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Introduction

The modernity of the thesis Particle accelerators are very portant devicesfor fundamental
and experimental research andre widely u®d in scientific and technologicareas They are
being used in areas such Hseoretical and experimental physics, chemistry, matsrsdience,
nanotechnology, biology, health care, etc. [1].

Particle accelerators areery complicatedsystems andhey combire many spheres of science
and technologyRFsystems, magnetisystems, vaeum systems, thermoregulation systems, beam
diagnostic technologies, etc. [2]. Onhe effective combination of athe systems and subsystems
gives a possibility to operate the acceleratoesd obtaindesirable results.

There are many types of accelevas. Particle accelerators cée divided into categories based
on the acceleratng structures, the types of acceleratedparticles, beam enengs, purposes
(fundamental research medicalresearch etc.) and othercriteria [3]. Based on structureand
acceleation principles the particle accelerators can be dividetb linear and cyclic accelerators.
The synchrotrons and colliders are cyclic accelerators. In this case, the acceleration proces
performed inonecyclic beam trajectory.

There are two basic athods for acceleration of charged particleslectrostatic method based
on electric fields and electromagnetic method based on radiofrequésciyniques To focus and
steer the charged particle®ne usesmagnetic fields in accelerators [4herefore, mly charged
particles carbe acceleratd in particle acceleratorselectrons, protons, etc. [5].

There are many strong requirements systems and subsystems of particle acceleraiars
order to achieve high accuracy of beam parameters. Oneswth crucal conditions for
accelerators is theexistence ofvacuum in the beam linedn particle acceleratora beam
generation, acceleration and regulati@re realizedin high vacuum conditios. Vacuum give a
possibility to maintain the beam parameters duringhe entire acceleration processes and to
increaseits lifetime.

Of course, here isncd dzOK | O 2 yié€abvhadiurél Tachrlicgllyeverything which has
lower pressure tharthe atmospheric pressuref 760 mm Hgcan be counted as a vacuurin

modern acceleratorsUltra High Vacuum (UHVis required for precise experimentAdvanced



UHV systems are requiredrfachievingan UHV level with low enougpartial pressureof residual
gasses [67].

It is known that dferent gases and gas combinat®im UHVsystems have different influence
on the particlebeam [8]. To reduce thateraction of beamwith residual gasesspecial vacuum
chambers with special pumping systeare required

Thereared SOSNI f LIKeaAOlFf STFSOGa Gystemisyrar exdipleQ S
there are severe effects from theharged beamsevere electromagneticirradiation, various
thermal and mechanicaéffects and so onThe detailed properties of these effects can be
different for different types of vacuum systems

Ore of the importanteffects is the production of various gases in tteeuum chambetknown
widely asoutgassing). Depermg on the vacuum chambertypes of the usedmaterialsand the
conditions of operationthe outgassing rategan vary from high to low values. The rate of gas
production in thevacuum chamber must be #&»w as possiblaluringthe machine aperation|[9,
10]. For decreasing theates of gas productiom the vacuum chambera special desigrmof the
vacuumrelated systems(including the pumpig systems, special magnets, undulators, BPM,
experimental statios, etc.)is necessaryll]. The latter includes the thermmechanical design,
the fabrication technologiesseveral thermal ane¢hemical cleaning procedureBor an effective
and reliable vauum chambeyrall the parameters otthe beam allthe possible externainfluences
in the vacuum chamber should be taken into accouhliso, aspecial design of vacuum pumps
aimed forspecialapplications in the vacuum pumping systermmsequired[12]. In order to obtain
precise beam parametersne needs to achieve a very high vacuum level, leswdual gadevel
and also one needs to decrease the begas interactionsDust contamination is another factor
to be carefully taken into account in thdHV systms[13, 14].

It is an important requirement to decrease or avogkveralother influenceson the beam.For
example, undesirable magnetic fids must be avoided The materialsused for UHV systems of
accelerators in many cases must be aoagneticmaterids.

The requirements of vacuum levalepend on experimenta specificatiors of particle
accelerators, especiallpn the level of beam accuracylt is necessary to develop special
techniques,includingthe design of thevaauum chamber, materiajoining (bazng and welding)

technologiesto achieve thenecessarywacuum levedin accelerators
7



All usedmateriak used in the UHV system must have low vapor pressurdower outgassing
levek [15, 16] The requirements for a UHV system design can be divitedwo main stagesin
the first stagethe requirementsrefer to acceleratos, specifically the beam parametersi. the
influence of the beanon the vacuum chambg@r the specifications of thelectromagnetic device
especially the electromagnetic ifluences on the vacuum chambers. The second stage of
requirementsrefers tothe UHV conditionsmechanical andhermal properties etc. Tlesekinds of
requirementsare important foramore flexible and reliable operation of vacuum system.

Only the combimation of allthe requirementson vacuum systems can giee possibility to
achievehighquality beamparametersin particle accelerators.

The vacuum systesncan bedivided into two main subunits the pumping system andhe
vacuum chamber. The big vacuumaatber of particle accelerator is divided into many
subsectios. Each subsection conssif many parts and items (vacuum pumps, vacuum gauges,
etc.). There are many technologies to fix, join and asserii®@evariousvacuum sections, e.g.
mechanicafastening, welding and brazingechniques

Some of he crucial poind of UHV systemsare the choice of thematerials used in the
constructing the vacuum systems, and the various ways of connectingnéteriak. Particularly,
in particle accelerators one oftersas hgh quality joints betweersimilar and dissimilamaterials
One of themostinteresting andchallengingareasis the production ofvacuumtight joints. There
are many types o$uchvacuum tight joints. Dependgon the chosentype andthe manufactunng
techniques of such jointsone can significantly increase the quality and efficiency of devices,
systems and subsystems.

One of the types of vacuutight joints is the vacuumtight ceramiemetal joint [17, 18, 19].
There arevery high requirements premnted to the fabrication and operation of vacuuwtight
ceramiemetal joints. The ceramic materials are brittleght, strong and ideal electrical and
thermal insulatos. Based on these propertiethe ceramics are widely ed in UHV systems of
particle acelerators.As compaed to ceramicsthe metals have higher mechanical strengne
non-brittle, havehigher electrical and thermal conductivity, etc.

The orresponding physicahechanical properties of materialgoint specifications and the
chambersgive the possibility to achievehe desirable UHV conditions and to realiae effective

operation of particle acceleratsr



There are many noestandard ceraminetaljoints thatarewidely ugdin particle accelerators.
For the fabrication of thesejoints, it isnecessary to develop and design special technoloies
satisfy all necessary requirements.

The bonding technologiesf ceramics to metals areomplicatedphysicalchemical processes
and onlythe combination of experimental resear@ndthe results oftheoretical calculatios can
givethe possibility to design and fabricate cerarmetal jointswith corresponding characteristics,
including the necessarylevel of vacuum tightness, outgassing level, mechanical strength,
durability, reliability, éectrical andmagnetic characteristics, etc

The fBbrication techmuesof high quality vacuurtight ceramiemetal jointsare a part ofa
modern research in technological sciencé@se fbrication techmues of ceramiemetal joints
boardersthe followingresearchareas

1 Fundamental research omphysicaland chemical processes thdtave not been fully
charachterizedset;

1 Modernization ofthe existing fabrication techuesfor increasingthe quality of the
resultingceramiemetal joints;

1 Developmentand desyn of new bonding technologiegpplied forceramiemetal joints.

One shouldake into account that@me of the ceramiemetal joints aresupposed to operat@n
extreme environmental conditions. For examplgiHVconditions severetemperature gradiers,
electro-magnetic waves, etclherefore i is very important tomprovethe quality ofthe existing
systems ando developnew technologies for increasinfge reliability, durability andhe efficiency
of vacuumtight ceramiemetal joints inthe vacuum systms of particle accelerators

Anather important researclareais the development ofnon-standard ceramignetal joints. For
this kind of joints additional special desigs required, including anechanicaldesign thermal
calculations electromechanicakimulations etc. Such design, of course, should take into account

the geometiic shapehe usedbonding techique and several other factors

The simmary of thesis modernity The success of the design dadbricationof new generation
of particleaccelerabrs mainly depends on thehoice of usednateriak andthe technologes of

producing the jointsFor example, AREAL (Advanced Research Accelerator Laboratory) laser dri\
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RF gurbased linear acceleratovas operated in Armenian 2013. It providesan electron bunch
with 2-5 MeV energy and 1000 pCcharge. AREAL acceleratorused within a wide class of
scientific disciplines, ranging fropihysics and biology tohemistry and materialscienceln order
to install and operate &ee electron laseat the ARRAL acceleratgwe planto increasethe beam
energy up to 2660 MeV 20, 21].

At the same time, the requirements for the main characteristics of acceleyat@ significantly
increasingand need more precise parameters for uam and RF systems, accelkerastructures,
control and diagnostisystens and thethermoregulationsystem Particularly, @pending on the
commissioning conditionghe metalic componentsand the metalceramic jointsshould satisfy
very high standards. Specifically, they should haveery highmechanical strength, vacuum
tightness, temperature and radiation resistane®@d more

Even though there are already matgchnquesfor manufactuing ceramiemetal joints,the
improvement and modification of the abowmentionedtechniquesis a moderntaskand is very

timely for thenew generatiorof accelerators.

Purposes andthe main problems ofthe thesis: The main purposes of this thesigere the
development ofnew fabrication technologes for high quality vacuumtight ceramiemetal joints

anda design of systems necess&y successfutommissioning ofhe AREAL accelerator

Sructure and volume of the thesis:The thesis consists adn introduction, 4 chapters,
conclusionsectionand bibliography. The thesis presented in 137 page#t contains 94 pictures

and 18 tables.

Main topics discussed in the thesdefense The main topics provided for thesiefenseare
the following
1 Thermoregulation systems foelectromagnetic vacuum systems of AREAL linear
accelerator: thermoregulatiorsystem ofthe RF gun, thermoregulation system thfe
klystron andthe cooling system fothe solenoid magnet.
1 Development of newnethods of brazing ceramic to metal for items made of dissimilar

materials and havindifficult geometricalshapes.
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1 Developmenmn of new bonding methods for cylindricaly-shaped ceramic and metal
items.

1 Brazing technologies for vacuum RF windewd design ofRF windos.

Thesis presentationsThe main results othis thesis were presented during seminars at
CANDLE SRI and at sevetternational conferences and meetings. Particularly,

1 InternationalParticle Accelerator ConferenselPAC (IPAC2011, IPAC2014, IPAC2017),

{1 IV International Conferencentitled as dCurrent Problemsf Chemical Physi€g5-9
October 2015, Yerevan, Armia),

T Ly dSNYLI GA 2y Advance®Maerialiii yT €xlholagies(21-23 October 2015,
Thilisi, Georgia,),

1 IVESGCER2014 ¢ International Vacuum Electron Source Confereniené 30 July 04
2014,SaintPetersburg, Russia,),

1 AREALInternational TebhnicalAdvisory Committee seminars, and more

Publications: The main results ofhis thesis are published in international scientific joual
international conference journals and intellectual property agency of Armdhia.thesiss based

on 11 reseach papers 6 scientific journad, 3 international conference papers,gatents).

Scientific novelty:The main novelty of this thesis is the development efvrtechniques of
diffusion brazingand diffusion bonding. These methods are used to jdissimiar components
with complexgeometic shapes. The methods rely on the pressure difference on the two sides of

the items being brazed.

Practical value ofhe thesis: The resultsobtainedwithin this thesis research angsed at AREAL
facility andits vacuumlaboratory. Many of the results, particularly the ones related to thesign,
modernization and fabrication of vacuutight ceramiemetal joints, can also be useth areas

different than accelerator science
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Moreover, part of this thesis deals with thesign of adst and precisehtermoregulation and
UHV systems, which have been specifically designe@ANDLE Synchrotron Research Institute
They arealreadyinstalled and operavnalat AREAL linear accelerator.

Finally, @ RF window teststand has been designed for testing brazed ceranmwetal joints,
mechanical sealing teciques and moreunder highvacuum, RF and high temperaturdluences
Needless to say, that this also can be applied outside the realm of accelerator sthmdeve
particularly used this to investigatevarious brazing and bondingechniques which we then

effectivelyused in the UHV systems of AREAL linear accelerator.

Chapter 1 This chapters dedicatedo the description of the main parameters of théHV and
thermoregulation gstems of AREAL linear accelerator. The first part is dedidatéile AREAL
Linear acceleratd@ énain parameters. The second part is dedicatedhe details of thedesign of
the UHV systemof AREAlinear accelerator, including the description thie man parameters,
the design specificationghe achieved vacuum \eels, the choice of theused materiad and their
specifications,the specifications of thevacuumtight ceramiemetal joints, the techniques of
vacuum pumpingthe specifications of the-beamtitanium windows.

Additionally, he main purposeghe technical properties andthe generalstructure ofthe UHV
test stand are describeuh details

Alsothe detailed description of therngciseand fastthermoregulation systemss given. These
include he thermoregulation systemfor the RF gunthe klystronand the cooling systenof the

solenoid magnet.

Chapter 2 The first partof this chapteris dedicated to thedescription of theproperties of
materials used for vacuumtight ceramiemetal joints Particularly, we have discussed their
vacuum compatibility, structure stability, brazeability and weldability, electmechanical
characteristics, surface characteristemsd more The second part of this chapter is dedicated
the review of ceramianetal brazing technologiestheir technological specificationgadvantages

and disadvantages, etc.

12



Using the technique of active brazing basednoolybdenummanganesgwe have performed a
brazing of alumina to copper aralumina to stainless steeéll donein a vacuum furnaceln this
chapter we describe the details of the relevant experiments

We present the results ofhke investigationson ceramiemetal joints based on metallurgical

analy®s (.e. metallurgical microscopy)

Chapter 3 This chaptempresens the new brazing and bonding tecigues for ceramiemetal
joints thatwere developed and designed at CANDLE Synchrotron Redeatithte and registered
at the Intellectual Property Agency of Armenia.

Particularly, we describe in detail thew diffusionbrazing methodhat we havedevelopedfor
brazingceramic and metdk items withcomplexgeometiic shapes. This new brazing method can
effectivelybe used for manufacturing high qualityacuum tight ceramienetal joints.

Also, we present the ew diffusion bonding methodthat we havedevelopedfor bonding
cylindricalceramic and metdk items.

The second part of Chapter 3 is dedicatexd the discussion of thehermo-mechanical
simulations of ceramimetal joints under high temperature conditions, relevanfor brazing
proces®s in vacuum furnacesThe results of this kind of simulations are important tbe
processes obrazing as well as for understanding the behavifr the vacuumtight joints in
realistic circumstances. These simulations dan used for developing newtechniques for

fabricatingceramiemetal joints.

Chapter 4 This chapterdiscussegshe applications ofvacuumtight ceramiemetal joints in
particle accelerators. The main focus of the chapter is RiewindowsWe have described the
main operational scheme and requirements fdine pillbox type RF windowsThis discussion
includes the requirements fortheir structure, the usage ofmaterials, effectivaess of the
thermoregulationsystem and more

We have discussed the procedure of devel@minof brazed pillbox type vacuum RF windew
Partcularly we have presented thgesign and fabrication techques includinga presentation of
a new diffusion brazing techegque. Additionally we have described theazing techiquesapplied

on variouskinds of ceramic discand metallic cylindricalitems.
13



We have designed ailfpox type vacuum RF window astest for mechanicdy sealed and
brazed pints, coated ceramic materials and ttleermoregulation systemef RF windows.

Additionally we have carriedut preliminary thermemechanical simulations for pillbox type RF
windows assuminghigh temperature conditionsThe intended use of these simulations is the
brazing process itselfVe have also described the methodslefkage detectionand thethermo-

mechanical testingpf RF windows.

14



Chapter 1: AREAL Linear Accelerator: the main parameters, hligh vacuum

system and the thermoregulation systems

1.1. Applications of the AREAL Linear accelerator for fundamental and experimental

research.

The rapid development of modern science and technology demands development of variol
types of advanced laboratory systems. The areas of applications of such systems vary fr
fundamental sciences to applied areas of research, such as material scidmamjstcy,
pharmaceutics, health care and many more. The focus of this thesis is the technical developme
and maintenance of the AREAL linear accelerator. The latter was designed and realized at
CANDLE synchrotron research institute (SRI) in Yereuaens Center for the Advancement of
Natural Discoveries usingight Emission), where it is currently being successfully commissioned.
AREAlaccelerator forAdvancedResearchBectron Accelerabr Laboratoryand is a modern linear
acceleratorbased on a lger driven RF guji22, 23].

