C wet hydrogen firirg, the 1100°C-dry
hydrogen firing and the 11009C wet hydrogen firing affected tke
multipactor suppression proner.ies of sputtered vanadium carbide
ccatings wi;h increasing intensity in the ahbhove given order. The
vanadium carbide coating fired at 1100°C in a wet hydrogen atmos-
phere nearly cocmpletely destroyed the secondary supprassibn
property of the coating 8ven though this window behaved as if
it were completely uncoated, a gray metallic film was visible on
its surface after firing. There ;s very st?ong evidence, thsrefore,
that coatings should not ve fired in a w?t hydrogzen atmosphere zi

temperatures higher than 8009C. Even at this temperature, a
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damage to the proparties of the coating may result.

The coating thickness required for multi§§ctor suppression
was not studied in thie program, but the resvitc of other inveati-
gators have shown that coatings cf the same surface resistivity
buv of a ten-fold thickness variation (29 - 200 angstroms for
evaporated titanium) ecan Suppress multipactor equaily well.45
On the other hand, a theoretiezi irvestigation of attenuation of
electromagnetic waves through thin conductive films (Appendix c),
has shewn that the incident VBWR in a propagating wave will
exceed 1.05 to 1 if the surface regigstivity of the coating is made
less than .7 megohms/square. Assuming uniform conductivity (a
reascnable assumption feor thin coatings), the incident VSWR was
found to be independent of fiim thickness and only a funetion ot

the effective surface resistivity,

Haterials of high conductivity which deposit on the window’
surfece in their pure state require a thickness of less than
one atomiec laver to produce a surface regisgtivity of 1 megohm/
square. In faect, an ielanding 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 he seen that cnly those materials
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which produce fairly thick coatings (graaten,tban'zofuﬁgsgrggq)
of high resistivity (greater than 1 megohm/squere) are suitable

window coating materials.

Thé electron diffractiomn analysis of a sputtered titanium
coutiné has shown that this c;atiné.(after expoaure to aifi is
titanium monoxide. This suggests that coating of the windéws '
with titanium and titanium monoxids will produce tke same results.

Partial oxidation of titanium metal probably accounts faor the

high resfiatances observed,

Oxidation-reduction reactions taking.place with sputtered
coatings (Figures 7 - 11) indicate that a partial decomﬁoéition
of carhide ;nd nitriae during the sputtering proéess must be
teking place. Partial eolubility tests in éulfuric acid were
performed on sputtered vanadiuﬁ éarbide coatings. These tests
have also shown a4 presence of some metal in the coating together

with some carbide.

Surface arcing independent cf 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 elimirated, But improper sealing procedures can

reduce power handling capabiljitiee of the window. A new metalizing
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and window sealing technique desecribed in this repert produces R
a strong motai-dielectric seal with a thin metalizing thickness

and a minimum of penetration of the metalizing constituents into

the ceramic, In one test at 8~band, a maximum electric field in o
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
outgassing of the coating.46 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 z. ~#s 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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SBRECTION VI

RECOMMENDRATIONL

1t has been shown in this program that there are many metailic
and non-metallic materials which can be used as multipactor
suppressor coat*ﬁgq on high-power windows. ’Tests have ;hdwn that
coat;d alhmina windows can tolerate higher electric fialé than
uncoated windows. ,But ny matter how good a (»cating, ghere ;as
always a‘]imiting value of electric 2ield at whick time surf;ce
arcing resulted., This arcing 1imit was estsblished independent
cf the szal-area breakdowns. From all coating materialsrtested,
tifanium carbide and nitride as well as vanradium carbide
exhibited the best resistance to surface arcing. Other accomplish-
rents of this window-study program were development of sputtering
techniques for new coating materials, devising of better sputtering
control precedures, and establishment of new, improved metalizing

and window brazing techniques.

However, in spite of the advances mede in the control of
the single~-surfece muliipactor problem, certain questions related

to this problem remain unanswered. The principal area whic:
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requires additional investigation is coacerned with control of the
coating materials, 1t has been shown in this program that window
coatings change their propertiss (sometimes irreversibly) not

only during the hydrogen firing process {(used to simulate window
brazing), but also during the sakeout and even during the coating

deposition process,

A logical approach for centinued investigation at this point
would be to select one or two materials and to work on them in a
much more intensive fashion. The materialc 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 material, systematic variations 1in all
the parameters of the method of application should be made =m0 that

l1imits on the variabler can be established.

Chemical or electrcn diffraction technigues of coating
identification should be used on the cobtained filme to determine
their composition. Surface resistivity and optical measurements
(to determine thickness) should be made for each coating, and
several samples of each varlation should be made in order to
permit statistical evaluation of the data. At the conclusion of

this investigation, it should be possible toc produce a coating of
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desired thickness and composition at will,

Wi;h the compleyion of this phase, wmultipactor evaluation
of cogtings in a test cavity should begin. A number of mampleé
of seoveral different thicknesses should be tested. The obJject
of this investigation would be to determine the most suitable
range of thicknesses for multipactor 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 cbserve

changes which may pccur.

Other proce:ses, like hydrogen firing in wet or dry hydrogen

!
!
;

aimosphere should be investigated next., Physical and chemical
ckanges during the firing process should be observed and eveluated
using sufficient number of samplies to get the reliable statistital
data. Of course, hydrogen firing of the coating to simulate
brazing of the wind-w into a window assembly wouid nrot be

necessary if the coating of the window were done atter the window
brazing process was completed. However, in such a case, an
investigation of coatings of windows in their brazed subassemblies,

gsspacially 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 welli-fourded engineering base
and provide the necessary toouls of good window ceoating conirol,.
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 Vil
IDENTIFICATION OF XEY TECHNICAL PERSONNEL

7.1 APPROXIN\TE NUMBER O." MAN-HOURE

The following key technical personnel contributed to the
High~Power Microwave Tube Window Investigations Program during

the period 15 September 1964 through 14 September 1885,

MAN-HOURS

D. Beli 41
D, Churchil? 285
R, Harter 1286
A. Kiefer . 324
W. Kolb 22
P. Lally 2095 ;
K. Reichert 17
A, Saharian 1856
A. Sanders 183
L. Tantax;i}i 87
C. Trace 35
J. White 265 :
B. Win.ers 1222
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APPENDIX A

AN _ESTIMATE OF MULTIPACTOR LCSSES ON
THE_SURFACE OF AN UNCOATED ALUMINA WINDOW

When the rf power is applied to a cavity incorporating an
uncoated alumina window, 8 multipactor discharge commences as
soon as the threshold value for the in’ :iation of multipactor
is exceeded. At 8-band, this threshoid value of the electric
fi.1d 12 about 3 kv/cm. As the power to the cavity is increased
beyond ihis critical value, the intensity of the discharge on
the surface of the wi~ ‘ow also increases, If the dielectrically-
loaded cavity was originall slightly undercoupled, then a rise
in the multipactor intensity will produce an added loading in tbhe
cavity ohservad by an increase in VSWK of the iaput 1line. A

small frequency detuning will also be produced.

