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1. DESCRIPTION OF BYSTEM
1.1 Introduction

High power windows are used at radio and microwave frequencies in a wide
variety of devices and applications in industry and research. "Buch windows
are prone to fallure, spparently due to internal stresses caused by heating
or due to electrical breakdown caused by surface charging. The heating can-
rot always be explained solely by dielectric loss within the window and a
variety of mechaniams have been postulated to account for the additional heat

input.

The particular applications relevant to thia study are the uase of micro-
wave windows to couple r.f. powsr into the Daresbury Synchrotron Radiation
gource (SRS) and to couple power out of high power klystrons manufactured by
various companies in the UK and elsewhere, although techniques uged and an-

alyasis produced should be applicable to a mich wider range of situations.

The Daresbury SRS employs largs alumina or beryllia discs to couple
substantial amountas of r.f. power (theoraetically up to 100 kW per window}
fraom waveguide at atmospheric preasure into each of the four evacuated accel-
erator cavitiea. Thus the window forma part of the vacuum envelops and ia

subjected to atmoapherlic pressure in addition to any thermal stresa.

Microwave tube makers use cylindrical alumina windows to couple power in
and out of klystron resonant cavities. The cavities are bounded insided tha
window by tha cavity platea and nose conas of the drift tubes and outside the
window by tunesable cavity boxes to allow use of the klystron over the maximum
freguency band., In the case of klystrons it 1s usually only the output win-
dow which suffere exceasive heating or charging effecta because, baeing pri-
marily an amplifier device with a high gain, the fields in the output cavity

are much greater than in the other cavities.

In both cases window failure ultimately limits the maximum power handl-
ing capability of tha system, although it le often only one of a number of
effects that limit high power operation.
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This report attempts to outline the problems affecting window perform-
ance, taking the BRS as the initial target for investigation, and to indicate
argas where investigation should be undertaken to try to understand the msch-
anisms involved and ultimately to improve performance. Parallels and contra-~
diotions betweene the SRS and klystron window problems will be noted wherevar
possible.

1.2 Window Resemblies

The SRS windowa are mounted as in fig.1 1n a copper ring fixed in a
water-cooled flange. This ie mounted in a short circular tube linking the
toroldal cavity to the narrow wall of the guide. In some analyses this is
conaldered to be a short length of circular waveguide which is balow cut-off
at the SRS operating frequency (~ 500 MHz} although in reality it is neither
a wavegulde nor a thin irils but somowhere in between. Belng a large hole,
taking up most of the short side of the waveguide, conventional gmall aper-
ture theory cannot be directly applied and more complex technliques must be
used (see section 3.4). Window fallures have been reduced by moving the
window assembly to a higher position in the tube where it is in a lesa in-
tense field and some analysis to support this move hss been performed(i}, but
this i at the expense of the maximum available coupling factor whlch has
halved although it is atill sufficlent for current requirements.

Coupling, which is magnetlie, ia varied by moving a sliding short circuit
in the waveguide which effectively moves the standing wave pattern up or down
the yuide., Maximum coupling occurs when thera is maximum magnetio field over
the window {this doee not correspond to the "magnetic fleld maximum™ in the
conventional aense, L.e, at the centre of the waveguide, which is one gquarter
of a wavaelength away, see flg.2). At this polnt the electric field is also
at a maximum, but 90* (x/2 rad} out of phass with ;he magnetic field which

may provide conditions for multipactor or lon trappling.

A typlcal klystron window is mounted as in flg.3 with the cavity cross-
ing the vacuum envelope at the window. The tube body often has water cooling
{primarily to dissipate heat caused by body current) which helps to cool the
cavity end plateo, while tha external cavity is usually forced-alr cocled.

Coupling out of the cavity is achieved by a variable loop antenna. The kly~-
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stron cavities have an additional static magnetic fleld along the beam axis,
for focusing which affects the conditions for multipactor etc., but since the
window 13 comparatively close to the centre of the cavity 1t does not inter-
cept much of the r.f. magnetic fleld. GSome work, notably by Prlest and

{2) (3}

neglects this r.f. fleld altogether, others have ehown that

Talcott
further out in the cavity the magnetlc field bends the electron trajectories

glightly, modifying the multipactor conditions.

Both applications have tried uszing berylllia ceramics at some stage or
other when he¢ating or mechanical problems have arisen but in view of the
potential hazard {especlally 1f broken or abrased, releasing dust) other

golutions have always been sought whlch allow the continued use of alumins.

1.3 Properties of Window Materialg

Alumina and beryllia are the most commonly used dielectric materlals for
large microwave windows. Both are fabricated into discs or cylinders by a

sintering process.