The AREAL project was divided into two main phases. The goal of the Phaseto reach a
maximum energy of 5MeV, while the energy scale for the PRaséll be from 20 to 50MeV,
which will feature special accelerating strusts and undulator system.

The main features of the AREAL linear accelerator for Phasshown in Figure. 1.1.1. [24].

: Laser

. HV Fp/BPM RF

RF_U corocr | _L RF-L gt ALPHA-THz Undulator ‘
Accel. BPM Accel

{ Dnag BPlM YAG

' I " a1 § | . ®

E =+ Solenoid : Quadrupoles THz FEL
; YAG (Energy BETA - Advanced

5 b Accelerator Concepts

Figurel.1.1 The nain schemef AREAL Linear accelerator.
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Being a modern linear accelerator, AREAL featurdarge number of advanced devices,
systems and subsystems, everything connected with each other. In the rest of this section we v
briefly list the main systems of AREAL, before going through more detailed discussions abc
various aspects of these syats.

The main parameters of AREAL electron beam are summarized in Table 1.1.1.

Parameter Value
Energy (MeV) ¢ 50

Bunch charge (pC) 10- 250
norm (mm.mradég <0.5
RMS bunch length (ps) 0.4-9
RMS energy spread (%) <0.15
Repetition rate (Hz) 1-50

Table 1.1.1.: Summary of the beam parameter

1 The secalled Sband accelerating structures are being developed and fabricated
(including the mechanical design and the brazing technologies) at CANDLE SRI [25,
with an aim of reaching a beamrmergy of up to 50MeV. For that purpose a special
induction vacuum brazing machine has been designed and manufactured with a
application of brazing the copper fragments of the&hd accelerating structures [27].

1 During Phas@ the AREAL will be complented with an undulator system, which is a
chain of magnets with alternating polarity and is used to generate high quality coheren
radiation with, in principle, tunable frequency. Such a radiation source is of direc
application in many areas of modern esecces as, for example, a high quality imaging
tool.

1 An efficient and reliable operation of all the components of AREAL is a cruci:
requirement for obtaining desirable and controllable parameters of the electron beam.
For that matter, two crucially impoant systems are the ultraigh vacuum system

(abbreviated as UHV in this thesis) and the thermoregulation systems.

16



1.2. UHV system for AREAL linear accelerator

The UHV is one of the crucial components and is extremely important for achieving hic
precisionelectron beam parameters [289].

UHV system for AREAL linear accelerator has been designed and assembled at the CAR
Synchrotron Research Institute, by carefully performing vacuum calculations and thermc
mechanical simulations. Additionally, for solvirsgveral technological problems we have
developed various technical aspects, for example, new welding and brazing techniques [30]. T
design of the UHV system takes into account the magnet fixation systems and the operation
experimental stations.

The3D model of the AREAL accelerator for PRaggshown in Fige 1.2.1. [31]. Note that the
klystron, as well as the supporting subsystems (e.g. the thermoregulation systems) are not sho

in the picture.

Figure 1.2.1.: 3D scheme oktimachine.

The main components of the AREAL linear accelerator (PhHashich rely on the UHV system

are (the numbering corresponds to the &ig1.2.1):
17



(1) the photocathode holder system,

(2) the laser driven RF gun,

(3) the laser mirror system,

(4) the solenoid nagnet,

(5) the dipole magnet,

(6) the vacuum tube with stations for beam diagnostics,
(7) the pepper pot,

(8) the beam line,

(9) the ion pump,

(10) different regulation tables, supports, fixation and alignment systems.

The 316LN stainless steel is the main construction mealtéar the UHV system. The mentioned
metal has excellent mechanical and vacuum properties (high-bakéemperature, for example),
it is an austenitic steel and is a namgnetic material [32]. The UHV pipes are made from
seamless pipes of 35mm inner diatar.

We have used the socalled Tungsten Inert Gas (TIG) welding technology for welding the
stainless steel pipes to flanges (this was done in a presence Axf gas flow from the inner sides
of the pipes). An orbital welding machine was used for penfog the TIG welding of longer pipes.

GonHat (CF) flanges have been selected vistygenFee Copper (OFC) gaskets for sealing and
all the design and fabrication processes have been done following the corresponding standar
[33-36].

As a result we have OKA SBSR || @I Odzdor. OFS @eBainic, Z2lFminuntand n
several other materials were used in the UHV system of the AREAL linear accelerator.

Special mechanical procedures have been developed and used on stainless ste€l and
fragments of theUHV system. After mechanically processing the mentioned fragments, we hav
subjected these fragments to special cleaning and temperature treatment procedures with
purpose to increase their qualities.

The cleaning process has been performed in seveegsstThe first step was the simple,
preliminary cleaning, which was followed by a special cleaning procedure in ultrasonic baths wi

chemical detergents and deionized water.
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The final stage of the treatment was the ba#iet process in higitemperature am high
vacuum conditions.

Precise and advanced vacuum pumps, vacuum measuring gauges and control systems
contained in the UHV system of the AREAL linear accelerator. Particulailyb@ Pumping
Jation (TPS) has been used in order to achieve a vacatuthe level of 18 to 10° Torr in the
UHV chamber. After the mentioned vacuum level was achieved the shutters of TPS pumps h:
been closed and a further pumping was performed by using a ion pump for achieving a vacut
level of 10°Torr in the UHV chaber.

We have used ion pumps of modéhcion Plus 7% | y dzF I O dzZNBR o6& a! I A
the pumping speed for Ns 65 L/s and one can achieve a maximum level SfTidIr vacuum. It
should be mentioned that the pumping speed of ion pumps depemdthe type of the gas being
pumped as well as on the vacuum level [37]. Let us mention also, that in our UHV we have us
inverted magnetron and hot filament ionization (Bayakhbert) gauges for measuring vacuum
level the chamber.

The control of the UH8ystem is organized from the central control room.

1.3. The UHYV test stand

The UHV vacuum test stand has been designed and assembled in the Vacuum Technol
Laboratory at CANDLE SRI [38]. The main purposes of UHV test stand are testing and develc
the UHV systems before installing them on the main accelerator. Such tests include tests on Ul
components, control systems, devices, metatal and metalceramic vacuuntight joints, as well
as bakeout temperature preparation processes of UHV components,saweral more.

Figure 1.3.1 demonstrates the 3D model (left panel) and the realistic view (right panel) of tr
UHV vacuum test stand.

We have used the stand to test all the UHV components before installing them on the mal
UHV system of the AREAL acceRrBitE Ay Of dzRA Yy 3 -0uK BopeYiiesil IBakdge €
detection, etc. On this stand we also have tested our brazing and welding technologies develop

for vacuumtight metatmetal and metakceramic junctions of the UHV systems. It is important to

19



empheasize that such tests of the UHV components is one of the most important steps fc

fabricating high quality vacuuwtight junctions.

Figure 1.3.1.: The UHYV test stand.

The UHV test stand is a very flexible laboratory system and it gives ifiyssibwide range of
tests and experiments on the UHV system components and systems under UHV and h
temperature conditions.

The ion pumpJTurbo PumpingSation (TPS), heater (external), inverted magnetron and the hot
cathode vacuum gauge, as welltag alignment support and the vacuum chamber are the main

components of UHV test stand. The main parameters of the stand are shown in Table 1.3.1.

Parameter Value or Type

Vacuum level Up to 10°Torr

Main construction material

304 stainless steel

Max.temperature

Up to 450°C

Vacuum gauges

Inverted magnetron

Penning

Pirani

Vacuum pumps

lon pumps

Turbomolecular pump

Table 1.3.1.: Main parameters of UHV test stand.
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We have chosen stainless steel of the ty3@8SSs the main construain material for the test
stand. A combination of a turbo pumping station (TPS) and an ion pump is used to achieve
vacuum level of up to I8 Torr. The TPS pumping station is chosen to be of mOY&1M
YIydzFl OGdzNBER o6& a! 3A & &nd éffective punfBing fsyisténil vihh we dave
combined with a turbomolecular and scroll pumps into a single system. Both pumps are operatt
in an oitfree fashion.

Additionally we have used special heaters for baké process of the UHV components. The
maximum temperature for heater is 45%C. The bakeut temperature depends on the type of the

material, its surface conditions, as well as on the required vacuum levels [39].

1.4. Titanium Ebeam windows.

Some experiments in the accelerators are supposedeadniplemented outside the vacuum
system. We therefore need special windows for such experiments which would separate tf
vacuum chamber from the experimental stations. There are different types of windows fo
electrons, synchrotron radiation, etc. The typéwindows depends on the type of the charged
particle/radiation needed in a particular experiment, the particle energy, various parameters a
the given experiment and so on. In AREAL we mostly use electron beam windtwean{E
windows).

There are sevetaequirements that an eam window should satisfy. First of all, obviously,
these windows should be vacuutight and not allow leakage of air into the vacuum system, they
should be resistant to severe radiation conditions and be transparent enoughdai¢atron [40].

We have chosen titanium (Ti) to be the material for thddam windows of AREAL linear
accelerator, which is justified by the high level of transparency fbe@m and by the high
mechanical strength. Thinner the titanium foil which thadow is made of, more transparent it is
for the electron beam. The thickness of the foil, however, is limited by its mechanical strength.

The ebeam windows are supposed to separate the atmospheric side with an average pressu
of 760Torr from the UHVd# with an average pressure of 1Torr. The minimum pressure on the

titanium foil is then of order of 1Atm.
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In order to study the mechanical strength of the windows we have performed mechanice
AAYdz | GA2ya F2NJ GAGE Y Adzy ¥, ddthbaing85minkn dianmetery |y

¢CKS F2Af gAGK HnxY GKAOlYySaa YR opYY RAL
under the pressure of 1Atm and will lead to high rate of leakage of air into the UHV system.

The mechanical simulation results forK' S pnxyY (KA O] Figdelf4.1.1TNS
simulations have been done using the FEA (finite element analysis) method assuming 1A
pressure and & temperature [41]. Sugh n kthick foil has low enough stress (a, the left panel
of the figure) andstrain (b, the right panel of the figure).

FaSR 2y (KSasS aavydzZ FdiAz2ya 6S KIFI@S dzaSR i

our window. The material type of the Ti foil is Grade 2.

von Mises (N/mA2) ESTRN

299,997,056.000

l 275,017,024.000

. 250,036,976.000

2.362¢-003
2.165-003

. 1969003

. 225,056,928,000 . 1772e-003

. 200,076,896,000 . 1575e.003

. 175,096,864.000 . 1378003

L 150,116,816.,000 L 1182e-003

L 125,136,792.000 . 9.849¢-004

. 100,156,752.000 . 7.882e-004

. 75,176,712,000

50,196,676.000
25,216,638.000
236,599.719

. 5.914e.004

3.947¢.004
1.979¢-004
1.163e-006

b. C.

Figure 1.4.1.Simulation results for€eam Ti window. a. stress, b. static strain.

2 S GKSY KIF@S YSOKI yA Othick tianiumavindoWs ihisRgavé a2a |
possibility to achieve a vacuum level of*IDorr with very low leakage rate.

The real view of an®d SY0of SR ¢A gAYR26 Ay ! I+ &&an S)
vacuum is shown in Figure 1.4.2. Special flanges have been used for mechanically assembling
titanium foil into a window. Copper gaskets have been used in one side and special fhgsflan

have been used in the other side of the Ti foil.
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Figure 1.4.2.: The Ti window in AREAL linear accelerator under UHV conditic

1.5. Thermoregulation systeraof the AREALinear accelerator

The thermoregulation system is yet anotherery important component of a modern

accelerator. Each technical system of the AREAL accelerator has its own individu

thermoregulation requirements.

Parameters RF gun Klystron Solenoid magnet
Resorator | Magnet
Cooling capacity (W) 300 500-1500 2000
Temperature 3055 30-55 1540
Temp. stability4C) +/-0.1 +/-0.5 +/-0.1 +/-1
Water flow rate (I/min) 11 3.64 20.5 2-30
Pressurdkg/cnT) <4.2 <4.2 1.53
Coolant Deionized Distilled water Demineralised water,
water
Deionization leved a i ¢ 5.6 pn aXi O pn a¥XiO
Table 1.5.1The main cooling requirements of the AREAL components.
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The RF gun, klystron and the solenoid magnets require fast and precise thermoregulati

already at the Phas#& of AREAL. We summarize the main thermoregaiatequirements of the

RF gun, klystron and solenoid magnets in Table 1.5.1.

Figure 1.5.1 shows the schematic view of the thermoregulation systems of AREAL, where tl

numbering is as follows:

1)
(2)
3)
(4)
(5)
(6)

thermoregulation system for the RF gun

the cooling system fathe solenoid magnet,
the thermoregulation system of the Klystron,
the Kklystron itself,

the linear accelerator,

the feeding water pipes for the RF gun and the solenoid magnets.

Figurel5.1.: Thermoregulation syste@layoutin AREAL Labatory.

1.5.1. Materials for thermoregulation systems

There are various kinds of materials that are being widely used in thermoregulation system

Each type of thermoregulation system has its special requirements for construction and the choi

of materials.
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Deionized and distilled water has been selected as a coolant for the thermoregulation syster
of AREAL. This choice is based on the following general properties:
i itis not corrosive to the components of the thermoregulation system,
1 itis chemically inert,
9 itis reliable during long periods of time,
1 it has low electrical and magnetic activity.

We have also used stainless steel (of type 304SS), copper, bronze and special types of plasti

various segments of the thermoregulation system.
1.5.2. Thermoregulationsystem of the RF gun

Thermoregulation system of the RF gun has been designed and assembled based on sev
technical requirementsThe hydraulic scheme of the thermoregulation system of the RF gun i

shown inFigure 1.5.2.1.

Fitting
for air out

11 L/min

HEAT EXCHANGER

Rs485 ¢

Temperature ]
Controller

== Temperature sensor 3

Temperature sensor 2

Temperature

== Temperature sensor 1
Sensor

O Barometer

Water Tank
2k Filter
Water Heater
800w

20-55°C

Regulation Valve

m
Flow Relay datan s

11 L/min

Figure 1.5.2.1: Thermogelation systerrcircuit for RF gun.
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electrical resistanceStainless steel, braze, copper and special plastic materials have also bet
selected for circuit system.

This thermoregulation system has an electrical heater with 800W power. The fan hea
exchanger is being used cooling down the water. The effective operational temperature of the F
gun is approximately 37 %.0ne of the important parameters of the thermegulation system is
the level of temperature stability, which is required to be quite highe thermoregulation system
of the RF gun is a very fast and quite precise system and is able to provide a temperature accur
of +/-0.1°C.

Figure 1.5.2.2 demongites the realistic view of the thermoregulation system of the laser
driven RF gun [42]. Its main technical parameters are summarized in Table 1.5.2.2.

As one can see from the Table 1.5.2.2, the maximum cooling capacity is 500W, while t
required coolingcapacity for the RF gun is approximately 300W. The thermoregulation system
providing alaminar water flow rate in water circuits based on special scheme. The effective

working temperature of the RF gun was obtained experimentally.

Figure 1.5.2.2: Tdrmoregulation system for Riun.
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Characteristics Value
Cooling capacity (W) 500
Temperature range’C) 30-55
Temperature stability’C) +/-0.1
Water flow rate (I/min) 2-15

Pressure Not exceed 4.2kg/ch

Coolant De-ionized water
De-ionization level pdc a¥Xi OY
Table 1.5.2.2: Main technical parameters of thermoregulation system of RF

This thermoregulation system of the RF gun is a reliable and flexible system and can
controlled both locally and remotely, from the central control room.

ProportionakintegrakdS NA @ 6 A @S ot L50 O2y i NRffSNER 27
are being used for the temperature control.

Platinum sensors of the type Pt100 (Platinum resistance thermometers) have been used for t
temperature measurement and regulah. Pt100 Sy &2 NA Kl ¢S wmnnf€ N

temperature and the temperature range measured with these sensors is from 200 €600

uuuuu

a. b.

Figure 1.5.2.3: a. Temperature sensors fixations on the gun, b. measurements rest
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The PID controller has an RS48put connection which gives a possibility to regulate it from
the control room.

The temperature sensor is fixed within the inner volume of the water tank. Pt100 probe has
stainless steel body and can operate without contamination of water quality.tiaddlly, three
precise and sensitive temperature sensors (SE012) are used to measure the temperature of the
gun.