¥igure Al shows a plct of VSWR at resonan~ce (rc) versus
the incident power of a dielectrically-loaded cavity. This
data was obtained in Experiment #2 of Table 1. The pl.st shows
a variastion in VSWR up to an incident power of 40 kw. 1t can

be seen tha. the change in VSWR is ratier rapid for the values
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of incident power slightly exceeding the threshold value, At
higher values of incident power, a saturaticn effect begins to
take place and the resonant VSEWR of the input line remains
essentially the same, For example, for this partvicular test,
with an incident power of 5.6 MW, the VSWR was only 5 to 1, or

slightly greatey than the highes?{ value shown in Figufe Al,

The cold-test value of VSWR at resonance (ro) for this
cavity was measurecd to be 1.2 toc 1, urdercoupled, and the

internal @ (Qo) after bakeout was 1890, Therefore, the exter-

nal Q (Qext) was 2270, since at resonance:47

Qext = QO/B (Al)
and

B = l/ro (A2)

where g 1is 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 ar. uncosted alumina
window due to the multipactor discharge can now be estimated.

From Eq. Al it follows that

%1 _ dos : (A3)
8, Ba
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where subscript one and two refer to two different driving

conditions in the cavity. 1In the derivation of Eq. A3, the use

was made of the fact that the externa' 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 colda-test values

of the cavity (Pl) and the subscript t~ o, for example, to point

Pa on the VSWR curve of Figurs Al, one obtains using numerical
values for Qo y 81 and Ba
Q
1890 02
_—— = — (A4
.834 .25 )
It follows that at point P, , 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.%8

The actual added power dissipation in the cavity duve to
the multipactor discharge can be obtained from the definition

of the internal Q of the cavity, which is:49

*At the point P2 , 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 1 and L),
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energy stcred in cavity

P =W power dissipated in cavity (AS)

Now, the r=lative amplitudes nf electromagnetic fields in the
cavity must be £he same for an equal amount of rf power trans-
mitted through the window, This fact is true regardless 1if the
mul tipactcr discharge is present or not. Equal field empli-
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 multipaector discharge can be neglected.

Using Eg. A5 and the two values of Qo , 1t follows that at
point P, 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 loadirng. 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 alore,
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APPENDIX B

A GEOMETRICAL METHOD FOR DESIGNING
WINDO®S WITH MODE TRANSDUCERS

The new windcw 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 sxperimental work involved in

achieving an acceptable design,

For most high peak power applications, the circular dielectiric
disc has come to bé 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

3}
energy of the TE§% rectangular mode to that of the 'I’E11 circuler
mode, and vice versa. A well-matched transducer is several wave-
lengths long; consequently, practical-sized window essemblies use
short, partial]y-reflecting tr;naducers, and ;re éd&ustéd for can-

cellation of the reflections at specified frequencies. The design

»
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prvblem is gimilar to that of waveguide bandpass filters, except

that mode transducers do nct have the simple, predictable reflectance

(voltage reflection coefficient) functions that conventional filter :

components have, There is no known method of syntheasizing a short

mouds; transducer to meet a prescribed reflectance function; nor, in ‘

general, car the reflectance function of a mode transducer be

derived by analytical methods.so ‘
Conventionally, window assemblies using mode transducers are

degigned by "cut-and-try" methods., Owing to the fact that there

are several dimensionsl variables, this procedure is tedious and

costly. The proposed new method narrows the area of experimental

machining prinecipally to cne transducer, and replaces most of ihe

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

follows:

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 cdata taken on various typcs of windows in other window study

programs can serve as a guide.

2, Tentative contours for the TEf% - TE;Z mode transducer are
selected, and a test model is fabricated.
3. The complex vnltage 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 freguency

band of interest and plotted in polar form, The messuresment

actually is made on the rectangular side, using &n adjustable
snort circuit in the circular section, following any of several

well-known procedures.sI

4, By translation and projection, the loci of the measured data

are transformed to the domain of the dielectric~filled region.

NPT A

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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Theoraticalily, the method is not restricted to any range of the
variable dimensions, Hewever, as a practical matter, certein initial
restrictione can be made to reduce the labor involved, Without much
loss of generality, the ratio of the circular and rectangular wave~
gulde cross-sections can be held fixed. The impedance ratios then
are functions ounly of the frequency and the dielectric constant,
Further, the lengths of the resonant sectiuns cun be restricted te
one-half wavelength or less. This eliminates higher-order longili-
tudinal resonances, If i1t is to be regarded as a coupling element,
rather than a rescnant section, the dlelectric disc can be restricted
to thicknesses of less than one-yuarter wavelength, Appreciable

simplification of the graprhical analysis results.

A sample design illustrating the method 1is shown in Figure Bi -
B8, The specifications ot this design call Zor a thin-disc
window comprised of two resonant ssctions, matched at frequencies
f1 and f3 which differ by about ten percent, and kaving short,

tapered transitione Joining the circular section whose impedance

is roughly equal to that of the rectangular wavegulide.¥ Figure Bl

*The wave impedances of the TEf% mode and the TEli rode (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 1is no reason to hold exactly to this ratioc, and for
mechanical reasons 1t 18 expedient to choose the diameter equal to
the diagonal of the rectangular section, This cholce avoids steps
at the Junction corners.
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FIGURE B8 CONSTRUCTION SHOWING A
SOLUTION Y!€L.DING A COMPATIBLE
SET OF DIMENSIONE ¢ AND ¢
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shows the half of the &ssembly that lies on the output side of
the nmidplane M. Th. input half (the umirror image of the output
half) is not invnlved in the design, inasmuch as the overall
insertion lusse is Jdetermined by the real and imaginary parts ol
the midplane reflecxion coefficient, When the imagirary part
i zero, the insertion loss is zere, Otherwise, the insertion

loss is8 ziven by the relatiouvn:

: [ 2 1mrp® ]
nsertisn Loss = 19 Log,, L1 + —_—T db (B1)
1 - |le°

where Pm is the midplane reflection coefficient, seen looking

toward the 1oad,

Typical reflec.ion cuefficient data derived from measure-
menta on the cutput iransducer are piotted in Figure B2. In this
«nd the following figures, the first subecript indicates the
plane of .aference, and the second subscript indicates the

fregquency.