1.3.1 Mechanical and thermal properties of alumina and beryllia

Table * shows the common mechanical and thermal properties of alumina
and beryllia and their variation with temperature. From these figures it can
be seen that alumina is a tougher material with higher tensile strength,
compresslve strength and modulus of elasticity but that beryllia is a much
better conductor of heat, hence 1its use in environments where alumina cannot
disperse heat fast enough (allled to its lower dlelectric loss which gener-

ates less heat too -~ gee sectlon 1.3.2)

It is important that with both materials not only does the mechanical
strength degrade at higher temperatures but the thermal conductivity drops.
This, coupled with an increase in dielectric losses can lead to a thermal
runaway situation, rapidly leading to window failure through excessive ther-

mal stress.

1.3.2 Electrical properties of alumina and beryllia

bDielectric constant of both materlals is temperature and frequency de-
(4,5}

pendent. Flgures from different sources show a slight drop in dlelec-~
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trlc constant at higher frequencies, but an increage with increasing tempera-

ture (gee Table 2}.
plelectric loss appears to increase with temperature and frequancy for
alumina. Although flgurea are not readily avallable for beryllia it is not

unreasonable to suppose that it might behave similarly.

Dlelectric breakdown. Berylllia is marginally better than alumina at

holdlng off a D.C. voltage (see table 2} but the breakdown field strength
seems to be very dependent on the size and construction of the sample (small
samples aeem to withatand higher fleld strengths} perhaps due to imperfec-

tions in the larger samples.

alunina has a higher dielectric constant and loas tangant then beryllia
at all temperatures and frequencles for which data are avallable. poth have
extremely high ohmic reslstance at normal operating temperatures but beryllia
has the better D.C. breakdown voltage. On these criteria beryllia ig better
sulted to the application of high power windowa on electrical as well as
thermal grounds but it is rarely used where alumina is a viable alternative

for reasons of safety (Be® dust), cost and mechanical ntrength.

1.3,3 Secondary electron emission

Uncoated windows of baryllia or alumina have secondary emigsion coeffl-
clents (SEC) greater than unity for a wide range of primary electron energies
and angles of Incldence (see Table 3) which can give rise to secondary elec-

tron resonancs phenomena, o.g., maltipactor, under a wide range of conditions

. {see logs mechanisms, section 2.6). Vvarious surface treatments have been

tried to reduce or eliminate this conditlion (see gection 2.6}.

2. LOSS MECHANIGMS
2.1 General
In a complex environment such as the SRS r.f. system or a high power

klystron output window assembly, the r.f. loss and subssquent window heating

are due to a combination of different mechanlems of varylng importance.
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These in turn are often susceptible to conditions of operation, geowmetry of
the syetem, surface conditions etc. resulting in a complicated overall pic-
tura. This seotion gives a brief outline of the possible loss mechanlsms and

thelr importance.
2,2 Dielectrio Loss

The simplest mechanism of converting r.f. power to heat 1s atralghtfoi-
ward loss due to the bulk properties of the non-ideal dlelectric. 1In both
applications the field strengths are high so even a small loss tangent (see
Table 2) can cause gquite severe heating. Being in general rather poor con-
ductors of heat and heving mechanical and electrical properties with notable
temperature dspendences, this 18 a potentially unstable situation. Thermal
runaway is possible leading to window failure through internal stress caused
by internal temperature gradients.

(61 and D.M. Dykes and T. Garveytl)

E.A. Hughes have investigated the
dielectric loss heating in the SRS windows. Hughes assumed the window aper—
ture to ba a short lepgth of clrcular wavegulde cut off at 500 MHz but trans-
mitting in tha TE} ) mode with very high attenuation, and attempted to esti-
mate the distribution of heating over the surface to try to explain cbserved
surface markings {the so—called tiger akin mark). Dykes and Garvey applied a
low power perturbation technique, drawing a dielectrlc bead across the window
surface, to look at the field distributions and estimate the peak electric

Eleld strengths. Thelr results(7)

show gubstantial heating in the two possi-
ble window positiona, nearly 600 W absorbed (from 40 kW input} in the lower
position (i.e. neareswt the high cavity fields) but still nearly 250 W in the
upper position (l.e. nearest the wavequide). Although these are guite high
the heat diespersion properties of the system are such that this alone is
rarely sufficlent to break a window but ie a major contributor to overall

heat input.
2.3 Olmic losa
Under normal conditions the chmic reslstance of tha bulk ceramic im

extremely high so there is negligible power absorxption due to “I12g" heating.