The positioning of the temperature sensors on the RF gun is shownure Bi$.2.3.a, where
the numbers represent the following

1. atemperdure sensor on the water flow entering the gun,
2. atemperature sensor on the water flow exiting the gun,

3. asensor located at the center of the gun.

A set of typical results of the temperature measurements is shown urd=ig5.2.3.b.

SEOQ012 temperature rpbes are very reliable and precise sensors with measuring range
between-50°C to 250°C and with an accuracy of 0.83.

We have performed measurements at the real operational conditions of AREAL, th
measurement accuracy of the temperature of the RF guapproximately +0.1°C. In the right
panel of Figure 1.5.28e show a part of the temperature measurements

1 atthe gun entrance (a),
at the gun exit (k)
at the middle point (c),

the tunnel temperature (d),

= =2 =4 =4

the in-out difference (e).

All these neasurements are recorded in the control room. As it is seen from the above
mentioned figure, the thermoregulation system provides a temperature stability at the gun
entrance of 37.8C with an accuracy of -6.1°C.

The inout temperature difference for ta gun is about 1%. Figre 1.5.2.3-b(d) shows the
stability of the air temperature at the accelerator tunnel which is kept at %2.7For the

temperature measurements in the RF gun we have used a Pt104 data logger. The latter has m
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advantages, partidarly, it has a high resolution and a high accuracy, it is compatible with PT10
and PT1000 sensors, supports 2, 3 ansli® sensors, does not require a power supply, has USB
and Ethernet interfaces, can run multiple units on a single PC. The maindaicharameters of
the Pt104 data logger are shown in Table 1.5.2.3.

Considering the thermal requirements of the electron gun, as a coolant we have use
RSA2YAT SR 46F0GSNJ 6AGK podc aKi OY 2F y2YAYyLlf
thermoregulaton system are chosen based on high purification level requirements and also ai
non-corrosive materials.

The thermoregulation system of the RF gun is located 3.5 meters above the electron gun,
the area of the cooling systems.

The main technical probhe of the thermoregulation system of the RF gun is that the water
purity decreases during time. The main influence on the specific resistanceiohided water is
Ol dzaSR o6& UKS O2NNRarzy 2F (GKS O22fAy3 4&eé
OLISNY GA2y > GKS OfSFyAy3a 2F GKS 3JdzyQa (i KSNY:
water is very important. To maintain the water purification level during long {tees, the hoses

of the thermoregulation system are changed by plastic pipes.

Type Temperature Resistance Voltage
Sensor PT100, PT1000 n/a n/a
Temperature 5ppm/°C 5ppm/°C 100ppmPC
coefficient
Resolution 0.001°C MK M nodmpc
Number of inputs 4
Converter resolution 24bits
Output connectors USB and Ethernet
Probe type SEO012
Temperature range -50 to 250C
Accuracy +/-0.03C @ 8c
Table 1.5.2.3 : Main parameters of Pt104.
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The main characteristics of SEO12l@@re shown indble 1.5.2.4.

Probe type SEO012
Temperature range -50 to +250 0C
Accuracy +/-0.030C @ 0 OC
Dimensions (length, diameter, cable) 150/4/2
Material Stainless steel probe, PTFE cable
Handle No
Table 1.5.2.4.: Main parameters of SEOl2sse.

The thermoregulation system of the photo injection gun consists of a heat exchanger (which
a fan made of copper), water tank (made of stainless steel), water pump (body and the inn
structures are made of stainless steel), maikstic pipes,controlling valves, control system,

water flow relay, rotameter, barometer.

1.5.3. Thermoregulation Systerof the RFKIlystron

The thermoregulation system of the RF klystron is one of the important thermoregulatior
systems of the AREAL accelerator. At the CANERIEwve have designed and assembled such a
thermoregulation system, including the design of the hydraulic scheme, the themeuhanical
calculations, mechanical design, drafting, electronic control system, technical manufacturin:
assembling and testing 8 ® ¢ KS KeéRNJ dzft AO aA0OKSYS 2F GKS
shown in Figure 1.5.3.1, while Figure 1.5.3.2 shows its realistic view. This system is located near
klystron itself, in the RF laboratory.

Table 1.5.3.1 summarizes the main technicdl N YSGSNBR 2F (GKS 1 f &2

system [44].
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%]
Magnet 1kW Resonator 30W
+/-1°C +/-0.5°C
20.5 Vmin 3.6 Vmin
Heat
Exchanger
Barometer

Water Pumps

b

Heater

T —I Water Tank

' Rotameter M Vaive

r Tomperature Sensor

Figure 1.5.3.1.: Hydraulic scheme of thermoregulation system of RF klystr

Distilled water is used as a coolant in the thermoregulation system of klystron. Stainleks ste
copper, bronze and special plastics are used as construction materials in the water circuit syste
A high purification level of distilled water can be kept for quite a long time. The period for changir
the distilled water is approximately 1400 houBefore inletting new water, the system is being

cleaned by distilled water.
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The thermoregulation system is divided into three main sections (see Fig. 1.5.3.2), namely, t
water tank section (40 L), the heat exchanger section (Cu heat exchanger with fan) and the wa

pump section.

Characteristics Value
Resonator Magnet
Cooling capacity (W) 500-1500
Temperature range 30-55
Temperature stability’C +/-0.5 +-1
Water flow iate (I/min) 3.64 20.5
Pressure (kg/cA) <4.2
Temperature sensor Pt100
Coolant Distilled water
Water deionization range pna KiOY
Nominal pressure (bar) 3.3
Table 1.5.3.1: Main technical parameters of the cooling system.
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¢CKS YIAYy O02YLRyYySyida 2F GKS (teaiNryQa (KS
water tank, rotameters, pressure relays, pressure measurersensors, temperature regulators,
special water filters, temperature measurement sensors, heater, water pumps, metal plastic pipes

We have used PID controllers with Pt100 sensors (platinum resistance thermometer) as ©
temperature regulators. The Pt100rs®rs are immersed into the water tank.

The thermoregulation pipes of the klystron are divided into two parts, the resonator and the
magnet, both having different water flow requirements. The working temperature is the same fo
both the magnet and resonat sections, but water flow rates are different. Near the klystron the
collector divides the water flow into the resonator and the magnet.

We have used two water pumps, one of them being in the operational mode and the other on
serving as a reserve pumghese are of the type SAER M99 and the range of the working
temperature ranges from10 to +50°C.

The thermoregulation system is controlled from the control room. All components, subsystem
and junctions of the thermoregulation system are tested in labtmsaconditions before the final

assembling in the main system.

1.5.4. Cooling system for the solenoid magnet

We have also designed (including the thermechanical design and the design of the control
system) and assembled the cooling system of the solen@gnet. The main parameters of this
cooling system are presented in Table 1.5.4.1. Here, as a coolant we have used deminerali
water. Additionally, DTA 484§pe PID temperature controllers have been used together with
Pt100 temperature sensors.

The useof PID controllers gives a possibility to flexibly and efficiently regulate the temperature
of the circulating water. The heat exchanger consists of a fan and copper pipes. The heat loac
increased by increasing the electrical current in the solenoidnatg

This system is used only for cooling and for the temperature regulation we are regulating tr
water flow rate and the fan speed. Additionally the system has an inner mechanical Ifiligr.

necessary to periodically change the filter and input nesaclwater into the systemn order to
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increase the purity level of the water it is necessary to keep the water in circulation. The circulatir

water can be kept pure during a sufficiently long time.

Characteristics Value
Temperature range 20-40°C
Tenperature stability +-1°C
Temperature sensor type Pt100
Temperature regulation type PID
Coolant Demineralized water
Water deionization rang& i O ) 50Ki OY
Cooling capacity HQnnn 2
Nominal pressure (bar) 3.3
Water flow rate 2-30 I/min
Table 1.5.4.1.: Main technical parameters of solenoid cooling syst

The cooling system is operational at the temperature range of 20 t&C4Q@he temperatte of

the water), which depends on the electrical current flowing in the solenoid magnet.

1.6. Water Purification Systems

As mentioned above, the ultrpure deionised water is being used within the thermoregulation
systems of AREAL (particularly in the B .g
The water purification level is a very important property for the efficient operation of the
electromagnetic devices and systems of the accelerators 8. Deionised water is a particularly
ideal coolant for electromagnetic equipment for the fallmg reasons:
9 low ionization level,
1 low electrical conductivity,
1 high purity,
1 high heat capacity, etc.
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The left panel ofigure 1.6.1 demonstrates thevater deionizer(a) and the right pane(b)
demonstrates the dependence of thresistance of the puriéd water on the pH level. Ultraure

water loses its high purity level when in contact with air.
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Figure 1.6.1.: a. The water deioniserSpecific resistance vs. pH level.

At the CANDLE SRI we have set up a small laboratory for obtaimindiagnosing purified
water. We have used Mast€) type deionisers for purifying the water, as well as an electric
conductivity meter for measuring the properties of the obtained water. Special containers an
pipes vere used for storing and transportingée deionised water (see below for a discussion).

Water distillers have been used for achieving demineralization and distillation of the wate
dzZa SR Ay (KS a2t Sy2AR YI3aySiQa O22ftAy3a aeai:
water is used forcleaning the UHV components and systems, as well as for different laborator
experiments.

It is important to know that deionised water can easily be contaminated during a short contac
with air. CQ, O, and many other components from air can easily cawsesignificant
contamination. For avoiding such a contamination it is necessary to keep the deionised water
special containers insulated from air and stored in a special closed supply system.

One of the characteristics of deionised water is pH levelnkaximum ultra pure water the pH
level is 7 [49]. If pH level is lower than 7 that the liquid is acid. If pH level is higher than 7 in tt

case the liquid is bases.
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For measuring the quality of water are used SanXin SX650 conductometer. SanXin X650
measure of TDS (Total Dissolved Solids), EC (Electrical Conductivity), Salinity meter and resista

Special technological sequences for receiving, keeping, moving and measuring of quality
deionised and distilled water are created.

The measurementf the resistance of water are presented. Special calibration are required fot
conductometer for precise measuring ideally it will calibration before each measurements.
Before measurements is necessary to clean the detectors of electrical conductor imeter
deionised water.

The thermoregulation systems have special fitting for inlet and outlet of deionised water
During time are changing the water from thermoregulation systems. Before inlet new high purifie
water (deionised water) the all pipes of theomegulation systems are cleaned.

Contamination level of deionised water during time in thermoregulation systems are depends @
several reasong materials of water circuits, quality level of inlet wategmperature, contact with

air, water flow velocityglectrical and galvanic potential differences, etc. Each reason is related t«
each other.

The combination of corresponding materials and ultra pure water (deionised water
corresponding technological scheme (measuring, receiving, cleaning, transpadirtimgter, etc.)
are give possibility to implement of effective and reliable thermoregulation in the electromagnetic

devices and systems of particle accelerators.

1.7. Vacuumtight metal-ceramic joints in AREAL linear accelerator

As already mentioned abovehe UHV system of the AREAL linear accelerator is a complicate
system consisting of a large number of subcomponents, which rely on technically complicat
methods of joining different types of materials together.

One of the interesting and technologicatihallenging types of joints in the vacuum system is
the ceramieto-metal joint. Such joints are contained in the klystron, the vacuum window of the RF
the beamline insulators, the vacuum breaks, the vacuum feedtroughs and more. Below we i

more detailson these components.
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1 Klystron ¢ The klystron is a vacuum tube for generating electromagnetic waves whict
are transferred to the accelerating structures. Naturally, reliable vactight ceramie
metal joints are very important for klystrons and the qualdf such joints determines
the efficiency and quality of the beam acceleration. The vactight ceramiemetal
joints are used in klystrons as higbltage insulators, output RF windows, cathode
holders and more. Such cerami@metal joints in klystronsare technically very
challenging to realize, given the fact that they should be operational in extremely low
pressure conditions (in UHV), being subject to the influence of severe electromagnet
waves. Additional difficulties arise because of the changesthe temperature
conditions, the presence of mechanical stress, etc.

1 RF window¢ RF windows are used to separate the UHV system from the waveguide
These RF windows are transparent for electromagnetic waves. There are several types
such windows. Themain construction materials of the RF windows are metals and
dielectric materials such as different kinds of ceramic materialsimina, beryllia, etc.
For the RF windows it is particularly difficult to make vactight ceramiemetal joints.

1 Beamlineinsulators, vacuum breaks The vacuum breaks are very important vacdum
tight ceramiemetal joints and are widely used in UHV systems of particle accelerator:
for electrically insulating two metallic sections of the UHV from one another. The
beamline inswdtors must have the same diameter as the diameter of the beam pipe.

1 Vacuum feedthroughs¢ The vacuum feedthroughs are used for inputting and
outputting electricity (or electrical impulses) to or from the vacuum system. Particularly
they are used for readg the data from different gauges (Bayaktperd gauges,

magnetron gauges, gauges of the diagnostic systems, etc.).

1.8. The saimmary of the Chapter 1

1 Fast and precise thermoregulation systems have been designed and assembled for

effective and reliable ogration of electromagnetic vacuum systems of AREAL linear
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accelerator. These include the thermoregulation system of the RF gun, the
thermoregulation system of the klystron and the cooling system of the solenoid magnet
These thermoregulation systems arelalto provide a temperature control with up to

+/-0.5°C accuracy.
An UHYV test stand has been designed and assembled for testing and investigating t
components of the UHV system, as well as the metedal and metalkceramic junctions

in the UHV.

An LHV system has been designed and assembledri@ffective operation of electro

magnetic systems of AREAL linear accelerator.
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Chapter 2. Experimental investigation of cerammtetal brazing technologies for UHV

systems

2.1. Technical reqguements for vacuumtight ceramicmetal joints

Vacuumtight ceramiemetal joints are widely used in many subsystems of modern particle
accelerators. These include the vacuum RF windows, instha¢aiks, kicker magnet chambers,
vacuum feedthroughs, etc.h& manufacturing process of such joints is associated with severa
technological challenges (mechanical treatment, special brazing, welding, testing, etc.). /
additional challenge is the severe operational conditions of the components containing sush join
(high levels of vacuum, severe electromagnetic, thermal and mechanical effect$>&}c.)

The correct choice of the fabrication methods is a key for the effective and reliable operation ¢
vacuumtight ceramiemetal joints. One of the crucial aspeat$ fabrication technologies of the
joints made of dissimilar materials is the methodology of materials bonding, i.e. vacuum brazin
welding techniques, et¢52].

There are several very important requirements that the vacttight joints should satisfyHere

are the most important ones:

high mechanical strengtbver awide range of temperaturg,

thermal shock resistancerfdurance throughhumerous thermal cycles)
low outgassing levs]

low level of transparency fagassesand vaporgH,, Ar, N, HO, dc.),

suitableelectromagnetiqroperties,

= =/ =A A4 -4 =2

high level ofreliability and durability
These requirements vary depending on the particular operational conditions where the joint

are being used. In any case, the requirements always are at very high leedhould very

carefully keep all the technological sequences and quality control procedures [53].
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The material selection is the first crucial steps of the designing process [54]. The range
possibly applicable materials is in principle quite wide, adusarticular application restricts this

range severely.

2.2. Properties of materials for vacuutight ceramicmetal joints

The main properties of the materials used in vacutight ceramiemetal joints are listed
below:
1 compatibilitywith very lowpressire vacuum,
1 structure stability
1 brazeability and weldability
1 electromagnetic properties
1 mechanical properties
1 properties ofthermal expansion
1 homogeneity
)l

surface properties.

Ceramics and all metals for UHV acceleration systems must be compatiblgM¥ conditions
[55]. All vacuum materials must have low vapor pressure in order to maintain a low outgassir
level [56- 59].

The dependence of the value of vapor pressure on the vacuum level and the temperature f
several metals is shown in Big 2.2.1 [60]. Such metals as Cd, Zn, Cs and Hg have significa
vapor pressure and these metals are unacceptable for UHV systems because of the mentior
high level of outgassing. In the UHV system it is important to use materials as clean as possi
meaningthey should have low gassing levels, should not contain any large cracks, bubbles, stick
and other impurity layers. Special cleaning and baketechnologies are require for similar and

dissimilar joints [6364].
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Figure 2.2.1: Vapor pressufor several metals.

The outgassing rates of several materials kept in vacuum for one hour at the room temperatu
are shown in Table 2.2.1 [65]. Ba#tet process of materials gives a possibility to significantly
reduce the outgassing rate. Aluminumshane of the lowest outgassing rates given that it has

been bakeebut for 20 hours at the temperature of 10C (see Table 2.1).