Figure B3 illustrates the construction for making a projective

transfc -mation of & point P on the reflection coefficlient plane.*

*In the microwave literature, this transformation is referred
to as the "g-transformation', a term apparently o.iginated by
Deschamps.52 In texts on projective geometry, it is sometines
calied the Narboux transformation,
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By meang of this transformation, refiection coefficients -rtl
and Frex.are transformed to points Ex: and fi' » plotted .in
Figure B4. The corresponding reflwction coefficients at other
reference planes throughout the distance &8 have the same

magnitudes; therefore, their transfocrmed vulues also lie ou

the circles C1 and C= 5

Upon crossing the interfece at plane 2, a reflection
coefficient io subjected tc a bilineer transformation of the
type produced by an ideal transfoimer, All impedance values
are uultiplied by the ratio xe/x wvhere Xe is the propagation
constant in thae dielectric region, and x 18 the propagation
constant in the region s ., For a typical window material, the
ratio 1s about. four; hence, all reflection cuvelficlient values
tend to move to the right. The center 0 moves to the point w

on the real axis, at a radius (with respect to the new center)

given by

€ (B2)

The circles Cl and C' become smaller circles in the right
haelf plane. When every puint on the smaller circles ig pro-

Jected by the Derboux transformation, it 1s found that the

projected points lie on .11ipses, designated 01/ and C{‘ in
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Figure B5. Actually, it is not necessary to go through ths trans-

formation of the large circles to the small circles; the eilipses

may be formed directly by using the concept of "invariance of the
52

hyperbolic distance” described by Deschamps. 'The constructions for

transforming points a , b , and ¢ , lying at the intersections
=/ =/ =/
of a circle with tne a..s to puvints a , b , and ¢ y lying on

an ellipse, are illustrated in Figures B6 and B7,.

The point w 1is the Darboux projection of tke peint w , To
find the point ;/ such that the hyperbolic distance <;;/> is
equal to the hyperbelic distance <0a> , the point 8 is placed

N i
on the circumference in a position making the arc 8P squal to
™ -
the are PR , where R 1is formed by the projection of a on C
frem Q . The line 8T 1is drawn through w » and the point ;/
is located at the intersection of tie line TP with the real
axis. It is an easily-proved theorem of Euclidean geometry that
the angle K.STP is independent of the lrcation of the point T ;
hence, it ig invariant with the positio. of w , and 13 designated
o . Likewise, the hyperbolic distance <§E/> is made equal to
the hyperbolic distance «Oc> by finding the point V such
that PV passes through w y then drawing VS , which inter-
/

sacts the axis at ¢’ . As before, the angle ZLSVP is equal

toe g
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To avoid confuzgion in Figure B8, the e¢snstruction of pnint
b/ is shown in Figure B7. The secondary circle ie drawn with:
the chord through w as a diameter, and the angle 18 conttructed
with respect to its axis. The hyperbolic distance wb’s i
equal to the hyperbelic distance <OB> . Other points on the
21lipse can be found by constructions sirilar to that of Figure: B7
Another churd through w 1is selected as the diumeter of a
secondary circle, and the angle g 1is constructed with respect
to an orthogonal diameter. It can be proved, however, that the

locus of all points derived in tkis way 1is an ellipse; therefore,

it is simpler to construct the ellipse from its minor and major

axes, The lire length ;/E/ forms the minor axie. The major
axis 18 easily derived from the line length ;S/ , using the

canonical equatlon for an ellipse.

According to Equation B2, the point w is frequency-senscitive,
The propagation constant «, varies almost linearly with frequency,
but the propagation constant « varies somewhat more rapidly with
frequency. Consequently, as the frequency increases, the point w
and its projection w move slowly toward the origin. Thls fact

is taken into account in construccing the ellipses Cl/ and Ca/ o

A solution that yields a compatible set of dimensions 1s
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shown in Figures B8. The angles éxexd andzi«end are the
arguments of the dielectric-doxmain of reflection ccefficients
at plane 2. By construction, they are in the proportion of
K€1/K€s ; hence, at both frequencies, the midplane reflection

coefficients lie on the real axis, representing zero insertion

losses. The hyperbolic "radii", <w1f;€1>» and <wsf’;g>

are transformed into the radii o[,, and O[,, by the con-
ftructions indicated, These constructions simply yield the
angles; a point on either 2llipse must transform to some point
on the prototype circle. The constructions preserve the

"elliptic angles" between the corsesponding radii in the two

52

domains, That one of the construction lines happens to pass

through the intersection of Ca with the imagirary axis is

pure coincidence.

The points [ and [

31 derived in this way, conzstitute

23 !

a solution of the design problem if (and only if) they bear the

proper angular relations with respect to tha points P!I and

Px: . That is, a length 8 can be fgund such that le rotates

into Psl through the angle 24.s , and f rotates into f;a

1 12
through the angle sts ; both relatione being taken in the

clockwisgse direction as shown, 1f no such length 7 can be

found, a different trial value of window thickness d must be
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chosen, yielding different positions for the points P§4

~/
Pzﬂ . It will be noted
- as f 4 approaches the
ga "Pp
region the argument at

thickness than dces the

solution, if one Nxists

aund

that these points spread apart rapidly

top of the ellipse C: : hence, in this

1%

ag Changes more rapidly with window

f;{ For this reason,

argument of

successive trials can bte made to converge rapidly on a compatible
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APPENDIX C

ATTENUATION OF ELECTROMAGNETIC WAVES
THROUGH THIN METALLIC FIiLME

Consider a wave incident on a thin metallic filn 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 C)l 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 here 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 alir,

The e:pression for the TEM wave ircident upon the film in

the positive z-direction can be written as

E Eoe-jKOz (Cla)
E

H - iﬂe'j‘%z (C1b)
[o]

where x; is the propagation constant given by w/c (radian

-1i80-
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FIGURE-CI A TEWM WAVE INCIDENT ON A
THIN METALLIC PLANE
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frequency over velocity of light) and 2 is the free space

o] N
iy,
impedance given by (n,/¢,)"? = 377 ohms . Sinilar expressiones
for incident and reflected waves can be written for both surfaces 3
of the thin film elemen .. =