However, 1t has been observed that windows taken out of the SRI have develop-
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od raglons near the centre of the window of increaeed conductivity. Dykes
and Garvey and others have observed surface reslatances as low as 10 M{} per
square corresponding to the area known as the "tiger skin®™ marking. Dykes
and Garvey calculated that several tens of watts could be digsaipated in this
region {up to ~ 70 W max.) over a very small area. This may be sufficlent to
cause critical streas levels when combined with dlelectric loss under condi-
tions of very high power throughput, but under normal conditions it would
appear that a further mechanism is still required to produce a thermal run-
away situation. The white spot sometimes observed just before Failure could
concelvably be due to excessive local heating changing the nature of the

surface, maybe even melting it.

There are several theories {as yet largely unproved) of the formation of
theae Eilms. It ls possible that they may arise because of some Eorm of ion
trapping or be due to a chemical reaction between some of the trace elemente
found in the vacuum vessel, o.g9. volatile organio copper compounds, as sug-

gestad by Keller and KUrUsy(B).

80 far, various analytical techniques have been used to try to identify
the chemical nature of the surface films but have been inconclusive. Because
of the slze of the windows only Eragments can be Eitted into apparatus puch
as soanning electron microgcopes (SEM) which is an additional hindrance to

the analysis.

It is planned to continue some experimental work to compare the losses

" of coated windows with uncoated ones by looking at the change in Q of a re-

sonant structure in which the window gits at an electric field maximum. This
technigue is not yet reliable, however, and will not be described further at
this atage.

2.4 Multipactor

A lot of work has besn done investigating the properties of multipactor
discharges. This smection is intended to be a brief résumé of the relevant

ideas and results.

(9) (10} amongst others develop-

Hatch and Hilliams and G111l and von Engel
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ed the theory of multlpactoring between two metal electrodes or a pair of
purfaces with an extarnally applied electric field, under conditions of very
low gas presasure, l.e. approaching a good vacuum. Multipactorlng is a gecon-
dary electron resonance phencmena whero an electron 1s emitted at a sultable
phase in the r.f. cycle, 1ls accelerated across the gap, and impinges on the
second electrods with a transit time of an odd number of half-cycles (to prs-
gerve the phase condltion) and sufficient energy to release more than one
gecondary on average {(to maintain or increase the dlscharge). It has been
shown analytically and experimentally that multipactor may occur for a wide
but finite range of voltage and phase conditlons for a given geometry, and la
dependent on the secondary emission properties {and hence surface conditlion)
of the electrodes. Electron bombardment by multipactoring can absorb large
amounts of r.f. power and convert 1t Into heat at the surface(s} involved to
a degree where outgassing can occur, giving rise to viasible glow discharges
and even direct gas breakdown. Multipactor has been obgerved in a wide range

of equipment and devices""

(12)

and has formed the basis for mome new

devices

Beveral experimentors have postulated and observed multipactor on a
gingle surface, with a d.c. blas across the gap to maintailn a suitable phase

(13)

condition + or in the presence of a magnetic fleld which returns the elac-

trons to thelr atarting surfucettd'. Prieat and Talcott(z'

degcribe electron
resonance on klystron output windows, with and without a magnetic fileld, of a
type which may have direct relevance to this study. In the case of the klys-
tron window, with a atrong axlal maguetic fleld, a sustained elngle-purface
multipactor can exist which can produce a gubsgtantial heating effect and may
also go a long way to explaining observed window charging phenomena. If a
large number of multipacting secondary elactrons can be shown to mlgrate
across an insulator surface, regidual charge could be guite substantial.
Klystron windows are known to suffer puncturing, thought to be due to direct

dlelectric breakdown due to gurface charging.

SRS windows have been observed to suffer a simllar charging effect,
leading to arcing on the alr slde of the window. These arcs may occur from
the window to the wavaguide or even batween two points on the wlndow gurface.
Occasionally these small sparks have trlggored breakdown of the waveguide

electric fleld with damaging results. Axc detectors are now fitted in sonme
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parts of the r.f. system of the SRS to trip out the r.f. supply in this case.

In a typical klystron the magnetic field arises because of the need to
focus the electron beam down the tube. In the SRS the window 18 more remote
from the beam but is likely to be affected by setray magnetlc fields from
steering or focussing magnets, cables atc. This makes the system harder to
analyse because whereas the klystron has a well-deflned axial fileld, the
stray flelds around the SRS cavitles are much harder to predict. Further-
more, they may vary hetween cavities and with the set-up of the ring, e.qg.
the magnet settings may vary depending on the steering geometry or with the

use of "wlgglers™ etc. to vary the synchrotron radiatlon.