Material Ky (mbar | 8" cm)
Aluminum (fresh) 9x 10
Aluminum (20 h at 108C) 5x 10"
Stainless steel (304) 2x10°
Stainless steel (304, electropolished) 6 x 10°
Stainless steel (304, mechanically polished) 2 x10°
Stainless steel (304, electropolished, 30h at 450 4 x10%
Perbunan 5x 10°
Pyrex 1x 10°
Tefon 8 x 10°
Viton A (fresh) 2 x10°

Table 22.1.: Approximate outgassing rates of common metals.

Another important aspect is the low level of permeation for different gases.
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We would like to emphasize that all the selected materials in the various joint structures mu
have very high level of sicture stability over a long period of time and wide range of
temperatures, as well as mechanical, electromagnetic and chemical conditions [66]. TI
brazeability and weldability of materials are yet other very important and crucial properties fol

making the effective bonding of ceramics to metals possible [67].

= Y

Figure 2.2. Contact angle.

Some materials are compatible for brazing and welding, and some materials are incompatib
hyS 2F GKS SaidA Yl G Stis tBeTontadt an§eNak thefwetting 1I621Y LI ( A ©
If the contact angle of materials is low (exactlyod nearly 6) the wetting is (almost) perfect
YR GKS YIFG0SNRIFf Q& ur@222ia). 10the contdd anglehisilarder (neEr $80J

thenthe materials do not have large enough contact areauff€ig.2.2b).

ANSI C Si Mn S max P Ni Cr Mo max N max

Grade | max max max max

316 0.08 1.0 2.0 0.045 | 0.03 | 10.014.0 16.018.0 2.03.0 -

316L | 0.03 1.0 2.0 0.045 | 0.03 | 10.014.0 16.018.0 1.2-2.75 -

316LN | 0.03 1.0 2.0 0.045 | 0.03 | 10.5145 16.518.5 2.03.0 0.120.22

310S | 0.08 1.2 2.0 0.045 | 0.03 | 19.022.0 24.026.0 - -

304 0.08 1.0 2.0 0.045 | 0.03 8.0-10.5 18.0 - -

304N | 0.08 1.0 2.0 0.045 | 0.03 8.0-10.5 18.020.0 - 0.1-0.16

Table 2.2: Main properties of stainless steels.
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the temperature, the level of cleanness of the surfaces, roughness, and in some cases also on
pressure.

Many components in the aeterator are built from stainless steel and copper, which are
vacuumcompatible, effective and quite cheap materials. There are especially widely used in tf
UHV systems. There are many types of stainless steels, particularly, the austenitic stainless stee
a nonmagnetic metal, hence very suitable for accelerator technologies. The types and contents
austenitic stainless steels are tabulated in Table 2.2.2. One can see from the table that t
stainless steel of the kind 316LN has comparably low ntagpeoperties, which is explained by its
special contents (0.12 0.22% of N and 2 3% of Mo). The 316Ltype steel has very good
mechanical and vacuum properties, i.e. it has low outgassing level, highobakemperature,
etc. Due to its low magnetigroperties this particular type of stainless steel is very widely used in
modern accelerators (especially in their UHV systems). The main drawback is its higher pr

compared with other types of austenitic stainless steel [70].

Unit BeO Al203 AIN F9o97 Fused quartz
Beryllia Aluminium >99.5% SiQ
oxide ALG;
Density gcnt ° 3.0 3.987 3.26 3.9 2.203
Melting point c/ 2510 2,072 2200 ~2070 1650
Thermal conductivity 2 KO Yl 330 30 140180 34.9 1.3
20°C
Specific heat capaci{{) J/mol K 25.5 67.24 30.1 45.3
Coefficient of thermal 10°K* 9.3 45 3.6 pdpRMA
expansion (0-140(9C)
Hardness Mohs scale 9 9 7 5.3%6.5
Compression strength MPa 2400 2100 2100 3500 >1.1 GPa
Bending strength MPa 185200 >450 >350 350
Dielectric strength kV/mm 13.8 40-400 17 >30 30
(50°C)
Electrical Resistivity MmwOY 10° 10" 107 10°
Table 2.23: The main characteristics of some UHV ceramics.
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The dependence of magnetic properties on temperature for materials is a very importan
specification for effective andafe operation of brazed and welded joints.many subsystems of
the accelerator, such as the beam lines and waveguides, one is forced to useagoetic
materials [68, 69].

High mechanical properties (especially mechanical strength) are required feriedatof UHV

beam lines and waveguides.

Cu Ag Si w Mo Mn Al Ti Ni
Density glem® 8.92 104 | 2.33 19.23 | 10.28 7.21 2.70 4.506 8.9
9
Melting point °c 1083.4 961 | 1414 | 3422 2623 1246 660.32 1668 1455
Thermal 2 KoY 401 429 149 173 138 7.81 237 21.9 90.9
Conductivity
Thermal expansion| 10°K at 16.5 18.9 2.6 4.5 4.8 21.7 23.1 8.6 13.4
25°C
Young's modulus GPa 110128 83 411 329 198 70 116 200
Hardness Vickers | 343369 | 251 3430 1400 160- 350 830 638
MPa 4600 1740 3420
Magnetic ordering Diamagnetic Paramagnetic Ferromag
Table 2.24: The main characteristics of some UHV metals.

The main characteristics of materials for vacutight ceramiemetal jonts are presented in

Table 2.23 (ceramics) [7473]and Table2.24 (metals) [74, 77].

Solder M. T.°C Sn Zn In Ag Pd Cu
t I £ Odz 850 - - - 58.5 10 315
t £ Odz 814 - - - 58.5 5 26.5
Ag72 Cu28 780 - - - 72 - 28
Incusil 10 730 - - 10 63 - 27
Cusiltin 718 10 - - 60 30
L . w5 6651 725 - 25.85 - 45 - 30.5
. . 185 - 14.1-15.85 - 64.565.5 - 19.520.5
Table 2.%5: Some solders contents.
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Ceramics are nemagnetic materials and for that are important component for accelerators
UHV systems (kicker magnet chamber, vacuufm vRndow, beam line insulators, breaks,
feedthroughs, etc.).

Corresponding solders types are very important for vacuum brazing processes of high qual
joints. There are many types of solders. Each type of metals (joints) are required of special solde
UHV systems are limited of many solders usage (vacuum tightness, outgassing, etc.). Some sol

that widely using in UHV syshs are presented ifiable 2.25.
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Figure. 2.23.: Linear thermal expansion for some materials.

Coefficient of linear thermal expansion of materials is very important properties for receiving of
desirable properties [78, 79].

The dependence of linear coefficient of thermal expansion of materials on teahper is
presented inFigure2.2.3. [51].

The similathermal expansion coefficient of brazing materials is important for effective brazing

process by reducing of mechanical stresses in brazed zones dunder cooling down process.
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The kovar is used in ceramic to metal brazing. The kovar has lower thermalsexpan
coefficient like ceramics. The content of kovar is¢Fe3.49, Ni29, Cel7, G0.01. The magnetic
properties of kovar is the main disadvantage.

Materials homogeneity is crucial for some application of UHV system. Material homogeneity
include sub @locations effects, cracks, emptiness and inner and outer impurities, etc. Fa
ceramiemetal joints the materials high homogeneity is very important.

All materialswvhich areused for vacuumtight ceramiemetal bonding must satisfihe following

main requrements

Reliable during long time,

UHV compatibility (eadyp clean, lowoutgassingate),

Appropriate electromechanical properties,

1
)l
1 Sructure stability,
1
1 Resistanceo corrosion
)l

Metallization characteristics.

Theserequirements for materials can vadgependngon the desirable results of ceramimetal

joints.
2.2.1.Selection of materials
The pure and high quality materials have been selected for research and experimen

considering of reviewed literature. The selected materials are alumina, stairgteeel (316LN,

316L, 304, etc.), copper (OFC, normal Cu, etc.), kover, Mo, Mn, etc.
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2.3. Comparison of ceramic to metal bonding technologies in UHV conditions

There are many different bonding technologies for producing vactight ceramiemetal
joints. Each bonding technology has its own advantages and disadvan@gesan divide the
types of ceramic to metal bonding technologies into the following main categories [80]:

i active brazing,
brazing based on metallization of ceramics,
thermo-compressin bonding (known also as diffusion welding),

gluing techniques,

= =/ =4 =1

mechanical sealing.

Active brazing techniques are widelyedsn vacuumtight ceramiemetal brazing procedures.
Such technologies are technologically simpler, more flexible and cheaper cednpa, for
example, molybdenurmanganese technologies. These techniques are realized based on Ti and
active metals. The main disadvantage of this technique is the presence of intermetallic structur:

in the intermediate layers of the joints.

S 785 °C - 3-40min
o 780 %
] ¥ 5
g i 220 G
5
[
20 i:....,,.,..”...::::::::::::::::::::::::::;:::::;::::::::::: i B e L o e o
160 400
Time (min)

Figue 2.31: Brazing diagram for ceraricetal joints.

Brazing technologies based on the procedure of metallization of ceramics are widely used f
brazing ceramics to metals. A more reliable and effective method is the molybderanganese

metallization teclmique. The latter method involves several technological steps which include the
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metallization of the ceramic surface (i.e. covering the surface withMng, Ni plating and
soldering.

Ceramiemetal brazing technologies are very difficult technologies arguire special brazing
procedures. Warming up and cooling down diagram of vacuum brazing (solder typeCA8%p
has been developed fareramiemetal joints (Figre 2.3.1). Considering of differences of thermal
expansion coefficient of ceramic and metal tbeoling down process must be slowly at 3 to 20
°Gmin. Slowly cooling down is gives possibility to reduce of mechanical stresses in contact zone
joint.

Thermacompression bonding technology is realized under vacuum or inert gas environmen
under coresponding temperature level and under corresponding force [81]. Tharomapression
bonding (diffusion welding) is immeasurable method and widely using for bonding of unique ar
precise systemg high quality metaimetal, metatceramic joints.

Gluing techwologies have many disadvantages and for that have limited to use for ceramic t
metal joints in UHV systems, these are higher outgassing rate, low thermal shock stability, low
mechanical stabilities, etc.

Mechanical sealing method for cerammeetal joirts in UHV conditions is not widely use for

sealing difficulties and instabilities.

2.4. Experimental investigations

This section describes our ceramic to metal bonding experiments, particularly the processes
vacuum diffusion brazing, welding and gigi We also present and discuss the designed and

developed components for experimental studies of cerametal joints.

2.4.1 Experiment, 1: active brazing of alumina to copper

Active brazing technologies are widely used in UHV technologies with ato &iraze ceramic
to metals. The main advantage of this technology is the reduction of the necessary thermal cyc

(only one brazing thermal cycle is needed). Active brazing technologies are reliable, durab
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reproducible and cheaper than other metallizan brazing technologies. We have investigated and
carried out an active brazing of alumina (F99.7) and copper and the aim of this section is
present the details.

It is known that the wetting angle of ordinary solders for ceramic is very largel3®p, and
sometimes is as large as £462]. This fact makes the usage of ordinary solder for our purposes
simply impossible.

Fortunately, special solders containing active Ti and Zr metals give us a possibility to bre
ceramic to metal directly. The cortgangle for this kind of solders can be as low a2d® The
above mentioned brazing (in fact the entire chain of procedures; brazing, annealing, etc.) c

alumina (F99.7) and copper has been performed in a vacuum furnace by making use of active

CuAgbrazing.
Max. temperature 2000°C
Vacuum level 10°Torr
Heater Tungsten
Power 35KW
Working chamber size 150/150/460mm
Chamber cooling Water
Chamber shielding Molybdenum
Heater voltage increasing and decreasin Manual
Table 2.4.11: The main paraeters of vacuum furnace.

The active components in such kinds of solders give possibility to create joints between ceran
to solder and solder to metals. There is, however, a delicate tradeoff between the possibility t
braze a ceramic component to a nadlic one and the mechanical properties of the obtained
joints. Particularly, if the active component content in solder is lower than some particular leve
then the solder wetting angle can still be unacceptably large. On the other hand, if the activ

component content is very high, then the joint hardness is undesirably high.
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The main view of vacuum furnace is shown inufgg2.4.1-1, while its main technical
parameters are summarized in Table 2.4L1For purpose of achieving a high vacuum level ¢up t
10°mbar) the furnace is accompanied with a diffusion vacuum pump combined with a cylindric:

vacuum pump.

Figure. 2.4.11: The vacuum furnace.

We have performed an experiment trying to identify the effective parameters for abtaeing
of alumina to Cu. Fige 2.4.1:2 demonstrates the dependence of the furnace temperature on
time. The brazing process consists of a warmipghase, an isothermic conversion phase and a
coolingdown phase. The coolirdpwn process was realized Wwita speed of approximately

7°C/min in order to decrease the mechanical stresses in joints.
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Figure.2.4.22: Temperature dependence on time for brazing process.
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The processed experimental samples are demonstrated uré-iy4.1-3:
a) theceramiemetal joint inthe vacuum furnace,
b) the brazed joint,

c) the mechanically treategbint,

d) the ceramiemetal joint witha crack.

a. C.

Figure 2.4.13: The treated samples.

The experiment was performed in a vacuum of T@rr and the temperature being around
820°C. Two different temperature sensors have been used for controlling the brazing temperatut

for effectively warming up and cooling down.

Figure.2.4.14: a. Diamond machining machine, b. diamond polishing disc.
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After brazing process the cracks are shown in ceramic near brazed Eignee@.4.1:3 ¢ d).
Differences of thermal expansion coeiféint of ceramic and metal or machining processes of joints
can be reasons for cracks on ceramic. During cutting process of ceramic disc the temperature v

strongly increases in contact of copper.

Increasing leveltimes pn-smcnno
Eyepiece WF 10x/20mmWF 10x/20mm (With a scalg
WEF 16x/13mm
Planochromati®bjective lenses POKNZMH HAOKNZOpP I
Table size MYy N3 MC P
Range of movement pnonnyYY
Light filter Blue, green, red, white
Digital camera /l ah{ ¢
Transmitted permission 4096x3288
Software Micam (Netherlands)
Table 2.4.22: MMT-9C metallurgical microscope with parameters.

The surface of machined sampleidure2.4.1-4-a) has been polished in diamond diseglre
2.4.1:4-b). The parallelism and roughness of joint surface i/ \wportant for metallurgical
analyzes. After these processes the jointed sample were polished in felt by chromium oxic

(CrOs3)-green component.

52



Figure 2.4.15: Metallurgical microscope.

The final stage of joint preparation for metallurgical analyss etching process. The etching
process realized by aqua regia. Aqua regia is a mixture of nitric acid and hydrochloric acid (1:3
volume).

All metallurgical analysis have been done by ML metallurgical microscope. The main
technical parameters arshown inTable 2.4.12. and picture of MMPC metallurgical microscope
are shown in Figre 2.4.1:5. Main results from metallurgical analyses (metallurgical structure of
ceramiemetal joint interaction) are shown in kige 2.4.1-6 [83].

The received lars between (Figre 2.4.1-6-b) alumina ceramic (1) and Cu (8) are interlayer
zone (2), interlayer with high -Rg(Cu)content (3), interlayer zone (4), Ag content (5), Ag solder
(6) and interlayer zone between Ag solder and Cu (7).

As shown in picturethe sub layers have small crystal size and as evaluation of this kind c

structures are intermetallic structures with higher hardness.
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Figure2.4.1:6: The microstructure of alumireopper joint.

The second layer (2) is pi@nd after that is mixturef TiQ with ceramic.

As mentioned Batygin et al., the Ti is captured f@dm ceramic at 75¢C and higher
temperatures, and some quantities of Al. Under some temperatures is created TiAl intermetall
structures. For understand the structures of brazingerlayer it is important to use phase
diagrams. In literature mentioned binary and ternary phase diagrams. In case of mar
components alloys (higher 3) it is very difficult to evaluate the structure form joined materials su

layer.
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Figure2.4.1:7: Binary phase diagram of-Cu

The binary phase diagram for-Cu is presented in Rige 2.4.1:-7. Especially the intermetallic
structures are generated based onQu mixtures. Actually -Gu phase is eutectic. The phase
diagrams are ige possibility to evaluate of alloys properties (crystal structure, melting point, etc.)

depends on components percentage in allow and temperature.

Evaluation and understand of phase diagrams are give possibility to reduce or avo

intermetallic structure from brazing zones.