The propagation constant within the conductor, when g %> gwe ,

is given approximately by53

Y:(1+J)\JM“'2{E (c2)

and the space impedance

2= 1+ 0y P ' (C3)

where g 1s the conductivity of the resistive material and ¢

is _he dielectric constant. The assumption of g >> we 18 a
valid one even in the case of imperfect conductors of the type
used for window coatings. For example, it is reported tiat
titanium fiims of 106 ohms/square resistivity suppress multii-
pactor when depnsited on the surface of the window.17 The
thickness of films of 108 ohms/square resistivity is smaller than
200 angstroms.l8 Uzing these values of resistivity and thicknes:u,
the bulk conductivity of the film comes out to be g o 50 mho/m ,
Thinner filwmas produce higher conducitivity. The product of e ,

on the other hand, equals unity at a frequency ot about 18 Gc,
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When the expressions for the incident and reflected slectric
and magnetic fislds are equated on both sides of the thin metalli:
element (z - 0 and =z = 7), a relationship between the wave
amplitudes can be obtained. Each wave amplitude can be expressed
as a function of the incidant wave Eo and the thickness ¢ of

the conductive film, The resulting complex amplitude of the

transmitted wave is8 found to be given by:

VA + zoa -
E{ = Ej[cosh yr + ———=— 8inh yr) (C4)
222
0
where eJKbT was set equal to one. This i3 a vallid assumption since

Ko T is extremely small,

Assuming that g 1is always greater than 30 mho/m, 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 g the impedance is even smallaer, But, when
Z << 2, , Eq. C4 can be simplified to

Zo ’
E{ = Ej[cosh y1 + 57 sinh 47]71 (C5)

Eq. C5 can be aimpli:ied some more by considering only small
values of thickness <+ as compared tc skin depth § . Therefcre,

with
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T << § = (Z/wuo)lé

YT becomes:

YT << (1 + 3

With the magnitude of yT smaller than one, the expression

in the brackets of Eq. C5 can be expandod into power series and

simplified by neglecting all higher order terms., Eq. C5 then

becomes:

Et:

E, (1 +

Z YT)-1

(ce)

When the expressions for the complex space impadance Z and

the propag&ation constant Y

introduced into Eyq. C6,

is given by:

1

Et = EO(I + 188 01‘)
where Z° was set equal to 377 ohms,
Eq. C7 gives the

a thin conductive film of thickness T

Knowing the

a numerical

values of

value of

T and

my/E,

O’vEQ-

However,
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(given by Eqs. C2 and C3) are

the magnitude of tbe transmitted wave

(c7)

magnitude of the transmitted wave through

and bulk conductivity o .
C7 can be used 1o determine

it would be interesting ¢o




o =

relate the VSWR of the incident wave to the amplitude of the
transmitted wave E; and then to the surface registivity R

of tho window coating. The VSWR of the incident wave 1s given

2 \JVSWR
1 + VSWR

(C8)

Combining Eq. C7 and C8, it follows that the surface resistivity
R in ohms per sguare is given by:

377 «VSWR
R = (co}

( JVSWR - 1)?

where R = 1/01-

Figure C2 shows the dependence of surface resistivity R
on VSEWR 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 surface resistance of
the coating should not be less than about 0.7 megohms/square, It
is important to pcint out that the VSWR depends only on the
surface resistivity and not on the ifilm thk'ckners or its con-
ductivity, The thickness of the coating required is a function

of the secondary emissi~u property of the homogeneous coating.
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APPENDIX D

CALCULATION OF THICKNEBS OF
TITANIUM FILM8 OF VERY HIGH RESISTIVITY

Experimental data shows that evaporated titanium films of

106 ohms per square, or an order or two magritudes higher,

17

suppress mult.pactor. The bulk dc resistivity of titaanium

nmetal is zbout 50 microum-cm. Assuming that the evaporated film

of titanium is deposited in its pure metallic state, then the

3

thickness of the film of 10  ohms/square is given by:

50 x 10‘16 cm -3
it = = 85 x 10 angstroms
106

For comparison, the diameter of one titanium atom is roughly

tvo angstroms. Therefore, in order %o obtain a film »f titanium
metal of only 106 ohms/square, the thickness of the uniform
coating must be ahout three orders of magnitude less than one
atomic layer., Usually. however, the tendency of thir tilms,
assuming that they are depcsited in their pure state, is to form
discontinuous sections ir form of islands, at least during the
initial stages of their formation, so that no atom-splitiing i=s

actually necessary to obtain high resistivities.
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APPENDIX E

SKETCHE!S COF EpUTTERING SETUPS
USED 1IN THIS PROGRAM

Figure EIl Sketeh of Sputtering Apparatus Used
for Ccating All Unmounted Windows.

Figure 12 Sketch of Sputtering Setup Used for
Coating Briized TE;%-Mode, S~Band
Window Assemblies,

Figure E3 Sketch of Sputtering Setup Used for
Coating Brazed TE:Q-Mcde, X-Band
Window Assemblies,.
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APEENDIX F

RESISTANCE BETWEEN TWQ PROBES CN _fHE
BUBFACE OF A CONDUCTIVE 3HEET

The potential anywhere between the two conductive cylinders

of Figure ¥1 is given by:55

v {Ln [(x - p)® + y%7 - gn{(x + p)2 + y2)

° My
V= 2 4nfq - r - p]? - gnfq - r + pj? (F1)
Mz - =
where p = \ 3¢ - r®

The potential function of Eq. F1 remains unchanged if the conductive

cylirders of Figure Fl are imbedec in a conductive medium of con-

ductivity 5 .
By definition, the curren: density J is given by:

J - gE (F2)

In Eq. F2, the current density J and the electric field £
are vectors. The total current 1 flowing between the cylinders
can be found by integration of Eq. F2 over any continuous surface

separating the two cylinders. However, it is advantagecus to
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TWO PARALLEL CONDUCTING CYLINDERS
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confine t{he integratior over some specified plane which can
eimplify integration. A plane half-way between the cylinders

ancd parallel to the y-axis is one sBuch plane,

The electriec field E , defined as a gradient of the potentiail

function V , in the plane half~wsy beotween cylladers, has only
an x-component, Therefore, it is given by:
_pvo
E(x = 0) = (F3}
x g - r - P