Thus mechanlsms are possible in the SRS cavity for two-surface multi-
pacting botween the vacuum slde of the window and parts of the cavity or
window aperture, and single-surface multipacting on the window in the pre-

sence of ptray magnetic fields or electrostatic blas due to window charging.

Any attempt to analyse or predict the multipactor behaviour of a system
guch as the SRS window assembly must obvliously consider the secondary emis-
slon propertles of the surfaces Alnvolved (see section 2.6) and attempt either
analytically or numerically to track electron trajectories around the system,
For simple two-surface or single~surface with static blas or magnetic fleld
an analytical solution is possible but with flelds changing with time and
distance the problem rapldly becomes too complex and computer numerical an-~

alysis 18 the easlest way to obtain a solution (see section 3.5).

More recent investligatlons tend to concentrate on multipactor effects

and their inhibition in accelerator structures‘15’

ties(‘s) or the effects of multipactor on components for feeding power into

017}

and superconducting cavi-

the new generation of plasma contalnment vessels for fuslon reactors

(18)

Gatlagher recently produced two useful papers condenaling much of the

known work on multipactor phenomena and has also suggested a multipactor

(19). gther authors have produced a varlety of miltipac~

tor~bassd devices including switches etc.(zo)

electron gun design
, but these investigations have

limited relevance to the 8RS/klystron problem. More relevant is the work on
secondary electron emigsion and its inhibition by surface coatings etc. by

various authors (see sectlon 2.6).
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Various studies have besn implemented by companies for ana( ) on the

problems of multipactor in equipment in space, mainly dealing with problems
of power loss, nolese and distortion in antennas and communications equipment,

and for the US Nnvy(ZZ).

Some further development of multipactor theory was carried out in the
USSR in the 1970%a, incorporating statistical velocity distribution of the

secondary electtona(23).

2.5 X-ray Damage

Although not significantly contributing directly to tha heating of the
windows, considerable discolouration has boen geen of the whole window sur-
face which is praesumed to ba due to x-~rays. X-rays may contribute to multi-
pacting by the production of photoelectrons as they pass through tha window.
Thig, or Eield emission, or elsctrons lost from the beam and acattered into
tha cavity could provide the initial primary elesctron needed to start a mul-

cipactor discharga.

Computational technigques have been developed {ses section 3.5} which can
predict the distribution of x-ray production within a cavity, based on the
knowledge of the fleld distributions within the structure, by tracking an
arbitrary number of electrona through many collisions or scatterings and
estimating the energy avallable in such events that might be dissipated in
the form of an x-ray photon. Prom this sort of prediction it is possible to
produce an x-ray dlstribution pattern for the cavity which agress well with

experimental x~ray photographs.

2.6 Secondary Electron Emission

Multipaotor can only survive while the field-accelerated electrons have
encugh energy on impact to release at least one secondary on average, Bo the
obvious method »f euppreasing multipsctor is to ensure that the secondary
emisalon coafficient 15 always less than unlty. Unfortunately this is not the

complete story because it has baaen ahoun(zd) that secondary yleld incroases
with angle (8} of incidence aas sec 8. Thus, grazing incldence of primaries

can rasult in substantlally higher secondary emlsslon ylelds and multipactor

RIMM-B6/25 11

could still occur even if the normal SEC is less than unity. Furthermore

{25)

thers is a demongtrable distribution of gecondary energics « and hence

valocities, which further complicates the multipactor model. Kanaya and

{26)

Kawakatsu include the contribution of backpcattered primary electrons in

their analysis of total sescondary yleld, producing a “univeraal® yleld-energy
distribution curve and an energy distribution for the sscondaries. This they
tested against experimental measurements with good agreemsnt. Such results

may assist realistic modelling of electron trajectories within a cavity over

(27)

many successive colligions. Dawaon glves secondary yield information for

gsome window materials which may be useful. Mors recently inveatigation of

the secondary emisslon properties of materials for superconducting microwave

(28)

cavitiea has been carried out by Padamsee and Joshi as these materials

are of increasing importance in accelerator structures as parformance of auch

machines is increased.