Alloy Ti/Cu Microhardness kgf/mrn
TiCy 0.8/3 380
TiCu 0.8/1 379: 195
TCu 1:2 360: 314
TiCu 3:2 257
Table 2.4.23: The micrehardness level for 3Tu intermetalic structures.

T+Cu alloy have many different chemical cawsfions with different physical properties.

Chemical formula and physical properties ofCli allow is depends on content percentages and

temperatures.
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Micro-hardness of TCu mixtures are presented in Table 2-8.{Batygin, et al.[51]).

Ag72Cu28 alloyare widely using in vacuum brazing processes as solder for UHV componen
Ag72Cu28 s reliable, effective and ideal solder in high wettability, brazability for many metal
like Cu, Cu alloys, Ni, etc. the binary phase diagram for Ag72Cu28 are prasehigde 2.4.1-8
(a). The melting point of AgZZu28 is 786C

THAgQCu is very important for brazing processes, especially for brazing of ceramic materials. T

ternary phase diagram of-Rig:Cu are shown in Rige 2.4.1-8 (b) [83- 87].

20 40 z;) 0 10 ‘A - 90~ G ® One phase
m Two phase
A 2006 80 - b A 4 Three phase

a. b.
Figure 2.4.18: & The bnary phase diagram of GAg. b The alculated and experimeed

phase diagramof AGu¢ A ae&adasSy a4 tnn |/

The ternary phase diagram of-AgCu (Figre 2.4.1-8-b) are shown that considering on
temperature and component percentag in content can receive of three different phases.

If Ti content is higher in solder that hardness level is high, if Ti level is lower in solder th:
wettability of solder is lower. Depending on ceramic and metal type it is necessary to choo:s

(theoreticaly and experimentaly) more effective level of solders (Ti, Cu and Ag).
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2.4.2. Experiment¢ 2: vacuum brazing of ceramic to metals based on ceramic metallization

technology

A more reliable and effective method for ceramic to metal brazing is théylmdenum
manganese technology. Molybdenamanganese method gives a possibility to obtain quite high
quality vacuum tight ceramimetal joints.

During these experiments are brazed alumina to copper, alumina to stainless steel, etc.

As alumina are used F99ahd 95% alumina. The first step is was materials preparation
mechanical machining (based on the design), cleaning.

The metallization process diagram for 95 % alumina (temperature dependence on time)
presented in Figre 2.4.2-1. [88].The metallizatin process are realized in $@orr high vacuum
and in 1600°C high temperature conditions.

For metallization processes is very important warming up and cooling down velocitie:
Considering the differences of thermal expansion coefficients of ceramiecnatals the warming
up and cooling down processes must be as much as possibledepecially cooling down process
for reducing mechanical stress in interlayer zone of cerangtal joint.

The cooling down process has been realized very slow3CZmin.

Each type of ceramic materials has effective metallization content. Depends on requiremen
for ceramiemetal joint the metallization content can be different.

For metallization processes is very important of metallization powder content (component

percentages) and preparation technologies.

Temperature °C

Time
Figure 2.4.21.: Regime of Metallization.
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For alumina ceramic materials are widely using metallization mixtures based on Mo agd Mn

molybdenummanganese technology. Molybdenumanganese teamology is effective and

reliable for alumina ceramic materials.
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Figure 2.4.22.: Phase diagram of Mun.

The phase diagram of Mdn are presented in Fige 2.4.2:2.

The Mo/Mn 80/20 mixture has been used for metallization of ceramic

Metallization contents are received based on experimental and theoretical experiments.

Figure 2.4.23.: 95% alumina to stainlesseel joint.
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a. b.

Figure 2.4.24.: a. Interferonetric profilometer. b. Porosity and roughness level of

ceramic samples.

After metallization process is follow of Ni plating. Ni plating process has been realized based
electro-chemical galvanic method.

Metallized and Ni plated 95% alumina to stainles=el have been brazed in vacuum furnaces
under high temperature conditions. Theeramiemetals brazed joint (a) and metallurgical
investigatedzone (b) are presented in kig 2.4.2-3 .

Before metallization process the ceramic sample are cleaned anéstigated in
AYOSNEFSNRYSUNRO LINBPFAT 2YSIHSNIYP ¢ K SFigh@2dz240b). S & 3

The main view of interferometric profilometer are presented in uFég2.4.24-a. The
interferometric profilometer give possibility to understandet porosity level and roughness level
of ceramic.

Corresponding roughness and porosity values of materials are very important for high quali
ceramiemetal joints.

The second part of experimeit based on ceramic metallization technologies are dedicafed
alumina F99.7 to copper brazing technologies.

The materials for metallization mixtures must be vacuum compatible (low outgassing rate, lo

vapor pressure, etc.)
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Metallization of ceramic materialg Molybdenunmy manganesemetallization.
Corresponding eramic samples (aluminainetallization procesand mixture of powder (Mo,

Mn, etc.) are prepared (mechanically machined, cleaned, etc.).
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Figure 2.4.55.: a.- Time dependencen vacuum variations. b. ifie dependencen

temperature.

The metal powder mixture has been spreaded in to ceramic surface. With samples the chamk
was pumped down in rare vacuum pumps after that is switaedf diffusion pump.

Underhigh temperatures the materials is outgassddhe lower outgassing level is important for
high quality joints during brazing process. The dependence of ougassing on vacuum is presente
Figure 2.4.2-5-a. The braing process is presented in &ig 2.4.2-5-b (Time dependenceon
temperature).

Specal hot filament and thermocouple vacuum gauges are used for measuring vacuum |

vacuum furnaces.
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The maximum outgassing value of materialslepends on materials purity level and

temperature.

All materials and systems before moving to vacuum chamber mustabefully cleaned for
moving detergents, oil and other impurities.

Warming up and cooling down process dependence on timedoamicmetallization process
in vacuum environment is presented in (g 2.4.2.-5-b.

Two special tungsterhenium thermocoups are used for temperature measuringder high

temperature conditions.

d. e. f.

Figure 2.4.26: Metallized ceramic samples.

Before metallization procedure it is very impant to evaluate theceramics surface quality

Real metallizederamicsare presentedn Figure 2.4.2-6.
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Nickel Plating based on Galvanic method

The metallized ceramic samples have beem Ni plated based on efaetbanical method.

Special electrdts are used. Real Ni plategramicsare presentedn Figure 2.4.2.-7.

Figure 2.4.27: Ni platedceramics

The thickness of Ni for receivegramicsh 1 SYa A& | LJJP pxY®

Ni layer is for avoiding of intermetailic zone between Cu toMm system. Ni @lted ceramic
items have beentemperature preparated in vacuum conditioaimder slowly warming up and
cooling down processes.

Silver SolderingTheceramic to metaltems have been brazed using spesihler soldemunder
vacuum ad high temperature conditins. Different soldershave beenused. One of effective
solder is Ag7u28.

The brazing experimental results from ceramic to metal itevasi{um dependence on time (a)
for high vacuumvacuum dependencen time (b)for rough vacuunand temperature dependece
ontime (c)for brazing processre presented in Figure 2.4-8.

During vacuum brazing process are used piece of solder for fixation of melting point of solde
l'a YSYGA2ySR aAft @SN a2t RSNJ R2y Qi Kl a w&idl

become ball.
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Figure 2.4.28.: Brazing proces#\g soldering)

The varming up and cooling down processeave beenrealized by electrical currentalue

regulationin the resistance heater.
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a. b. (o}

Figure 2.4.29.: Ceramiemetal brazedjoints.

The brazedalumina (F99.7) to Citems based on molybdenurmanganese technologiesre

presented in Figre 2.4.2-9.

h. I

Figure 2.4.210: The nicrostructures of brazedceramiemetal joints.
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The F99.7 aluminao copper brazed jointhave beenmachined for metallurgical microscopy
investigations The metallurgical microscopy investigations have been realized for brazaahicer
metal joints.The metallurgicainvestigationresults(microstructure) obrazedjoints are presented
in Figure 2.4.2:10. The brazed joints contain efnptinessin the interlayer of items according to
metallurgical(microscopy)nvestigations.

The mportance ofpressure equallyeffects andcorresponding pressure leveh itemsduring
brazing procesare mentioned as conclusions according to realized experiateasults for high

quality vacuurtight ceramiemetal joints.

2.4.3 Experiment; 3. Vacuum brazing of ceramic to metals based on different materials fixation

methods.

Theeffective fixation techique for ceramic to metal joints during brazing processigortant
to receive otigh quality vacuuntight ceramiemetal joints

This experimentalsection is dedicatedo the description ofexperimentson different fixation
technologiesusedduring vacuum brazing procedures.

Molybdenummagnanese and active brazing technologies are used for these expesiriidet
ceramic (F99.7)copper, stainless stel, solderand other materials are preparedn case of
molybdenummanganese technologies the ceramics has been metalinglér high temperature
conditions. After thait has been Nplated by anelectro-chemical method.

The final brazing proceduneas thevacuum brazing of ceramic to metals based on Ag solder

underhigh vacuum and high temperature conditions.
2

a. b. C.

Figure 2.4.31: The view othe ceramic to metabample andhe assembling scheme.
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Figure 2.4.32: The view and assembled scheme of sample 2.

Different fixation methodshave beenused for these experimesnt The peparation of the
samplesconsisted of anechanicatreatment of the samples, prepaation of the solder, fixationof
all items andcomponentsmoving tothe vacuum furnaceThe F99.7 type of alumin&as been
selected as ceramic materials. Some ceramic components have bedmwitkemetallized layers

(Mn-Mo+Ni),and other ceramic samples have been usétthout metallizationlayers.
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Figure 2.4.33: The view and section of assembled sample 3.

66



The sample 1Is shown in Figure 2.48 where one can see a copper pipe (3), which has a

corresponding place for fixation of the corresponding AGI28 solder (2) (see Figure 2:4.3.).
Additionally, alumina ceramic F99.7, which has a metallization layetMd¥NI), is also fixed.

The assembled and fixed sampie shown in Figure 2.4:3-b. The section view othe
assembled sampléwith Mo wire fixation)is shown in Figure 2.4-3-c. After assemblinguch a
sample,a 1Imm molybdenum wire (4) iscrewedinto the ceramic cylinder and fixethere (Figure
2.4.31.a,b,c).

The view of sample B shown in Figure 2.4.2. The sample 2also has aopper pipe (1)gee
Figure 2.4.2 -a), which hasa grove for fixation of Ag7Zu28solder (2) ThemetallizedF99.7(3)
alumina (Mn-Mo+Nij has been use(Figure 24.3-2-b). The sectiorcut of the assembled samplis
shown in Figure 2.3-2 (d,e) The brazed joint (Cu to alumina) is presented in Figure 2-4.3

Theoverallview ofthe sample 3sshown in Figure 2.4.38. The sanple 3 is consistofstainless
steel flangeof type 304SK1), in whichwe havebrazeda ceramiccylindrical sampled). The
stainless steel (d)asa grove for fixation of AQ7Zu28 soldef2). An metallizedalumina(3) plate

(b)is fixed on thiga). Sanple 3 is for experimentsf a molybdenummagnanesdrazingmethod.

a. b. C.

Figure 2.4.34: Theoverallview and section view of sample 4.

The sampled is shown in Figure 2.4:3. The main emponents of the assembledsample
(Figure 2.4.34-a)is astainless steel (1), Cu item (25Ag-Cu solder (3), Ag solder @nd ceramic
(5) - Figure 2.4.34-b. The section view of assembled sample is shown in Figure-2-d.Zample

4 is for experirents of an active brazing technologies.
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a. b. C.

Figure 2.4.35: Therealisticview andthe drawing ofthe sample 5.

The samples is presented inFigure2.4.3-5. This one is anetalizedceramicpipe (1), in the
edges of which we havéxed a stainless steel flangd®) ¢ Figure 2.4.35-(a,b). The section view

of assembled systems is presented in Figure 23@(1-stainless steel flangeglder, 3ceramic

pipe).

a. b.

Figure 2.4.36: The view othe sample6 and innerpart of thevacuum chamber

The sample6 is presented inFigure 2.4.3-6-a. This sample is @eramic disc (1) without

metallization in the edgs of which we havéxedakovar foils (2) using Mo wire fixation (®).the

contact zone othe ceramic and kovawe haveput a mixture of silver solder and Ti powdgt).

68



After prepaing the samples we have moved thentarthe vacuum furnace as shown in Figure
2.43-6 (b). The sampleq5) under mass (4are placed between the corresponding ceramic
component(6) andthe heater (7) usedsolder (3) for fix of solder melthing point

The emperature measurements are realizeginga sensitivethermopair (1 and 2).Precise
temperature measurements are very important for vacuunading proceduresifter placing the

samplesinto the vacuum furnacene closes theloor of thevacuum chambeand pumping down

up to very high level vacuum
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Figure 2.4.37: Vacuum brazing regimes.

The implemented brazing proce@gacuum level dependence on tidnender high temperature

condition is presented in Figure 2.4.3.
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Figure 2.4.38: Vacuum brazing regime

The implemented brazed process of ceramic to metal items (temperatependence on timg

is presented in Figure 2.4-8.
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The view of brazed ceramic to metal items (experiment 2) are presented in Figure®(4-3.

99.5% alumina ceramic to metal joints; 85% alumina ceramic to metal joints).

'/ Lr? = @
e s R S o
a.

Figure 2.4.39: Themainexperimentalresults(brazed jointsfrom experiment 2.

b.

The brazed joint of kovar to alumina is presented in Figure 214-a. The brazedoint of Cu to
alumina used Mo wire fixation method under brazing high temperature conditions is presented i
Figure 2.4.310-b. The brazed joint of metalized alumina to stainless steel is presented in Figut

2.4.3-10-c.

a. b. (of

Figure 2.4.310: Braed samplegrom experiment 2.

The effective fixaon importanceof ceramic to metalsre mentioned for high quality vacuum

tight ceramic metal joints under brazing high temperature conditions according implementec

experiments.
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The implemented brazing process for ceramic to metal jaimder brazinghigh temperature
conditionsare presented in Figure 2.4-B1 (temperature dependence on time) and Figure

2.4.3-:12 (vacuum level dependence on time)

Temperature °C
P

Figure 2.4.31L1: Temperature dependence on time for brazing process

Theceramt-metal brazing regimes have been received by experimentally.
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Figure 2.4.312: Vacuumievel dependence on time for brazing process

2.4.4. Thermocompression bondingechniques

Thermacompression bondingechniques are widely used for ceramicmetal bonding At
CANDLE Synchrotron research Institte haves designed and fabricatethe first diffusion
welding machinen Armenia[89, 91].Its realistic view is presented in kig 2.4.4. The maxnum
temperature was 1500 °Cwhich was achievedsing aninduction heater. The maximum vacuum
levelwas 10° Torr which was achieved usingtarbo pumping station. The maximum pressioe

1Atmwasachievedbased on pneumatic cylinder.
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The mentioned diffusion welding machine ia very flexible and reliale experimental station
and it gives a possibility to implement different kingl of experiments for bonding metallic
components tametallic componentsand metallic component$o ceramicones

We have managed to obtain coppker copper andcopperto stainless steejoints based orthis

diffusion welding machine.

Figure 24.4. Diffusion welding machine.

2.4.5. Experimentc 4: gluing and mechanical sealing techniques

Gluing techniques are yet another method for joining different types of materials, for gheam

metal, plastic, ceramics, etc. Using adhesive silicate it was possible to glue alumina to Cu, alun

to stainless steel and alumina to alumina.
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a. b. C. d.

Fig. 2.4.5.: GGramicmetal and ceramiceramic joints based on gluing.

The Figure 2.4.5.1 depicts the microstructures of glued alumina to stainless steel (a), alumina
alumina (b) and alumina to Cu (¢he real view of glued ceramic to ceramic is presentediguré
2.4.5.1:d. The special silicate gluies have been used for experiments.

Such a metateramic bonding has both advantages and disadvantages. One of the ma
disadvantages of this technique is the low mechanical strength of the joint, its low workin
temperature and the short lifetime. On the other hand, it is very easy and fast to realize such
bond.

We should also mention that sometimes it is enough to mechanically seal the two component
Such a method is used in accelerators, but UHV systemsallypio notwidely contain such

componentgceramiemetal systems)
2.5. Ceramiemetal simulations and experimets

The cylindrical vacuustight ceramiemetal joint has been simulated using a software based on
Hnite Hements Analysis (FEA) method. Additidlyawe have performed a set of experiments on
our UHYV test stand in order to find the effectikake-out temperature for such joints [92].