{(p + ¥ Jin
Y T

The total current I flowing between the cyliaders is

equal to g timcs the integral of Eq. F3 over the whole piane,

Therefore,

oo

I - 27 % Ex(x - 0)dy {F4)

where + 18 the thickness of the homogeneous film of con-
ductivity o (see Figure C1). In Ej. F4, the product g7 1is
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 2R qQq - T +p
L - - 4n — (F5) .
. w q -1 -p
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With the dsfinition of p , gilven in E ., Fl, Eq., F& bscomes:

A R 1+ \i;.-_rgfqﬂ
-f = - 4n - {F6;

T om
1=eJ1 - xB/qR

1t can be seen that, except fer a constant, the resistance
moasured between the two conductive cylinders ig direct.y
proportiovnal to the surface resistiviiy of the £ilm, For a
particular choice of cylinder dimsnsions and their spacing,

the resistance is exactly equal to the surface resirtivity of

the films. For smallsr values of r/u , Eq. F6 caa bhe simpiified

to

and the produet (2/)4n(2q/r) = 1 when q/r 1is approximately

2.4.
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APPENDIX G

CALCULATION OF RF ELECIRIC PIELD DISTRIBUTION
IN THE SPUTTERING SETUP

The varlati.n in the ma~uitude of the rf field in the active
re ‘ion of tr+ :auttering setup can he celculated nrovided two
gimplifying assumuticns are made, First of all, it will he
assumed that in the acti;e region of the sputtering setup there
is complete space charge reutralization, Second, it wiil be
assumed that the rf coil used for sputtering and shown in
Figure Gl, is long so that the electromagne.ic field induced by
the co1l within the sputtering region is independent uv” the longi-

tudinal! dimension =z

Using these assumptions, the twe Mexwell curl eqnuations can

be zimplified. From
V xH = J (Gl)

where the magnetic field H and the current density J are

vectors, 1t follows that

——— = ] (G2)
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FIGUPE 6l A CRO3S SECTION VIEW OF THE rf COIL
IN THE SPUTTERING APPARATUS
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since J is entirely g-directed, From ths r-component of the
curl equation (Eq. Gl1), it follows that H, 4is circularly
symmctric, sc that the partial differential in Ec. G2 can be

treated as a total differential with respect to 1 .

A line integral of Egq. G2 around a closed, rectangular loop
of Figure Gl1, shows that the magnetic field induced inside the
long rf coil is constant and directly voroportional to the rf

driving current I in the coil. The proportionality constant A/
/

i

is a function of the coll geometry. The magnetic field within

the rf coil can, therefore, be written in the complex form as:

H, = Aleju't (G3)
From the second Maxwell curl equation
Vv x B = -Uog;
it follows that
:I [%(rh‘e)] - -uaa—*-itf - ofang (G4)

where |3 1is the permeability of space. Integraticn cf Eq. J4

gives

re (G5)
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in

of

rf

is

Eq. G5, the singular solution resulting from the constant

integration was discarded. EQ\ G5 shows that the induced
AN
A\
\

electric field is directly prepor-tional to radius r , and

\ o
zero at r = 0 ., It is also propSXtiondl to the applied rf

current 1 in the co1l.,
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APPENDIX H

DESIGN DRAWINGS FOR THE S-BAND

MULTIPACTOR CAVITY,

TE_©_ -MODE

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

~011

Final Assembly
Body

Cavity Wall
Lid

Waveguilde
Vacuum Gasket
Exhaust Block
Window Plate
Window Frame
Connector
Exhaust Tube
Tuner Screw

Tuner Saddle

ALL BODY PARTS WERE NICKEL PLATED.
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i
i

The electric field expressions for an ésymmétrically locaded

: i
: : 58
TEogl-modq resonater have been derxived prev%ousl?. This Appendix
; F IR I T 3 H - o
§

gives a summarg of these resujlts.
. - {

In the mu;tipactor test cavity, the cchematjic representation
: L

; , e {
of which is shown in Figure Il, the eldctric field in the three

regions of the cavity is:

- X“01 T
Eeﬂi'f AJ o (—?:——)sin Kz, nggsl (11)
s . r
- X937, -
Eed = BJ7, ( Yo Jeos kg (s1 + d z), s;SZS(Bx + d) (I2)
y
:( r T R N N
Bgs, = €375 (S—)cos  (z -“sf iay,™ w1V
2 rO =7, “ X 7 E s v A 1 =
: D5 2
. ; (sl fiﬁé; g(§f0+ d + sn) (13)

For the dofinition of terms, sce the 1ist of symbole at the end

of:this repor®.

o st | YT et

£ 13
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For the elsctric field and its first derivatives to be

continuous across the dielectric boundaries

sin K8y
E-C - A —_ (14)
COR wed
X 1 - v?
and tan ¢s_, tan d = — = —— (158)
« 1 Ke Ke ef_ vg

The total Stored ene.!'gy in the caVity is given by
U =) f.l -~ E d\) ()6,
2 e U

wi.ere the integration is periormed over the entire cavity volume.

It follows that

U = .0406 pe,roB"F (17)
where
?
cos  x.d sin 2¢s
po et [ e ]
sin" x8, K8y
sin 2¢.d r sin 2¢s
+e’d ,r 50 cxe?l s, |1+ 3J (18)
L ZKFd - 21(8B

Using the definition of the internal Q of the cavity and the

relationship

Sl + B)a

P (19)
48 d

Pi =




o

j

the modulus of the electric fieid strength, given in Eg, I7,

86.8 g , P;Qeoho
B =
D(1 + g) F

The maximum of the electric field on the surface of the

becomes:

window occurs at

r = .4804 r

max )

so that
X 01 Tmax
J4 (2% - 582
¢
and
50.51 g PiQel,
E = (110)
gmax B(1 + ) v F

where F 1is given by Eq. 18,

In an experiment with an unccated alumina window at 8-band
(Experiment #2, Table i, p,.88), arcing at the window was observed
when the incident power was 5,86 MW, The VSWR at this power level
(shurtly before arcing) was 5.0 to 1, and the cavity was still
undercoupled. The initilal charnge in VSWR for this run is given
in Figure Al of Appendix A, The cold-test loaded G of the cavity

was 1030 and a VBWR a! resonance of 1.2 tc 1 (undercoupled).
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A

Therefore, the external @ in this experiment was 2270.