Much work has been done on the development of coatings and surface
treatments to decreass ths secondary emission yield in waveguides and cavi-

ties where multipactor is likely, and some on ths inhibition of single-sur-

(23)

face multipactor on dielectric windows, notably by Talcott and a serles

(30) the surface modifications over a wide

(31,32" ‘29), copper and

of reports commissionad in the USA
range of treatments including carbon titanium
gold costings. These techniques have s two-pronged attack on the problem,

firstly using a coating material with a low SEC and also modifying the sur—
facs tesxture to change the dischargs properties. Timberlaks et altaa)
polished the surfaces of waveguides to minimise gas adsorption leading to

31) later dsscribed the

direct r.f. breakdown and other members of the group
use of carbon c¢oatings to lowsr the SEC to prevent multipactor. They also
noted the sec B dependence of secondary emission with angle of incidencs but
intereatingly that the effact was diminished with a rough surfacs. Other

N have gone to great lengths to produce a microscopically

investigationa
rough surface which inhibits secondary emission by increasing the chance of
secondaries being recaptured before they escape the surface. This has been
proved to be effective in stopping multipactor in evacuated waveguide ays-
tems. It 1s poasihls that the thin films of copper or gold black applied to
tha SRS windows inhibit single~surface multipactor in a similar way. The
gold coating used by Derfler et 51(17' 1e applied by a complicated chemical

and electroplating process, whereas the SRS coatings are applied by evapora-
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tion in low pressure ilnort atmospheres [(nitrogen or argon). Talcott reports
good success with titanium films although these have been less than success-
Ful when tried on SRS windows, primarily through difficulty in obtalning a

(30)

consistent £ilm with good adhesion. llayes describes physically modifying

the window surface witlt grooves to reduce the yleld.

Secondary and r.f. fleld emission can be reduced by "conditloning” of
surfaces which involves running a cavity or structure initially at low power
and increasing the power levels gradually, monltoring the multipactor care-
fully. At each power level multipacting will generally condition out, even-
tually enabling high power operation that would not initlally be poselble.
This conditioning will generally persist in the structure provided there 1s
ne violent discharge, vacuum incident or contamination to change the nature
of the conditioned surface. The 5RS cavitlies neod careful conditioning be-
fore full power operatlon can be achleved after the system has been let up to

atmosphere, e.g. to replace a window. Halbritter‘34)

descrlbes an explana-
tion of r.f. conditioning by "electron, photon or He impact which causes
hydrocarbon adsorption and dehydrogenation and polymerisation of adsorbed
hydrocarbons” which greatly reduces the secondary emission and field emlssion
in superconducting Nb cavities. Understanding the nature of such surfaces
may provide clues to multipactor suppresslon on dlfferent materials such as

dielectrics and insulatorsa.

2.7 Ion Dombardment

As with any vacuum system there 1s a finite residual gas pressure in the
SRS or klystron, and with a beam running lons will be produced. Indeed, the
SRS has clearing electrodes to remove as many ions as possible, Under normal
r.f. exclitation of a cavity there is no net force on any ion over a sultably
long timescale because the high frequency r.f. voltages tend to cancel out
due to the relatively large lnertia of iona compared to electrons. However,
it is posslble that static magnetic Eields or large static charge on the
window could attract or deflect lons towards the window. Under condltlons of
good vacuum this effect is likely to be amall and not contribute notlceably
to window heating, but since the individual lons could conceivably have guite

high energy they may cause surface damage over a long perlod of time or may
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provide another mechanism for the emission of electrons with sufficlent en-
ergy to start a multipactor dlascharge. The vacuum syrtem 1s not the only
gource of lons however, during a multipactor discharge it is possible for
copper to be sputtered from the cavity wall, and it has even been observed in
the BRS that the beam had intercepted something solid in one of the stralght
sections which had led to sputtering off the stalnless steel walls.

3. FIELD MAPPING

3.1 General

In order to attempt any explanation of window heating through dielectric
loss, ohmic loss, multipactor etc. it is necessary to know the strength and
preferably the directlon and distribution of all the electric and magnetic
fields involved. In the cases of dlelactrlc and chmic losses 1t 1s then
straightforward to calculate the powar absorptlon (ses sectlons 2.2 and 2,3).
In the case of multipactor or secondary electron avalance effects a good
knowledga of the flelds 1s essential for prediction of electron trajectories
and for computer programg to make predictions of measurable discharge effects

{sea saction 3.5).

This sectlon ocutlines some of the techniques available for analysis or

mapplng of the fields.

3.2 Perturbation Tachniques

() used Blater pearturbation theory to estimate the

Bykes and Garvaey
electrle fleld strength across the dlameter of the window using a dielectric
bead as the pacturbing object by relating the field strength to the observed
frequency shift. It is hoped to extend this technlque to cover the whole of
tha window surface and, using differently shapad perturblng objects in
varying orientations, to gain some informatlon about the fleld direction (see
section 4.2). It may also be possible to use a conducting bead or wire loop
to couple the gagnetic field. Dykes and Garvey used theilr electric fleld
strength estimates to arrive at a flgure for the heat input to the window.