The left panel of Fige 2.5.1-a shows the setup on the test stanfihe numbers correspond to:

the ceramiemetal joirt on the UHV test stand.
the TPS pump,

1
2
3. theion pump,
4. the vacuum chamber
5

the vacuum measuring gauges
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Our tested sample is shown Fgire 2.5.1-b. We have performed our tests iDHVwith a

temperature of about130°C.

IS
=
4 s

Figure 2.5.1.Vacuum tesstand (a) andhe brazed ceramienetal joint (b).

Our simulation results, on the other hand, are presented imrf€i@.5.2. The left panel of this

figure shows the pressure, stress, tensile strength and the temperature as functions of time (s

Figire 2.5.2a). The stress values of the vacutight ceramiemetal joint being subjected to a
bakeout temperature is shown in Rige 2.5.2b. As a result we have obtained the maximally
acceptable operation temperature for vacudiight ceramiemetal joints tobe 134°C. This is

confirmed with the experiments as well.
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Figure 2.5.2.The dependence of mechanical properties of the ceramatal joint on time.
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2.6. The simmary of the Chapter 2

1 First of all, we have performed a thordugjterature review for materials and brazing
technologies for vacuurtight ceramiemetal joints.We have found that mlybdenun
manganese metallization technologyan acceptablyeliable technology for fabrication
of vacuumtight ceramiemetal joints.

1 We have performeddrazingexperiments(active brazing and MiMo+Ni technologies)
as well as several calculations to understand the effect of external pressure on th

quality of the metalceramic joints
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Chapter 3:New diffusion brazingnethods and hermo-mechanical simulations for

ceramicmetal joints

There are many differertechniqueswhich are used to braze ceramics to metdlse quality of
Y I G S Nikatioh &r@the effect of pressureon the relevant surfaces of the items arerye
important forthe process obrazing.

The methods of materidixation andthe techniquesof pressure creation depend atypes of
material for example, thephysicalmechanical propertiesys well as the procedure dfazing(.e.
the heating and coolig specifications)The main purpose of materiddixation and pressure
creation duringthe brazing procedure is to provide hermetic contact of materiaks. @ larger
contact area) without distortion, emptiness and with a higlechanical and thermastahility
under the high temperature conditions.

The main purposefahis chapter is to present mew method of dfusion brazingleveloped by
us, which is applicabléor brazing ceramicto metal and is performedunder high brazing
temperature conditionsn order to increase the join® quality. Below we present thenain ideas,

purposesand theworking principlesas well as thenain description of t/s new brazing method

3.1. A proposal of a new diffusion brazing method applicable for systems

containing disgmilar components with complex geometric shapes

Aswe have alreadynentioned above thdixation of materials andthe pressure creation on
materials during brazing processes areery important and they determine the quality ofthe

joined materials.Here wepresentthe new brazing newtechnique developed by uapplied for

brazingceramic components to metallic ones in the case when the components have comple

geometric shapg[93].

Thisinvention is dedicated to théechnique ofbrazing by pressure and heagj effectsrelated
to that. Particularly, its main aim here is thdffusion brazing ofconically shapedceramic
componentsto metallic onesand it can beappliedin manyareas, such asccelerator technology,

electronics, RBystems.
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In general, e diffusion welding ordiffusion brazing method under vacuum and mechanical
pressure effectas well asinder high temperature conditions is one of the most popular diffusion
bonding technologies (Kazakov N, Materials diffusion welding, machubeilding, 198, P.312)
[94]. It has beerinvented by Kazakoand isrealized ina vacuum chamber under I0Pa vacuum
and very high temperature conditionsf 0.8-0.9 T,,, where Ty, is the lowest melting point othe
materials as well asinder mechanical pressuid P=10-15 Mpa using ansothermalconversion
of 20 ¢ 40 minutes of duration Induction heaters can be used flmcally heatingup the itemsin
the contact zone.

The method haseveraladvantages and disadvantagé&articularly, aly this welding method
makes it possibldo braze someaypes ofmateriak given somepecial requiremergat a very high
quality level At the same time thissa very challenging procedure.

The pressure mechanism fixes the items mechanically and has a limited usaige ¢omple
geometric shapg Also, thepressure mechanism can not equally spread the forcehenitemsQ
surfaces Another drawback of diffusion welding method is the possibility of damagingubte
surfaces and structures of the items.

Thenew diffusion brazingnethod, which is being discussed heggyesa possibility to braze
dissimilar items withcomplexgeometric shape It gives possibility to increase the quality tbk
joints, i.e. thevacuum tightness, mechanical strengstability ofthe surfacesandthe structure of
the brazed items.

The main idea of the new brazing method is the pressure creatiormwesponding surfacesfo
the items being brazed, which ibased on pressure difference betweehe inner and outer
volumes of the contacted items. The mer pressure must be lower thahe outer pressure othe
contacted items. The brazing method gives a possibility to creqtally distributedpressureon
the outer surface of the items. The exerted pressure level on items depends otyplee of
materiak, their structure, geometric shape, brazing temperature, surface roughnesssandral
other specifications.

The warmingup processup to the corresponding temperatur@and the isothermal conversion

of items is the next stgeof the brazing procedurafter the pressure creation
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The realization of the inventionin order to explain themain operational principle of our
method below we describa real example.

The schematic view ajur new brazing method is presented in the Figure 3.THeconically
shapal ceramiccomponent (1) and themetallic flange (4) were selected as an example for a
demonstration We havemetallizedthe conically shaped ceramic compondygfore brazingOne
can use variousaterials andechniques(e.g. metallization, cleaning etcfpr a desirable quality
of vacuumtight joints. The chambr (12)containsa gas inputport (10), a gas output por{11),
which is used fopumpingdown, secondarygas output (9) porfagain used for pumping downa
support holder (8), a support (6), a itea (7). The material ofhe chamber is inert and it gives
possibility to keep higkleannesgevel in the chamber during the brazing process.

The metallic flange (4)and the conical ceramiccomponent (1) divide the volume ofthe
chamber intoan outer volume (a) and inner volumgb) (seeFigure 3.1.1.)A carefully designed
compensator (5) separates theetallicflange from the support item (6). Ceramics or metal can be
used as materials for the compensator depending on the brazing conditions (prelesete
temperature, used materials, geometric shapeetc.). Ceramicmaterials are preferable as

compensator materials due to their lower thermal conductivity.
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Figure 3.1.1The schematic view of the new brazing method.
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Special solder 1b(3) is used in interlayer of conical ceramic and metal flange. Solder typ:
depends on the joint requirements.

The first step of invention realization is carefully assembling and moving the cemsatat
system to the chamber.

The second step is simuftaously chamber pumping down (vacuum) from the ports (11 , 9).

The port (11) closes in case of corresponding vacuum level in chamber, the heater switches
and the port opens (10). The input port (10) supplies inert gas to the chamber.

Supporting gas prasire and flow rate is regulated by special mechanism.

An equal pressure is created in the case of pressure differences between inner (b) and outer
volumes of ceramimetal joint.

The equal pressure gives a possibility to a precise and hermetic fixaticeramiemetal joint
due to the pressure differences.

The pressure values on ceramic surface is regulated based on the inner (b) and outer (a) val
of ceramiemetal joint pressure differences. According to the corresponding gas input port (10
and punping down port (9 both ports can be flexible to regulate gas pressure levels and flow
rates.

The outer (a) pressure value is regulated by Ar inert gases which can be input into the
chamber. The Inert pure gases give possibility to avoid from thdata&n and impurities of items
during the brazing processes. The fixation of ceramic to metal flange (pressure differences)
followed by a warming up process of items up to corresponding high temperature and isothert
conservation.

The isotherm conservatn duration depends on the material type, solder type, brazing
temperature level and geometric shape which can tak)Imin.

The solder foil is plastically deformed under the corresponding brazing temperature an
pressure (the force effect depends on tipressure difference). As a result of solder plastic
deformation it is chemically reacted with metal and ceramic simultaneously. Reaction intensity
ceramicsolder and soldemetal determines the further joint quality.

Induction heaters can be used forckl heating of items for metal component. It will be more
effective for vacuuntight ceramiemetal joints to use resistant heaters which can give possibility

to warm up and cool down the joint equally with desirable velocity.
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High temperature (brazing tengpature), isotherm conservation, pressure value (pressure
differences) and other brazing parameters depend on materials geometric shape, materials tyj
(ceramic, metal, solder, metallization, etc.), structures, vacuum tightness level, mechanic
strength,surface properties of items (surface roughness, surface stresses, oxidation level, clean
level, etc.).

According to the brazing new method there is a possibility to receive and regulate pressure «
the items precisely in a wide range. The method prosige bigger contact area of brazing
materials.

Brazing new method can be used for vacuum brazing for similar and dissimilarmestd)

metal-ceramic precise joints.

3.2 Experiments on the new diffusion brazing method

We have performed a set of experimtenstudying thepressure difference mechanism.

Particularly, we have been able to achieve bonding between two components, one being

conicaly shapedceramic (22XC) arttie other being astainless steel flange.

a. C.

Figure 3.2.1The expamental machine (a) and ceramigetal joint (b,c).
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The experimental chamber (a) amtide obtainedceramiemetal joints (b, c) are presented in
the Figure 3.2.1.

We have used aotd, epoxybasedwelding gluen order tobondthe ceramiccomponentto the
metallic onein a low vacuum conditionThe glue has been put betweéhe conical ceramic and
the flangeQ iéterlayer section. After moving thceramiemetal systeninto the chambey we have
proceeded to the second step, ipumping downto avacuum levebf up to 10° Torrfrom lower
pumping port. The ceramimetal system separatk the chamber intothe inner and outer
volumes. Duringhe pumping down process the pressuretire inner volumewaslower than the
pressure in the outer volumd&he maximum pressurdifference betweerthe inner andthe outer
volumeswas aboutl Atm. As a result here was a pressure effect oithe outer surface ofthe
ceramiccomponentbecause of thegressure differenceThe ceramic equally presséhe glue to
the flange under the presure differenceand wereceiveda joint zone with alargercontact area
andwithout bubbleformation.

This experimentwas just apreliminary step for testing the proposed pressure effect
mechanism orcomplexshapel itemsand as a result we have obtainedsirable resultsThe next
stepwill beto perform anexperiment of a new brazing method under the high temparatand

high vacuum condition®r in anenvironmentfilled with an inert gas

3.3. A new method of diffusion bonding for ceramic and metal maits with cylindrical shape

We have additionally extended thdiffusion bondingmethod to the items with cylindrical
componentsmade of ceramic and metal [95]We have demonstrated thatht new diffusion
bonding method can be effectively usedanceleraor technologies electronics and otheareas
where one needs tdesign and fabricate cylindricaéramiecmetal joints.

There are some diffusion brazing and welding technologies with advantages and disadvantag

Whole (total) heating, lower regulation &émperature and pressure (force) of brazed joining
systems are disadvantages for some diffusion brazing and welding technologies.

The diffusion bonding new method increases the temperature and the pressure regulatio

during the brazing process.
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Local heatig of bonding system is valuable advantage for the diffusion bonding new metho
which can be effectively used for precisely bonding small parts by local heating of difficult b
systems.

The main advantages of new bonding method are the flexible regulatidemperature and
the pressure with local heating possibilities of bonding items which increases the brazing quality
the precise and difficult cylindrical items.

The diffusion bonding new method gives a precise fixation possibility to the bondindradi
items.

The main purpose of the new diffusion bonding method is to increase the quality of joints, it

high mechanical strength and vacuum tightness.

The realization of the inventionThe main working principle (schematic view) and operational
scleme ofthe newdiffusion bonding method are presented in the Figure. 3.3.1.

The ceramic cylindrical item (1) is fixed to the inner side (inner surface)wdtallicitem (2).

The main purpose is tachieve a high quality bonding betwe#re ceramic (1and metal (2).The
fixation of the naterials must be realized as precise as possible precisionof the fixation
defines thequality of the joint The materialdixing accuracy depends on the mechanical design
and fabrication technologies (tolerance, rdugess, etc.).

The diffusion bonding new method can be used for diffusion welding (without solders) an
diffusion brazing (with solders) processes. The materials bonding with or without solders depen
on the joint requirements (material type, mechanicaflestgth, vacuum tightness, etc.). In a
diffusion brazing case the solder is fixed in the ceramic (1) to metal (2) interlayer zone. Dependi
on the joint system the ceramic can have metallization layer before brazing process. The diffusi
bonding new methd can effectively be used for active brazing technologies depending on the
joint specifications (material type, etc.).

According to the schematic view metal to ceramic system is fixed by Mo4yitsiqg insulator
layers 8). The isolation layer3] can k& specially fabricated ceramic pieces. The material for
isolation layer must have high electrical resistance and high thermal conductivity. The spec

fixing 6) screws ) are used to fix Mo wire to the insulator material.
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Figure 3.3.1.: The schematiew of the diffusion bonding new method for cylindrical iten

One of the main specifications of the diffusion bonding new method is the difference o
thermal expansion coefficient of materials.

The ceramic item (1) must have a low coefficient of tharexpansion. The metal item (2) must
have higher coefficient of thermal expansion than Mo wire.

The precise assemble is moved into the chamber (into a vacuum or inert gas environment). T
warming up process of joints system is realized increasing ldarieal current in Mo wire. The
temperature can be regulated by the electrical current value of the Mo wire. The electrice
insulation layer J) is very important for the brazing process (avoiding dangerous electrical effec
and short circuit) and it etgrically insulates the Mo wire from the metal (2).

The ceramic can be used as an electrical insulator. As insulator beryllia (Beryllium Badg
is one of the effective ceramics. BeO has high thermal conductivity (330W/m K) and low electric
conductvity. The disadvantage of BeO is the poison property.

The items are warmed up according to the electrical current regulation in the Mo wire ir
vacuum or in inert gas environment.

The diameter, length, thread distances of Mo wire depend on the supplyirafriekd current
level. The vacuum level or inert gas types, (Ar, Kr, etc.) in bonding chamber depend on the

brazing technology design and the joint requirements.
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The temperature and pressure effects can be flexibly changed by the regulation of electric
current of Mo wire from power supplier.

The diffusion bonding new method can

effectively be used for bonding the cylindrical

ceramic to metal and metal to metals as high

quality vacuurrtight joints.

Different preparation technologies for
materials can be used before the main brazing
process depending on the joint requirements
and design (technical machining, temperature

treatment, metallization, coatigs, cleaning,

The sotherm conservation is required

during the bonding process under the high

_ o temperature and pressure effects conditions.
Figure 3.3.2: The 3D schematic view of th
_ The isotherm conservation can be varied
brazing new method.
depending on the design (material type,
surface properties, geometric shape, desirable physizathanical properties, etc.). Generally the
isotherm conservation is varied from 10 to 60 min according to the joint specifications.

The 3D schematic view of the new diffusion bonding technology is presented in the Figu
3.3.2. The main components are asric (1), copper (2), insulation layer plates (3), molybdenum
wire fixation (4) and molybdenum wire (5).

The main advantages of the new diffusion brazing method is the local heating, the flexib
control of generated pressure and the temperature, the equi@ssure effects on the materials.

These advantages increase joints quality (high mechanical strength, high vacuum tightness, etc.

3.4. The diffusion bonding process based on the molybdenum foll

For brazing processing of high quality joints it ie@ challenge to generate, equally to spread

and flexibly regulate the pressure values on the corresponding materials surfaces.
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The method has been designed (based on the foil) to increase the received pressure eq
value. Depending on the material typ&d bonding processes different kinds of foil can be used to

receive pressure.

Figure 3.4.1.: The diffusion bonding scheme using the molybdenum (Mo) foil.

The foil must have as low coefficient of thermal expansion as possible.

The Mo has ideal thermmechanical properties for materiafixation in diffusion brazing
processes. The Mo has low thermal expansion coefficient and high mechanical strength under t
high temperature conditions.

The Mo foil pressure receiving mechanism is shown in the Figdre. 3

This pressure receiving method can be effectively used for diffusion bonding procedures
cylindrical material.

The main advantages of this method are the equal pressure effects on the materials. TI
method gives a possibility to increase the gtyabf brazed joints (vacuum tightness, mechanical
strength, etc.).

The tightness and layers quantity of Mo foil depends on brazing materials types (ceramic a
metal), materials diameters, brazing technologies.

The local section view of ceramitetal joirt is presented in the Figure 3.4.2.

The joint consists of a ceramic (1), a metal (4), a Mo foil (3) and fixation parts for fixation usil

Mo foil (2).
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N
’

Figure 3.4.2The diffusion bonding method using Mo foil.