The diameter of the S-band multipactor cavity was 15 om and
the geometric factor F , given by Egq, I8, was found to he 13.4 cnm.
With this value of incident power and the cavity parameters, Emax

at 2858 Mc was found to be ecual to:

50.51 5
= e———— 10" = 58 kv/cnm
8 15x 86

At X-band, the loaded Q of multipactor test cavitlies was
about 500, The diameter of the test cavity was 5.07 cm. The
geometric tactor F , for the multipactor cavity loa:2d with an

AL-995 alumina window, was 4.08 em at 8915 Mec.
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APPENDIX K

SUMMARY OF ELECTRIC ¥IELD AND PCWER KRELATIONS OF A&
 DIELECTRICALLY LOADED TE J -MODE REJONATOR =~

The electric field expressions for an aaymmetrically
loadead TElgl-mode resonator have heen derived previously. This

Appendix gives a summary of these results,

The schematic disgram of the righ-power teat cavity is
givern in Figvre Il of Appendix I, The eleciric field 1in the

three regions of Figuro 71 is given by:

) cos gZ(z) (K1)

anc

“r
A0y Gin gze2) (K2)
To

where
A sin K2, Dgz<s1
2(z) = { B cos x (s, + d - z), 8, ¢z¢(8, + d) (K3)

C cos x(z - 8, - d), (8, + d)gzg{n, +d + &)

P

(2 PP T I oY ot

S




o
z

For the definition of terms, sse a 1ist of symbols &t the end of

the repsort.

For the electric field and its first derivatives fq be

continuous across the dielectric boundaries:

o

sin s

1 (K4)
cos wsd s

andg

o
tan xs, fan Ked = 5& = . Q; (K4)
€

The total stored en gy in the cavity is given by
s Il

where the iniegration is performed over the entire cavity volume,

[¥]

s ET . ET L dy (K5)

Integration cof Ea. K5 gives:
U= .101 neor ®BYF , (K6)

where F 18 given in Eq. I8 of Appendix 1. Using the deZinition
of internal Q of the cavity and the expreasion of Eq. 19, the

modulus of electric field given in Eq, K6 becomes:

55.0 ;
B - P 17eto (K7)

D{1 4+ g) ¥

-7%32~




With the maximum value of slectric field of the TEJ;-mode

occurring at r = 0 , it follows from Eq. Kl or K2:

50.7 PiQ
E o= J "‘j"-_"")&g (K8)
max ~ p(1 + g) \/ F :

where F is given in Eq. I8, The evaluation of the maximum

field of the TEifl—mode is identical with the procedure described

in Appendix I for the multipactur test cavity.
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APPENDIX L

RELATIONSHIP BETWEEN TRANSMITTED POWER
AND MAXIMUM ELECTRIC FIELD IN CIRCULA) WAVEGUIDESB

The maximum electric field intensity in a round waveguide

propagating an electromagnetic wave in the TE11 cirecular dominant

mode is given by:58
22.3 1 volts
E - 225 pleyh £ (L1}
max a Ao unit length

For the definition of terms, see the list of symbels at the end

of this report,.

It can be seen that the maximum value of the electric field
in a2 waveguide transmitting a given amount of rf power depends on
the trarsverse dimension of the wavzguide. There is a large
rumber of waveguide diameters suitable for wiandow design. At 8-
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-off
frequency of the TH:I-mode for this diameter guide is 2880 Mc,

From Eq. L1, it follows that for a window of 3.14 inches diameter,

~-234-
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a wavq»ﬁropagating 1op MW of S-band power at 28568 Mc would produce
& ma#imum electric field at the center of the guide of 70.1 kv/cm.
Figure L1 gives a relationship between the tran.imitted power and
the different values of maximum electric field at a window of

3.14-inches diameter.*

An S-band window of 3.l4-inches diameter can be utilized
for high-power applications. For example, it is being used in
a Sperry SA8-159 klystron, & tube with a nominal poﬁer output cf
21 MW peak and 20 kw average. Howev;;, for high-power windows,
windows capable of t.ansmitting 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 :ing undesirable windc. modes wust

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: of the electric field ras

used in this proeram for the computation of the equivalent

. :
Figures L1 and .2 were submitied by Gunther Wurthmann of U. 8.
Army Electronics Command, Fort Monmasuth, New Jersey.
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transmitted power at S8-band, For example, if an observation in

the multipactor cavity was made at an electric field of 16 kv/cm,
then 186 over 52.8 squared times 100 was the equivalent transmitted

power tarough the window at that time,

The relationship bdetween the transmitted power and the

maximum electric field for the 8-band window of 3.80-inches

disemeter is given in Figure L1, DMNote that for this diameter
guide, the cut-cff freguency of the second higher order mode i

(TE:I) is 3020 Me., The cut-off frequency of TM:l—mode is 2380 Mc.

In Figure L2, a similar power-alectric field relationship
was plotted for twoc different diametiers ¢f X-band windows, and
the diametar of the window equal to the inside diagonal of
WR~112 waveguide (1,228 inches) was used for the computation of
the equivalent transmitted power at X-bend, For this size
window, B81.3 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 srn that the reported
values or the equivalant transmitted power were slightly smalle:x

than experienced during the test.
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o APPENDIX M

PREPARATION OF DIFFERENT METALIZING PAINTS
AND APPLICATION PRICEDURES

The following is the 1ist of some of the metalizing paints

which were used on the window-study program,

1, Preparation_of Binder S$-400

To every 750 ml of equal volumes of butyl acetate and butyl

alcohol, add the following:

Nophthenic Acids - 25 ml
Pyroxylin (Dupont No. 3811) - 25 gm

Mix in glass container for at least three to four hours

before use,

2. Conventional (Mo~Mn) Paint - 8-100

8~100 paint shall be made up in the following proportions:

Molybdenum Powder ~ 80 parts by weight
Manganese Powder ~ 20 parts by weight

To every 100 grame nf the nbove, add 50 ml of 8-400 binder,

Mill powders in ball mill to fineness of 7 ~ 7.6 grind
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(Hegmen Finenesc Gage), density 2.30 - 2.45 (Gardener No.

5070-W-3) and viscosity 16  Sec (Zahn No. 2).

3. MoO, - MnOa Metalizing Faint S-~200

M2lybdenum Trioxide - 600 gms
Manganese Lioxide -~ 32 gms
Cuprous Oxide -0.60 gms
8-400 Binder -~ 360 ml

Mix the above mixture in a ball mill jar for thirty hours,

4. Solution Metalizing
Solution a
Ammonium Molybdate - 300 gm
Deionized Water =1000 ml
Solution b

Manganous Nitrate (50%) solution
Metalizing solution: To every 100 ml of Sclution a, add
0.5 ml1 of Solution b, (Metalizing g
solution should be prepared immediately
prior to using.)