More accurate mapping of the fleld pattern over the window apertuce could
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refine this estimate but more significantly it could be used to produce a
thermal model of the heat flow in the window and thus produce a reasonable
estimate of the temperature distribution which could in turn be used to imply

the stresses due to differential expansion (see sectlion 4.5).

3.3 Liquid Crystal and Thermal Imaging

An alternative maethod of looking at the fleld distributions in wave-
guides etc. lg to use a thin resistive sheet, coated with a temperature-gen-
sitive paint or stuck to a temperature-sensitive liquld crystal sheet. The
gheat heats up 1ocn11¥ according to lEIz and the visible temperature distri-
bution ylelds information about the fields. It is relevant in this csss of
course to look at the heating directly as this is a major contribution te
window failure. TLaying a sheet of reslstive-backed liquid crystal in the
plane of the window or even sticking it to the window surface could dirsctly
ghow the localised temperature distribution over the window. Pure reslstive
gheet would setimate ohmic loss but sticking the ligquid crystal straight onto
the window would also show dielectric loss. If the mathod 13 gensitive en-
ough it may be possible to see the difference between a clean window and one

contaminated by conducting f£films through use in the SRS.

A more flexible way to look at window heating would be the use of an
infra-red camera wounted to view the top of the window, through a small hole
in the waveguide opposite, or the vacuum sids from the port opposite the
window (usually containing the tuning plunger) if a suitably infra-red trans-
parent windew can be found. A compromise might be the use of infra-red film
in a conventional camera. Thermal imaging would have the advantage thst 1t
is directly viewing the temperature of the window materlial and that there 1s
no likelihood of the method perturbing the system, which 1s possible with

resleative or dlelectric gheets.

3.4 panalytical Solutions

For simple waveguide discontinuities it is often popsible to derive a
complete analytical solutlon of the fields within them by matching the wave-
function boundary conditions at all points or by matching up higher order

modes, but with large apertures and realistic thicknesses of the aperturs as

R1IMM-86/25 15

in the SRS case, the situation becomes too complicated for a neat analytical
or mode serles solution. ‘The process of modal analysls requires careful
applications although with computer assistance it may be possible to find a
finite or converging series of higher order modes. The methods for such
modal analysis and the criteria for converging on a real solution have been
the subject of much investigation. fThe volume and depth of literature ie
rather too great to give a full account here; however, it is possible to

(35)

outline some of the technigues available. Wexler desoribes a method Eor

golving waveguide discontinuities by summing normal propagation modes, allow=

{36) describe

ing the modelling of thick irises in waveguide. Masterman et al
the problems of asolving an infinitely thin irie, which may have pome rele-
vance because they illustrate how to terminate an infinite serles of higher
order modes and still obtain meaningful results.

Harrington and Hautz(37)

describe a method for approaching the coupling
botweens two arbitrary reglons by an aperture, by Formulation of “generalised
aperture admittance operators®, one for each region.

(38)

Lee et al apply themeelves to the criterla for convergence of a

computer modal analysis and suggest some guidelines.

Another approach is to attempt to describw the problem using s network

(39}

analogy, e.g. as used by Hu o determine the characteristice of an arbi-

trary waveguide system with multi-port side couplings.

All thoese approschas are necessarily highy complex and require careful
study of thelr methods, accuracy, limitations and fundamental assumptions
before a cholce can be made 8s to which ils/are best applied to the SRS wave-
gulde cavity aperture problem.

ﬂughea‘S) sttempted to relate visible marking of the window with the
fleld distribution and noted that the magnitude of the electric field aquared
{l.e. proportional to dielectric loss and heating) bears some resemblance to
the ghape of the “tiger skin®™ mark. Jlowever, he aspumes the window aperture
to be a ghort length of cut-off wavegulde, except within the window iteelE
whers it is above cut-off in the TE,, mode. Clearly, the situation is more
complex than this but it is worth trying to relate any model to the obaerva-
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ble effectas on the window such asz the tlger skin mark, white spot etec.

3.5 Humerical Solutjons {and electron trajectory predictlon)

Apart Erom using computers to solve modal analysis simulations, it 1s
pogalble to wse computer numerical methods to approach Fhe problem of fleld
mapping Erxom a different direction. If sufficlent Ilnformation 1s known about
the electric and magnetic flelds (and charge distribution 1f applicable) at
the boundary of a region (e.g. a simple resonant ¢avity) it ls possible to
apply a mesh-analysis technique to solve for the fleld at any high point
within the cavity. This is the basis for many cavity design programatdo)
where the r.f. characteristics of a cavity {resonant frequency, R/Q etc.) can

be found on a computer without resorting to cold test work.