The materials fixatiomethod can be used for diffusion brazing of dissimilar cylindrical metal to
ceramic and metal to metal joints for the accelerators UHV systems (vacuum breaks, vacul
windows, etc.). The method decreases the deformations of materials under the high tetugera
conditions comparing with wire fixation method.

The method can use the combination of Mo wire and foil.

3.5. The thermamechanical simulation of ceramimetal jointsin vacuum systems

The mechanical and thermal simulations are important to evaluateotherational and brazing
properties of ceramignetal joints.

Many different developed methods are used foaterialsthermo-mechanical simulations. The
thermo-mechanical simulations are important before fabrication, brazing and operation of
ceramiemetal jants. Each simulation method (software) has corresponding accuracy level.

The simulations are preliminary evaluating methods for joint materials. The simulations resul
can be varied near the realistic results.

The thermemechanical simulation has beenm®using various combinations of cerammetal
under the high temperature conditions. The thermwechanical simulations are carried out
without taking into account the chemical reactions of materials under the high temperature
conditions. The results of éhthermomechanical simulations for cerammgetal combinations are
presented below. The FEA (finite element analysis) method is used for the thmedieanical

simulation.
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3.5.1. The thermamechanical simulation of the ceramic disc to Cu ring system

The thermemechanical simulation of ceramic to copper materials under the high temperature

condition is presented in this sectionhe simulations have been doimestatic regime.

von Mises (N/m*2)

5.012e+009

l 4.719e+009
4.426e+009
+4.134e+009
3.841e+009
3.549¢+009
3.256e+009
2.966e+009
2.671e+009
2.376e+009
2.066e+009
1.793e+009
1.501e+009

a.

ESTRN

2.191e-002

l 2.057e-002
1.924e-002
+1.790e-002
1.657e-002
1.523e-002
1.390e-002
1.256e-002
1.123e-002
~9.891e-003
8.556e-003
7.221e-003

b.

5.885e-003

Figure 3.5.1.1.: The main results of ceramietal simulation under 856C

The materials warming up, cooling down and isotherm conservation processes are not tak
into consideration during simulations.

The 99.5% alumina has been selected for the simulation. The Cu ring with 1mm tightness
used for simulations.

The resultof the thermomechanical simulation of ceramic disc (diametefOmm) to Cu ring
under 850C temperature without any fixation mechanism are presented in the Figure 3.5.1.:
(stress (@), strain (b) and displacement (c)). The joint has low stress and sitarunder 856C
temperature conditions. The maximum stress value is 5.01e+0.009NFime copper ring has

highest strain value and the maximum strain value is 0.0219.

87



Taking into consideration the simulation results the fixation importance of ceramic foi@u

has been mentioned.

URES (mm)
2.276e-001
I 2.067e-001
1.897e-001
+1.707e-001
1.510e-001
1.326e-001
1.136e-001
9.485e-002

7.588e-002
- 5.691e-002

3.794e-002
1.897e-002
1.000e-030

ESTRN

2.958e-002
' 2.718e-002
2.477e-002
+2.236e-002
1.995e-002
1.754e-002
1.513e-002
1.273e-002
1.032e-002

+ 7.506e-003

5.500e-003
3.091e-003
6.826e-004

Figure 3.5.1.2.: The main results of ceramietal simulation under 85X through Mo foil

Curing

Ceramic Mo foil .
b.

von Mises (N/m"2)

4.354e+009
I 4.007e+009
3.660e+009
»3.312e+009

© 2.965e+009
2.617e+009
2.270e+009
1.923e+009
1.575e+009

- 1.226e+009

8.803e+008
5.329e+008
1.855e+008

C. d.

fixation system.

The thermemechanical simulation has been implemented for ceramic disc toir@uunder
850°C temperature conditions through Mo foil fixation method. The assembling scheme o
ceramic disc to Cu ring using Mo foil is presented in the Figure 3&.Tl2e simulation results
(displacement (b), stress (c) and strain (d)) are preseintéide Figure 3.5.1.2.

The contact zone of ceramic disc to Cu has high stress und&€ 88fperature conditions
according to the simulation results (Figure 3.5-:8)2 The maximum stress value is 4.35E+0.09
N/m?,

The solder and chemical processes areta&éen into account during the simulations.
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The Cu has high displacement (Figure 3.5b).Z'’he maximum displacement value for copper
is 0.22mm under 83T temperature conditionsThe maximum strain value for joint is 0.0295
(Figure 3.5.1.2).

According © thermo-mechanical simulation results the Moil fixation can be used for brazing

the cylindrical ceramic to metal items under the high temperature for high quality joints.

Cu ring ! URES (mm)
Mo rin g 1.048e-001
8 l 9.611€-002
Ce ramic +8.737e-002
+7.863e-002
+ 6.990e-002
6.116€-002
I 5.242¢-002
4.368e-002
3.435€-002
$ 2.621e-002
1.747e-002
I 8.737e-003
1.000e-030
a.
von Mises (N/m*2) ESTRN

3.046e+009 6.378e-003
l 2.792e+009 ' 6.018e-003
»2.539e+009 +5.659e-003
+2.285e+009 +5.300e-003
* 2.031e+009 + 4.940e-003
1.777e+009 4.561e-003
1.523e+009 4.222e-003
1.269e+009 3.862e-003
1.015e+009 3.503e-003
. 7.616e+008 + 3.144e-003
5.077e+008 I2~784e'°°3
2.425e-003
l e 2.066¢-003

1.602e+004

C.

Figure 3.5.1.3.; The main results ofamicmetal simulation under 856C using Mo ring

fixation system.

The thermemechanical simulation has been implemented for ceramic disc to Cu ring join
fixing Mo ring under 85t temperature. The assembling scheme of ceramic disc to Cu ring usir
Mo ring fixation is presented in the Figure 3.5-8.3The thermemechanical simulation results
(displacement (b), stress (c) and strain (d)) are shown in the Figure 3.5.1.3.

The maximum displacement value generates the copper ring and it is 0.1mm (Figar&-B8)5.

which is higher than the Mo foil fixation method. The maximum stress level generates the €oppe
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ceramic contact zone and it is 3.046e+0009R/fRigure 3.5.1.8) while the minimum strain
generates the copper zone and it is 4.828 (Figure 3.5.1:8).

Fabrication difficulties of Mo ring, difficulties for fixation of Cu ring with ceramic disc to Mc
ring are the disadvantages of Mo ring fixation method which gives a possibility to receive equ

pressure on items under the high temperature conditions.

CuRing URES (mm)

) 2.188¢-001
Ceramic I 2.006e-001
1.0246-001

11.6416-001

1.459-001

1.2766-001

1.0946-001

9.1166-002

7.294e-002

5.4716-002

3.6476-002

M fo) Wire 1.024e-002

1.0006-030

a.

C.

Figure 3.5.1.4.: The main results of ceramietal simulation under 85X using Mo wire

ESTRN

2.176e-002

l 1.999e-002
1.019e-002
+1.639e-002
1.459e-002
1.280e-002
1.100e-002
9.204e-003
7.407e-003
5.610e-003
3.013e-003
2.016e-003
1.774e+008 2.195e-004

von Mises (N/m*2)

5.014e+009
l 4.611e+009
4.204e+009
+ 3.805e+009
3.402e+009
2.999e+009
2.596e+009
2.193e+009
1.790e+009
1.387e+009
9.836e+008
5.805e+008

fixation system.

The thermemechanical simulation has been implemented for ceramic disc to Cu ring join
fixing Mo wire under 85{C temperatue conditions. The assembling scheme of ceramic disc to Ct
ring using Mo wire fixation is presented in the Figure 3.5al.#he thermemechanical simulation
results (displacement (b), stress (c) and strain (d)) through Mo wire fixation are shown in tr
Fgure 3.5.1.4.

The maximum displacement generates the Cu ring and the value is 0.21mm (Figure-B)5.1.4.

The maximum stress generates the ceramic material near to copper and the value is 5e+H09N/
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(Figure 3.5.1.4c). The maximum strain generates the @@y material and it is 0.02178 (Figure
3.5.1.4:d).

There are different methods of Mo wire fixation. The Mo wire with 1mm diameter is used
during the simulations which can be varied depending on the ceramic and copper geometric sha
characteristics.

Accading to the thermemechanical simulation results the Mo wire fixation method is more
effective for fixation of ceramic disc to metal ring for brazing compared with other fixation

methods (Mo foil, Mo ring, etc.).
3.5.2.The thermaemechanical simulation bthe vacuum breakinsulator)

The vacuum breaks are difficult cerammetal joints. The thermanechanical simulations for
35mm inner diameter vacuum break have been implemented unde?®@%@mperature conditions
using different fixation methods for bramj processes.

von Mises (N/m*2)

6.142e+009
l 5.634e+009
+5.126e+009
*4.615e+009

- 4.111e+009
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@ D
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C. d.
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Figure 3.5.2.1.: The main results of the vacuum brake simulation und&€850
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The first thermemechanical simulation has been implemented for vacuum break und€eiC350
temperature conditions without any fixation mechiam. The vacuum break assembling scheme is
presented in the Figure 3.5.2dl(the 3D model). The vacuum break consists of a ceramic pipe an
Cu pipes.

The thermemechanical simulation results (stress (b), displacement (c) and strain (d)) ar
presented in he Figure 3.5.2.1.

According to the thermanechanical simulation results (Figure 3.5.2.1) for pressure effect on
the ceramic to metal interlayer zone under the high temperature conditions require materials

fixation system.

URES (mm) von Mises (N/m*2)
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Figure 3.5.2.: The main results of the vacuum break simulation undefQ00

C.

The thermemechanical simulation has been implemented for the same vacuum break unde

200°C temperature conditions using Mo wire fixation for materials.
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The thermemechanical simulation mailts (displacement (b), stress (c) and strain (d)) through
the Mo wire fixation are shown in the Figure 3.5.2.2.

The maximum displacement for the joint is 0.12mm (b), the maximum stress value |
1.42e+009N/m (c), the maximum strain value is 0.0053 (d(Fe 3.5.2.2).

The designed vacuum break can effectively work up to the’@0@mperature conditions

according to the thermanechanical simulation results.

ESTRN von Mises (N/m*2)
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I 2.282¢-003
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Figure 3.5.2.3.: The main results of the vacuum break simulation und&€850

The thermemechanical simulation has been implemented for the designed vacuum break (th
same geometric shape mentioned above) under ®56mperature conditions using the Mo wire
fixation. The main results from the thermmechanical simulation (asgtrain, b-stress and <

displacement) are presented in the Figure 3.5.2.3.
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The maximum strain value for the joint is 0.025 (a), the maximum stress value |
6.714e+009N/rh (b), the maximum displacement value is 0.584 mm (c) according to the
simulation resultgFigure 3.5.2.3).

The designed vacuum break can effectively be brazed under the high temperature conditiol

according to the thermanechanical simulations.

3.5.3.The thermaemechanical simulation of the vacuum break with a conical shape

The vacuum brdawith a conical shape has been designed. The conical contact zone (brazi
zone) reduces the surface stresses during the joint brazing and exploitation.

The high stresses in a smooth surface (Figure 3:8)3can damage the joint during the brazing
process.

The designed vacuum break structure with a conical contact zone is presented in the Figt

3.5.3.1 b. 3D modelg. section view).
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Figure 3.5.3.1.: The vacuum break with a conical joint zone.

The thermemechanical snhulation has been implemented for the designed vacuum break
under 850C temperature without any fixation mechanisms. The themnmechanical
(displacement (a), stress (b) and strain (c)) simulation results are presented in the Figure 3.5.3.2

The maximum d@acement value for the joint is 0.388mm (@), the maximum stress is

5.56e+009N/m (b), the maximum strain value is 0.0123d®igure 3.5.3.2.
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The mechanism requires fixation of the ceramic to metal joint during the brazing proces

under the high temperaire condition according to the implemented thermmoechanical

simulation results.

URES (mm) von Mises (N/m*2)
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Figure 3.5.3.2.: The main simulation results of the vacuum break with a conical joint

The fixation mechanism has been designed to fix the vacuwgakbfconical contact zone) for
the brazing process under the high temperature condition. The stainless steel and molybdenu
have been selected as fixation materials. The 3D assembled model (a) and section view (b’

designed fixation mechanism are showrthe Figure 3.5.3.3.
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a. b.

Figure 3.5.3.3.: The 3D moda)and the section viewb) of the fixation

mechanism.

The fixation process is implemented using nuts and screws.
The thermemechanical simulation has been realized for the designed vadoneak with a
fixation mechanism under 28G high temperature condition. The section vida) of the

assembled vacuum break with a designed fixation mechanism is presented in the Figure 3.5.3.4.
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Figure 3.5.3.4.: The simulations resuf the vacuum break with a fixation system und

200°, .
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The thermemechanical simulation results (stress (b), strain (c) and displacement (d)) ar
mentioned in the Figure 3.5.3.4.
The joint can safely warm up to 2 temperature with a low stresstrain and displacement

level according to the thermnechanical simulation results.
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Figure 3.5.3.5.: The simulations results of the vacuum break with a fixation system

850, .

C.

The thermemechanical simulation has been realized the vacuum break with a fixation
mechanism under 85C high temperature condition.

The thermemechanical simulation results (stress (a), strain (b) and displacement (c)) ar
presented in the Figure 3.5.3.5.

The designed vacuum breaks can be effectiezed under 85 high temperature condition

according to the implemented simulation results.

97



The BN (Boron Nitride) powder can effectively insulate the metal parts of the vacuum bree

from the fixation systems under the high temperature condition.

Pressure (node)

“ne

" 40

! 20

IO
P -
o

a. b.

Figure 3.5.3.6.: The thermmechanical simulations based on the Nb wire fixatic

The thermemechanical simulation has been done for the cylindrical ceragmeetal fixation
based on the Nb fixation. The 3D moda) and stress (b) of the joint are shown in the Figure
3.5.3.6. [97]

The simulated joint consists of a ceramic (1), a metal (2) aiolwire. The simulation has been
done under 828C temperature condition. The received stress value is high near to bheiié
(Figure 3.5.34b). The joint can be effectively brazed under the high temperature conditions

according to the simulation results.

3.6. The simmary ofthe Chapter 3

1 The diffusion brazing new method for dissimilar and difficult geometric shape ceramic t
the metal items was developed implementing the pressure differences in the inner and th
outer volumes of the items systems. The conical ceramic has been boned with the stainle
steel flange based on the diffusion new method. The bonded joint has higlitygand high
vacuum tightness. The new method gives a possibility to receive equal pressure al
flexible regulation of the pressure value on the items system during the brazing proces

under the high temperature conditions.
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1 The diffusion bonding new athod for bonding (diffusion welding and brazing) cylindrical
dissimilar items was developed using different materials coefficient of thermal expansior
The new method warms up local and pressured (fixed) items using electrical current in tt
fixed wire. he bonding temperature and pressure effect on the items can flexibly regulate
changing the electrical current in the fixed wire. The ceramic disc to the Cu pipe has be
brazed using the molybdenwmanganese metallization technology based on the new
bonding method in the vacuum furnace. The brazed joint has a high quality and it is
vacuum tight.

1 The thermemechanical simulations have been realized for the ceramic disc to the
cylindrical metal using materials different fixation methods brazing under thgh hi
temperature conditions (Mo wire, Mo foil, Mo ring). The advantages and disadvantages ¢
the materials fixation methods are mentioned. Taking into account the themeohanical
simulation results the Mo wire fixation method is considered as a more féxand

effective method for brazing cylindrical cerapmetal items.
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Chapter 4.The vacuurraight ceramicmetal joints in the particle accelerators: the

vacuum RF windows

The vacuurrtight ceramiemetal joints are widely used ithe UHV syems of the particle
accelerators These are particularly used the kicker magne® &hamber, the insulators, the
feedthroughsyariouschambers, the beam line windows, the RF windows-[98] and so onOne
of the most interesting,complicatedand impotant vacuum tight ceramimetal joints in the

particle accelerators are the vacuum RF windows.

4.1.The variety of the vacuum RF windows

There are many different types of vacuum RF windows and they are divided based on tl
electromagnetic wave characteristi@equency, power, etc.) and the inner shape well as the
mechanical structure. The mechanical strueludesign of the RF windows dependn the
parameters of the electromagnetic waveand especially a the frequency. According to the
frequency the R= windows arecategorizedinto Sband, kband, Gband, XBand, KBand, etc.
[100]. The dimensions of the waveguides aceordinglyaried dependingon the RF frequency.