5. Nickel Paint 8-58

Nickeleous Oxide - 50 gm
S~-400 Binder - 50 ml

Thiz 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 MoO,-MnO, and solution metaligzing
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specimens were burnished with a steel wire brugh ‘o0 remove excvoss

netal powdors after firing operation. The test pieces used ior
solution metalizing experimentis were heated in an air over to a
temperature of ¢0 - 100°% prior to painting in order to obtain a
l.igh concventration of Mo and Mn and to facilitate drying. All
test pleces with the exception of the conventionally metalized
specimens were given a trush roat of nickel oxide and redu~ed in a
hydrogen furnace at 900° - 1000°Cu The convention: i1ly metalized
(Mo-Mn) test pileces were nickel plated (.0002 - .0003) and
hydrogen fired at 900o - 1000°C. Test pleces were measured for
coating thickness after each firing step. The test pleces were
then copper brazed and tensile tested. A test specimen from each
group was then selected for micrographic Inspection. The metaliziag
data obtained from 35 tests performed with 99.5 percent alumina

bodies is given in the following table,

~241-
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TABLE M1

METALIZING DATA ON 99,5% ALUMINA

¥iring No. Coating Tensile
Metalizing Tempera- of Thickness Ni Plate | Strength
Technigue ture Coats Ingches Inches (psi) |
A
Mo-Mn 1475°% 2 0.0012 0.0C03 8,240
B , .
MoO, -MnO, 1475°C 2 0.00033 0.0006 11,740
c
MoO, ~MnC, 1100°C 2 0.00013 0.0007 8,290
D
Solution
Metalizing 1475°% 2 0.00012 0.0005 7,830
E
Solution
Metalizin; 1100° 2 0.0001 0.00086 8,410
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B LIST OF SYMBOLZD
Cavity coupling coefficient {(ratio of the unlgsaded
Q to the external Q?
Propagation constant in a conductive film
Volrage reflection coefficlent
Midplane voltage reflection coefficient
S8kin Depth
Dielectric constant
Dielectriz constant of vacuum
Relative dielectric constant (referred to vacuum)
Electronic charge to mass ratio
Angular coourdinate variable
Ko Y1 - v® , waveguide propagation constant

Lo Jg/- V3 + waveguide propagation constant in

dielectric medium, dielectric conatant ¢ .

w/c , free spac2 propagation ~onatant
Wavelength in free space

Guide wavelength

Permeablility constant

Permeabillty of vacuum

£ 4
S e 2mC , disperaion co:stant
b4 WQD
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H

1

Electric conductivity of wmaterizl
Coating thicknoees

Bessel funciion argument

"
(=]

3.832, first real root of equation J;@xﬁ

ti
(=]

1.841, first real root of equation JJ(y)
Angular frequency

Resonant angular frequency

Radius of a circular waveguide propagating Tth
dominant mode or the inside width dimenaion of a

rectangular waveguide when applicable

Modulil of field strength equations

The inside height dimension of resctangular waveguide

Velocity of 1light in vacuum

Cavity diameter

Thickness of dielectric dise
Differentiﬁl @¢lement of volume

Angular component of the slectric field
Mazimum amplitude of the electric field
Tangential electric field

Geometric parameter of the dielectrically loaded
cavity

Frequency
Cutoff frequency

Resonant frequency
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Current density
Bessel function of nth order

First derivative of Bessel Zunstion with respect to y
its argument

Power propagating through a guide window
Diésipated power in the cavity
Incident-wave power in ;;veguide

Cevity external é

Cavity loaded Q

Cevity unloaded (internal) Q

Radial coordinate variable

Vaiue of r for maximum field strength
Cavity radius, also VSWER at re;onance when ap,6 ‘icable o
Surfsce resistivity of coating
Longitudinal cavity spacing parameters
Time variable

Stored energy

Rectangular rnocrdinate variable
Rectangular coordinate variable

Axinl coordinate variuble, alsov rectangular conrdinate
variahle

Space impedence

Free space impedance 5°

" -250~




_ _UNCLASSIFIED __

“Serunity lassalication -
DGCUMENT CONTROL DATA - RAD .
(Sreursty clavsctcati of HHe, bodr of abutsrct wndd Indramng snrolatisn Mutl be intered when the oveistl repart Ir ¢ tasatliad)
b ONANATING A 1IVETY 1Canpordle suthar) ] 16 MCPORY STCURITY € LASSIFICATION
UNCLABSIFIED
Sperry Rand Corpnration &
2 emroyP

Gainesville, Floriia N/A
v NEPOARY TIVLF

#1GH~POWER MICROWAVE TUBE WINDOW INVESTIGATIONS

& OESCRIPTIVE NOTES (Typs of repoet ond inch-ln dales)
Final Report - 18 September 64 - 135 September 635

* AUTHOR(S) (Lasi nama. 1ea! nome, iniilal)

SBakarian, A., Kiefer, A,, Lally, P.

6. REPO KT DAYE 76 TOTAL NO OF PAGES 76. NO. OP AEF3
Sentemher 1965 283 89
B3. CONTRACY ON @RANT NO, . 94. ORIGINATORS REPORT NUMBINS)

DA 28-043 AMC-00373(E)

b mROJECY WO,
7900~21-223-18-00

e. (1 3 3}:1'1‘2’?';!0!7 t.so(l) (A ny ather numbere fhal may de mesigred

d
j—
10 AVAILARILITY/LIMITATION NCTICUS

Qualified requesters may obtain copies of this report from DIDC,
DDC releass to CF8T1 not authorized.
11. 3UPPL IMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. 8. Army Electronics Comuand
Ft. Monmouth, W, J., AMBEL-KL-TH

13- ABSTRALY

This report gives a brief description of kigh-power micro-
vave tube window problems, The emphasis in the discussion s
placed on problems associated with the single-surface multipactor
phenomenon., Window coating oriteria and moans of eliminating
multipactor and multipactor-related prdblala are presented,

Sputtering equipment and néw ccating and control procedures
developed in this program are described in greater detail.
Problems zasoociated with the changes in the resistivities of
coatings, including the effects of ftube processing techaijques,
are discussed., Work performed on coating identification and
problens associated with producing a uniform coating are described.