The limitation of this method is the resolution of the mesh that can be
handled by the computer. Large mimbers of mesh paints generally yleld better
results but at the expense of running time, especlally if a thrse dimensional

mesh 1o needed.

1t may be possible to perform a mesh analysls In ths reglon of ths win-
dow aperture between the fairly well established fields in the cavity and the
waveguide. Such an analysis is more likely to converge on the right answer
if a good estimate of the field 1s used as the startlng values in the mash,

and it will also save on running time.

Oncte a fleld solution is obtalned, whether by mesh analysis or analytic-
ally, the computer can be employed agaln in the predictlon of secondary elec—
tron phenomena. It is relatively stralghtforward {though potentially demand-
ing of computer time) to use a predictor-corrector type of method to track
electrons through fields even when they are varying with time and displace-~

ment as in a real cavity situation. Ben-Zvl et altqi’

uged electron trajec-
tory predictions, along with a "Monte-Carlo™ method to simulate backscatter-
ing and pecondary emission from surfaces, to predict the multiplication of
alectrons in a saperconducting cavity. Thelr primary alm was to study the
productlon of x-rays in such collisiong and their repults tled in extremely
well with experimental observatlons 1n the form of x~ray photographs. An

unexpected result of the computer simulation was the prediction of the accu-
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mulation of low energy electrons around the cavity walle (flg.4) which was
found to be the case upon experimental investigatlon, further supporting the
valldity of the predlction. It was previously thought by Hughes that when
tracking slectrons emitted from the window, those logt tc the bulk of the
cavity could be ignored. Clearly this may not be the case Af the surface
condition of the cavity is capable of supporting secondary emission, and a

gsuitable phase/voltage condition exists.

It 18 hoped that using the most complete fleld description possible,
electron tracking will show some sort of multipactor on or around the window,
to tle In with obrerved eEfects, or at least gome gort of gecondary electron
avalanche mligration which could explain surface charging.

Lynels et allqz)

succegsfully used an electron trajectory prediction
program to simulate multipactor in a superconducting cavity and, using the
program, redesigned the shape of the cavlity (sharpening the corners) to mini-
mige it. Tests on such a cavity revealed that multipactor was in fact elim-

inated.

4. DIRECTION OF INVESTIGATION

4.1 Gensral

The lnvestligatlon wlll have to approach the problem in a variety of
ways. In the short term these involve:

1. Egtabllshing the field patterns around the aperture by r.f. measuyre-
ments, including perturbatlon techniques and liquid crystal/thermal
imaging, and through analytical and numerical solutions such as mode
matching and mesh analysis.

2. Developing multipactor modelling techniques by electron trajectory
tracking methods.

3. Relating theoretlical and experimentally cobserved loss machanlsme to
window temperature distribution and thermal stress models.

4, Evaluating the pro's and con's of varlous antimultipactor coatings and
measures and tylng all phenomena in with high power tests in the spare
cavity,
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4.2 R.f. Field Mapping

It ia intended to extend the perturbation technique of Dykes and Garvey
to wap over the whole window surface by modifying the waveguide gactlon over
the window to accept a sliding bar~in-a-slot errangement {taking care not to
disturb the waveguide currents) (see fig.5} so that the dielectric bead can
ba pulled across chorda parallel to the diameter, along the axls of the beam.
It may be possible to use a similar perturbation method below the window 1f a
mechanical support can be contrived. Also using rods of dlelectric for the
perturbing object in different orientations may yleld information about the
direction of the fileld.

4.3 hAnalytical Field Mapping and Humerical Analygils

It would be desirable to derive some sort of analytical or hybrid analy-
tical/numerical solution for the flelds in the aperture region to check with
exporimental results and model heating and electron phenomena as already
described. It le intended to pursus lnvestigations Into mode matching tech-
niques etc. with a view to formulating a model of the SRS waveguide cavity
gyatem. If such a golution is possible it would be a great ald to understand-
ing the r.f. behaviocur and modelling the electron trajectories within the
vacuum because the flelds can be found anywhere, not just at the nearest mech
point. It ia also hoped to attempt a mesh analysis for the window area
elther based on the r.f. meagurement data or from the "known“ boundary condi-
tions momewhere in the wavegulde and cavity. This may yleld detalled infor-
mation about the fields close to the window area, particularly useful if a

good analytieal solution is not possible.