A wide variety of coating materials wev e evaluated in
epecially-designed Tso?z cavitiszs at S-band and X-band. The most
promising ccatings weve evaluated at £~ and X-band in ng?z cavitien,
The geometry of these cevities was such as to closely simulate
prastical high-power window configurations. The raport includes
2 description of all of these cavities and the procedures followed

in the test work. (Continued)

DD "o 1473 o81. ~ UNCLASBIFIED
5 Security Ciansificstion



UNCLASSIFIED

CONTRACT DA 28-043 AMC-00373(E)

ABSTRACT (Continued)

Results of soxe thirty-seven experiment- parformed in *his
program are presented, Physica: changes in window materials
arising from multipactor are described. In the TES -mode
expsrimonts, windows have heen teeted at 8~-band up to 120 N¥Y with
no multipactor or seal area arcing, At X-band a power levsl cf
13 MW has besen obtained without multipactor or arcing.

Finally, a new, improsved metalizing-window-brazing technigue,
which produccs 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.

UACLASBIFPIRD
-2852~



UNCLASSIFIED

coruets by abie o

Ky wORDS

Sputtering, Arcing, Multipactor,
Alumina, Beryllia, Quartz, Boron

Metalizing Ceramics,
Secondary Emissian Ration,
Evolution, Window Design,
to Alumina, Titanium Nitri-e,
Vanadium Carkide,.

Nitride,
High-Power Microwave Tube Vindows,

Ring Resonator,
Cavity,
X-Ray Damage h
Titaniunm,

Liys A i 3 Linx ¢
wr ROLE

LTS § xoLt

nt

Gas

I. ORIGINATIRG ACTIVITY: Enter ths name and sddreas
of the con*rsctar, subcontractor, grsntee, Depsrtment of De-
fense activity or other organizstion {corporale author) lesving
tha report.

2s. REPORT SECURITY CLASSIFICATION: Enter the over
all security cizasslfication of the tepnrt, Indicste whether
''Restrictrd Dsats'' s included Markirg is to be in sccord
ance with appropriste aecurity regulations.

2k, GROUP: Automatic downgrsding is specified in DoD Di-
rective 5200.10 and Armed Forcee Industris] Manuel, Enter
the group number. Also, when sppiicsble, show that options!
lmr‘:(lmgi hsve been uned for Group 3 snd Group 4 a3 suihore
zed.

3. REPORT TITLE: Enter the comglete report title in sl
capitsl tetterz, Titles in sl cases should be unclsasificd.
If @ mesningful titie csnnot be selected without classifice-
tlon, shiow title cisssificstion In all capitsls in psrenthesis
Immedistaly following the titie.

4, DESCRIFTIVE NOTES: I epnropriste, enter the type of
repott, e.g., Iaterim, progress, summaty, snnuel, or final.
Clve the inclusive daten when s speciilc repornting period is
covered.

3. AUTIIOR(S). Enter ths nama(s) of suthor(s) ss shown cn
or In the report.  Enter st name, firal name, middis initisl,
If mllitsry, show rask sad branch of cervice. The name of
the principe! suthor ie an shaolute minimum requiremeat,

6 REPORT DATE: Euier the dsle of ths report 88 day.
rionth, yesr; or month, yesr. If mors then one dste sppasrs
on the report, use Gate of publicstion.

74. TOTAL NUMBER OF PAGES: The total psge coun
shoutld follow normal paginetion procedures, .o, enter the
number of pages contsining Information .

76. NUMBER OF REFERENCES Enter the total number of
references clted in ‘he report.

84. CONTRACT OR GRANT NUMBER: If appropriate, enter
the appiicable numbet of the contract or grsnt under which
the repori was writien.

8d, 8. & 8d. PROJECT NUMBER: Enter the appropriste
militery department ldeniificatios, such an project pumber,
subproject number, avsisiy numbers, (ank number, etc,

Sa. ORIGINATOR'S REFORT NUMBER(S): Ente- the offl-
clal report nember by wh! th tise document wiil be idertified
and controlled by the C.iginnting sctivity, Thir number must
be unigue to ihis report,

9b. OTHER REPCRT NUMBLR{S): If the report hss been
assigned sny othe: report numbers (either by the originator
or by the spor.sot), uleo entar thin number(a)

INSTRUCTIONS

10. AVAILABILITY/LIMITATION ROTICES: Enter any lim-
Itstions ox: further disneminstion of ine report, other than those
imp?led by vecurity clsssiticstion, veing stendsrd statements
cuch. as!

(1) ’Quslified requesiers may obisin coples of thia

report from DDC. "’
“Forelgn snnouncement and disseminstlon of this
report by DDC Is not wuthorlzed !

Y. S. Government sgencles msy obtsin coples of
this report directly from DDC, Otinher qualified DDC
users shall requsst through

(2)

(3

(4 '"U. S. militery sgencies muy obtain coples of this
reporl directly from DDC. Other quslified users
shall request through

All distribution of this report is conirolled Quel-
ified DDC users shal! request through

(5}

If the repoit has been furnished te the Office of Tevhnizal
Servicss, Depsrtment of Commerce, for cale to the public, Indl-
cste this fect snd enier the price, If known.

1. SUPPLEMENTARY NOTED: Uae for additionel explana-
tory notes. ’

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmants! project office or 1aboratory sponsoring {pay-
it for) the sasesrch and develooment. Include sddress.

1) ANSTRACT: Enter an sbstrsct giving s brief and foctual
summary nf the document Indicstivs of the report, even though
it msy siso ap:pass elsewhere In the body of tha technicsl re-
port. I sdditionai space Is required, o continustion shaet
sha!l be sttached.

1t is highly desiruble thst the sbatrsct of clsasifisd re-
pasta he unclasgifled. Each psragragh of the ibsirsct shail
erd with sn Indicatton of the millisry securliyjcisssification
of the Information in the psisgraph, mwuem’d ss {TS), 1S),
{C). o1 (U).

There is no limitation on the length of lhelobﬂmc(.
ever, the ruggested length s from 150 to 215 words.

14. XEY WORDS: Key words are technlcally mesningful terms
or short phreses thst charscterize s raport snd sy be used ss
tndex entrier for estaloging the report. Key words murt te
sefected 30 i at 1.0 security clessificstion is crequired, lden-
fiers, nuch as equ'pment model desiznstion, t:ade name, mill-
tary project ¢ode  me, geopraphic lcostion, may bz used as
key worda but wlll be foliowed by «.. Indicitlen of technicsl
context. The sasignment of linke, rules, and weightn is
apiional.

How-

-253~-

UNCLASSIVIED
Security Classtlicalion