4.4 Electron Tracking and Multipactor Modelling

Having hopefully gained falrly detalled information about the electric
and magnetic flelds throughout the vacuum region around the window aperture
it should be possible to track electrona around the window area and look for
reglons where charge concentration, multipactor or high energy bombardment
seem to occur {other experimenters have had good success with this, see sec-
tion 2.4}. A check may be applied to any predictions by looking for x-rays
which can be predicted by the model, both in strength and diatribution around
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the cavity, and heating effecta. If a model can be shown to be closely re-
presentative of tho observed multipacting in the SRS cavitiesn, or indoed
within a klystron output window assembly, this will go a long way towarde the
ultimate solutlon of the window fallure problem since any anti-multipactor,
anti-charging or other lods reduction measures could be evaluated theoretic-
ally before belng put to the test. This rather tall order will undoubtedly
require a sulte of programs which may turn out to be both complicated and
expensive of computer time but If respectable results are the end product the
mathod will bhe more than justified.

4.5 Thermal Analysis and Btreas

Agsuming the successful description of all the major contributing losa
mechanisms it should be posasibla to establish a heat input profile for the
window voluma and by a numerical heat flow model, taklng into account the
temparature varlatién of such parametere as thermal conductivity, converge on
an equilibrium temperature profile. Purthermore from this information (which
can be compared with thermal imaging data) it should be possible to diagnose
thermal stresses within the window material and even predict the fallure
mechanism, taking into account temperature variation of mechanical features
such as UTS and thermal expansion coefficient. Thia could be checked by

doing a destructive test of a used window on the test cavity.

5. CONCLUSION

This preliminary review of the problem has confirmed that the window
failure is a complicated combination of mechanisms and suggests several areas
for further investigation. The research will probably pursue parallel paths
of exporimental work (on the test cavity and window coatings}, theoretical
purauit of an analytical solution of wavegulde and cavity window fields, and
the development of a computer modal of cavity and window beshaviour ineluding

electron trajectory plotting and other losses.
Due to the time delays in arranging the use of equipment and setting up

timen, an experlmental program of some sort will have to be drawn up as soon

ag possible.
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Table 1.

Mechanical and thermal properties of alumina and beryllia

(metric values converted from data from refs.(4) and (5)).

Temperature Thermal Thermal Bpecific Ultimate Modulus
(except canduc- expan- heat tensile of
where shown tivity aion capacity strength elasticity
otherwisa) |
{*c) (3/em 8 °C) {em/om °C x 1077) (J/g "C}  (N/mm2)  N/mm2 x 103
Alumlna
2] 0.352 73 0.80 293 37
500 0.096 75 1.27(1050) 146(600) 35(600)
1000 0.059 B5 1.26(1200) a4 32
1500 0.059 95 1.34(1400} 59(1200) 27(1200)
Deryllia
23 2.18 ag 1.0 118 30
500 0.63 a0 1.9 44{800) 29{600)
1000 0.21 90 2.2(900) 24 22
1500 ¢.15 100 - 20(1200) 13(1200)
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Table 2. Electrical properties of alumina and beryllia
Temperature Dielectria Loss Reglativlity  Ref.
(°C} constant tangentn {Q)
(tan &)
Al,04 25 9.6 0.0001 > 1010
AD995 500 10.4 . 0.0002 1.4 x 109 4
{1 GHz) 800 1 0.0003 a x 1
{Av 1-30 GRz) 25 ~9 0.0006 - (.0007 5
B0 25 6.7 - 1016
{1 maz) 500 - - 102 4
800 - - 107
{Av 1-30 GHz) 25 ~4 ~0,.0005 - 5
D.C. Breakdown Bample HKaximum operating
field elze temperature
{V/mm) {mm) {*C)
Alumina (average) 230 250 1400-1900
AD94 (948 pure) 600 10 1700
Berylllia (average) 240-250 250 1700-1850
BD995 {99.5% pure) 700 10 1850
a real part of g 2
[tan 5= Imag, part of ¢ power loss/unit vol. ‘.foerw E< tan 6]
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(a)

Table 3. BSome values of the BEC for alumina and beryllia FIGURE CAPTIONS
Rl,05 1.5 - 9 primary voltage for max. sscondary emisslon 350 - 1300 V Fig.1 8RS window mounting arrangement.
Bel ~ 3,4 primary voltage for max. secondary ealsalon ~ 2 kv
Fig.2 gtanding wave patterns in waveguidae.
(d)SEC increasss with angle of incidence & as sec B.
Flg.3 Typical klystron window arrangemsnt.
Fig.4 A typical computer plot of the trajectoriea in z-r space of ten

initial electrons and their second and higher generation electreons

produced by the electron multiplication aimulation program.

Fig.5 Modifications to wavegulde/cavity transition for perturbation

measurements.
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