Standard sizes of some rectangular waveguides are presented in the Table 4.1.1.

Frequency band name| Frequency (GHz Size (mm) Waveguide name
L-Band 1.15t 1.72 165.1R62.55 WR650
SBand 2.601 3.95 72.14R34,94 WR284
GBand 3.951 5.85 47.55R22.2 WR187

Table 4.1.1: The standard sizes of some rectangular waveguides.

Generally thee are three types of RF windowshe waveguide type, the coaxidipe and the
waveguide coaxial [101]. Each type of the RF window is designed for a special purpese4j102

The ghematic views of the RF windawpesare shown in the Figure 4.1.Wherethe left panel
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showsa waveguide type RF windowie middle panel showa waveguidecoaxial type RF window

and the right panel showa coaxial type RF window [51].

Figure 4.1.1: The schmtic views of RF window types.

The ceramic dielectric materialdgnoted by number,3,4in Figure 4.1.1divide the sides
with vacuum (Vjrom the side withpressure (P) in the corresponding RF vowd

Dependng on the special requirementshe RF widows can have differenimechanical
structures. Generally the RF windows have the follga@ommon structural componeni&gain,
seeFigure 4.1.1)

1. diaphragm,
2. conical window,
3. hemispherical window,
4. antema,
5. waveguide,
6. coaxial line,
7. conical section shapeindow

The RF parameters adifferent before and after the RF window. The main reasfumghis are
the RF power losses in the dielectric matena. (various components argarming up) and the RF
reflection.

The different shapes and technologicalug@mns of the vacuum RF windows [105] have been
calculated and designed to minimize the RF losses and to maximize the effective throughput of t
electromagnetic wavesThe combination othe corresponding effective inner geometric shape
and the type of tre material of the vacuum RF window can significantly decrease the RF powe

losses and reflections.
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a. b.

Figure 4.1.2The schematic views of the RF windows.

The rectangular and the pillbox typef the RF windoware presented in the Figure 4.1.2. The
rectangular RF windows can be with and without regulation parts (for example the scaewse
used as aegulationitem - Figure 4.1.2a [106]) depending onthe working environment. The
screwbasedregulation of thewaveguide is not widely used in the advanced accelerators.

According to the literature revieywone of the effective and reliable types of the RF windows is

the vacuum pillbox typ&F window(Figure 4.1.2).

4.2.The pillbox type RF windows

A variety of the pllbox type RF windows are widely used in the advanced acceleratior
complexes. Based on the frequency the pillbox type RF wiadmm be divided into-Band, C
band and more The section view of the designed pillbox type RF window (schematic igew)
presented in Figure 4.2.1The developed schematic 3D model is the first step ofrtieehanical
designof anRF windowgeeFigure 4.2.1). The designed 3D model gaspsssibility to understand
the basic structure, the design, threecessary steps for thiabrication procedure the installation
and the operation specifications of the RF window.

Genericallythe pillbox type RF windows consist of a dielectric disc (1) which separates the F
window into two sectiong; the vacuum side (a) and the pressured side [ib)the pressured side
the RF window assembles into the waveguide line which connects with klystron. The metal flanc
(6) are used to assemble the RF window. Some inert gases,lil&Mre used in the pressured
side. The ceramic disc is fixed to thaer cylinder (2) using different methodsbrazing, therme

compression welding. The cylinder with dielectric disc joins two other cylinders (3) and dieates
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pillbox shape. All these cylinders are joined with outer cylinder (7jpfoenhancednechanica
strength and for cooling (c). The pillbox shape covers two ends and connects rectangu

waveguide (5) through the cover plates (4).

Figure 4.2.1.: The section view of the pillbox type RF window (schematic \

The schematic view (Figure 4L9. will givea possibility to create requirements for the
development and design of the RF window (an eleati@gnetic design, a mechanical design,

brazing technologies etc.).

4.3.The requirements for the Pillbox type RF windows

In order to avoid dangerousituations and to increase durability of the RF window it is
necessary to consider all the requirements including the design, the fabrication, the installatio

and the operation activities.
Generally the new design and fabrication of the high quality vaciRF window are divided
into several different steps presented below.
1 The desired required characteristicsrequired documentation (the RF parameters,
vacuum and pressure levels, etc.);
1 The electremagnetic design (the calculation, the simulations for theer geometric

shape and the corresponding effective materials);
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The mechanical and thermal design (developing of the effective mechanical structur
and drafting ¢ including development of the material brazing and the welding
technologies, the items maafing specifications, the heat removal cycle desigine
thermoregulation systems, etc.);

Selection of the corresponding materials;

The machining (rough & fine) of the system parts based on the developed and design
technologies and drawings;

Surface prparation¢ treatment (cleaning, polishing, etc.);

Precise assembling;

Brazing and welding in corresponding accuracies (diffusion brazing and welding, therm
compression welding in a vacuum or an inert gas environments);

UHV test ¢ residual gas analyzingedk detection under the high temperature
conditions;

Tuning;

Preprocessing;

High power conditioning;

Conditioning under the RF;

Operation in real working environmentsunder the high RF power, UHV, pressured gas

and cooling conditions;

Generally the dagn of the RF window is divided into three main parts. The first is the genera
requirements part where the main parameters of the electromagnetic waves and the specifi
parameters of the RF window are calculated and simulated.

The second design part oféhRF window is the electnmagnetic design based on the main
requirements (first design part) which gives possibility to define the effective inner shapes and tf
materials of the RF window and it is followed by the mechanical and thermal design of the |
window based on the electromagnetic design results. This design parts include the development

the effective mechanical structure, brazing and welding technologies.
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The first designed schematic view of the RF window is important (Figure 4.2.1.) to tanders
the main designing problems including the corresponding materials selection, the developir
brazing technologies, the mechanical structure stabilities,effective thermoregulation.

Based on the design documentation of the fabrication procegsegchanical machining of
the separate items, polishing, coatings, mechanical measurements, brazing and welding e
followed.

The final steps are testing procedures. There are many testing procedures to evaluate tl
quality of the RF windows. The He leak détet and RGA are used to evaluate the vacuum
tightness and the residual gas properties.

The thermemechanical tests evaluate the window stability under the mechanical and therma
effects.

The final test is the simultaneous testing of the window under thghhpower RF, UHV,
pressured gas, thermoregulation condition.

The design requirements of the vacuum RF window can be varied depending on the worki
conditions.

The dielectric disc must have as high transparent level as possible for electromagnetic wav
Alumina and beryllia ceramics are widely used as dielectric discs in the RF window. Alum
ceramic has high mechanical strength and low thermal conductivity in comparison with beryllia.

The content, the homogeneity, the thickness atiet surface charaetistics are the main
descriptions of ceramics for the vacuum RF window.

The ceramics must have high electrical strength which can avoid from a breakdown of |
window under the high RF power.

To satisfy the vacuum RF window requirements it is necessadevelop and design new
special technologies including precise vacuum brazing technology.

The important requirements for the RF windows are presented below.

- High mechanical strength;

- High transparent level for the electrmagnetic waves;

- Low secondar electron emission;

- High conductivity of walls (metal);

- Reliability and durability;
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- Outgassing low level;
- High reproducibility;

- High level of homogeneity of materials structures;

Materials joints in the RF window must be precise, relialbégroducible, effective, low
magnetic features, high homogeneity, thermal shock resistance, low gas penetration, lo
outgassing level depending on the temperature, low adsorption characteristics.

The many joints of the vacuum RF windows are ceramic tpammopper to stainless steel,
copper to copper, stainless steel coating technologies. Copper is more suitable material for tl
inner side of the RF window which has high surface conductivity and thermal conductivity.

During the ceramic to copper jointedign it is important to take into consideration the joint

operational temperature.

4.4The pillbox type RF window mechanical design

4.4.1Materials for the pillbox type RF window

The brazed RF windows have many advantages like mechanical stabdityinstallation and
maintenancg107,108].

The pillbox type vacuum RF windowb@hd) has been mechanically designed [109].

The schematic section view of the mechanically designed RF window is presented in the Fig

4.4.1.
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Figure 4.4.1.: The sectioiew of the mechanically designed RF window.

The inner value of the window is divided into two pagt¥)HV and pressured gas by ceramic
disc (7). The ceramic thickness depends on the throughput level of electromagnetic waves, t
mechanical strength of camic and joint.

For the effective operation of the vacuum RF window the thickness of the ceramic disc mu
not be thin and thick.

The 4mm ceramic disc was selected for the design.

The main components of the pillbox RF window are presented in the Figdre Zhe main
components of the RF window are the flanges (1), the waveguides (2), the pillbox covers (3), 1
cupper cylinder (4) and the inner cylinder (6), the cooling input and the output pipes (5) and th

ceramic disc (7).
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1. The 316LN stainless stegbs selected as a material for the flanges. The 316LN SS has
high mechanical strength, a low magnetic permeability, a high machinability, a coating ability ar
can effectively be used in the RF windows. The flanges have been mechanically designed for
WR284 waveguide standard.

2. The oxygen free high conductivity (OFHC) copper was selected as a waveguide matet
The OFHC copper has high electrical and thermal conductivity and majdrégdSwaveguides
materials are OFHC copper.

3. The 316LN stainless sflewith coated copper in the inner surface was selected as a cylindel
cover material.

4. The OFHC copper was selected as a cylindrical ring material.

5. The 316LN stainless steel was selected as a fitting for input and output cooling water. T
stainless steekiinert material for water and is used for the RF window cooling.

6. The OFHC copper was selected as a cover material.

7. The 99.7% alumina was selected as a ceramic ring.

The 316LN stainless steel for a high surface conductivity needs inner surface coatipgen
The electrochemical and PVD methods can be effectively used for high quality copper coating o
stainless steel surface [110].

The Beryllia ceramic has higher thermal conductivity than alumina [111].

The geometric shape of the mechanical des@yi®~ window is preliminary and for precise
geometric shape an additional electroagnetic simulationis necessary.

Depending on the electromagnetic design of the RF window the Kovar can be used as a

material.

4.4.2. Brazing of the ceramic disc to metaig for the RF window

One of the difficult and important joints of the RF window is brazing the ceramic disc to thi

metal ring.
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a. b. C. d.
Figure 4.4.2.1: The section views of the cylindieaamic to metal fixation

(problematic zonekp

The fabrication of ceramic disc to copper ring systems is difficult process and inthedes
following steps;the fabrication of alumina disc and copper ring, the fixation of the ceramic disc tc
the copperring.

The fixation of the ceramic disc to the Cu ring is difficult process (assembling difficulties
shown in the Figure 4.4.2.1.) and the assembling specifications are described below.

a. The ceramic disc has higher diameter than the Cu ring. In this ttesdixation is
impossible.

b. The fixation ceramic disc to the Cu ring with solder is difficult but possible.

c. The effective fixation way is the fixation of ceramic with chamfer or fillet. In this case the
contact area for the ceramic disc to the Cu rinpvg and it is undesirable for the future brazing.

d. The fixation of the ceramic disc to the Cu ring using corresponding tolerance in the items.

According to the fixation evaluations the sizes of alumina and ceramic items must be
corresponding toleranes for an effective fixation.

For an effective brazing procedure the contact area of ceramic and copper must be as high a
hermetic as possible (without any chamfers and fillets).

Three main methods can be used to fix solder in the ceramic disc to gpecaoylinder.

1. Using thin foil solder;

2. Using solder wire in the upper side of the ceramic ring which is fixed horizontally;

3. Using coating solder in the ceramic side surface.
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Before the items fixation it requires metallization in the ceramic surface IiNV1o+Ni).
The ceramic disc to copper ring assembling scheme is presented in the Figure 4.4.2.2.
The ceramic disc (a) is moved into the middle of Cu cylinder (b) and received assembly (c

fixed by the Mo wire (d).

a. b. C. d.

Figure 4.4.2.2.:He ceramic disc to the copper ring assembling scheme.

Solder quantity and solder fixation in the joiate one of the important points of the brazing
processes. The developed solder fixation solutions are presented in the Figure 4.4.2.3 a
described bedw:

a. The solder wire (3) is placed in the upper surface of the ceramic (1) and near surface of t
Cu ring (2). The solder is placed before fixation with Mo wire (4). This fixation method is easy
solder wetting in alumina to the copper contact zone Wwal difficult during the brazing process.
The disadvantage of the method is the solder low wetting on ceramic to Cu interlayer surface.

b. In this case thin solder sheet is used (it can @lsaoated solder surface or mechanically
hermetical fixed sheet) (F)etween ceramic (1) to Cu (2) ring being fixed by the Mo wire. This
method can give possibility tbraze hermetically the ceramic to the Cu with maximum contact
area.

- The usage of the special grooves is another method to fix the solder. In this case tt

contact area is small in the ceramic to iGterlayer zone.
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Figure 4.4.2.3.: The solder fixation method for an effective brazing

The ceramic disc to the Cu ring fixation using Mo wire is presented in giueeH.4.2.4 and
described below.

a. Before brazing process the ceramic (1) is fixed to the Cu (2) joint using the Mo wire (3).

b. During brazing process under the high temperature conditions the Mo wire (3) deforms thi
Cu cylinder (2) and it gives possibilioypress the Cu cylinder to the ceramic disc (1). This is an
effective method which provides an effective brazed joint.

c. The combination of Mo wire (4) and Mo foil (3) will be an effective fixation to &vord
the deformation ofthe Cu cylinder (2) toXithe ceramic disc (1).

The method (using the combination of the Mo wire and foil, ring) can decrease the deformatio

\'\
N I\".
% 4I|

7

level in the Cu cylinder.
\ .L
%\\
I|
=z I|I

Figure 4.4.2.4.: The ceramic ring to the pepcylinder fixation.
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These fixation methods can effectively be used for different kind of materials.

The mechanical structure of the vacuum RF window has been designed and the section viev
presented in the Figure 4.4.2.5.

In case of the ceramic diso the long Cu cylinder fixation two brazing zones are reduced from
the window (Figure 4.4.2-8) but the precise fixation problem for the items increases (Figure
4.4.2.5¢).

In case of the ceramic disc to the short Cu cylinder fixation the items fixatianbe easily

realized but the additional grooves for solder are required for the brazing (Figure 403.2.5

Figure 4.4.2.5.: The RF windowschematic view.

The requirements for s@sce characteristics of the Cu cylinder (roughness) depends on the
electromagnetic calculation of the RF window.

The fixation scheme of the ceramic disc to a long Cu cylinder is presented in the Figure 4.4.2.

Before the items fixation the ceramic dis) has been metallized and Ni plated (b), afterwards

the corresponding solder is assembled with the Cu cylinder (c).
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a. b. C.

Figure 4.4.2.6: The fixation scheme of the ceramic disc to a long Cu cylinder.

4.4.3. The RF window brazing

The RF winow brazing can be implemented with a step (one brazing process) under the hig

temperature conditions. According to this method it is difficult to receive a high quality joint.

a. b.
Figure 4.4.3.1.: The 3D model (a) and the section view (bpaf@&pillbox RF window

The mechanical designed pillbox RF window is presented in the Figure 4.4.3.1.
The RF window consists of the flanges (1), the waveguides (2), the pillbox covers (3), a cera
disc (4), a pillbox cylinder (5), the fixation rings €Jixation Mo wire (7), the water input and

output fittings (8).
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The precise technological project requires the RF window brazing implementaiibna

process including some experimental investigations. This process implementation requires o

type solcer.

The RF window separated items brazing can be implemented using several solders under

different melting temperature.

The designed brazing technology for the RF window consists of several steps which e

presented below.

1.
2.
3.

Brazing the window pill botype part;
Brazing the flanges to the waveguides;

The final brazing of the RF window.

. The section view of the window pill box type part is presented in the Figure 4.4.3.2. Befol

that it is requireda metallization of the ceramic disc (1) and TIG vmgldif outer cylinder

(4) to the water input and output fittings (5). The window pill box type part consists of a
ceramic (1), an inner Cu cylinder (2), fixed Cu cylinders (3), an outer cylinder (#eand
water input and output pipes (5). The preciselsambled joint can effectively be brazed
under the vacuum and high temperature conditions.

The window second brazing part is presented in the Figure 4-4.8/Bich consists of the
stainless steel flanges (1), the Cu waveguides (2) and the pill box ¢8uerbe items have
special grooves for solder. The pill box cover (Fig. 4-4)3i8 stainless steel with a Cu
coated in the inner side. The brazing can be implemented with one process under the hig
vacuum and high temperature conditions using Pacoies.

The third brazing process is thmplementation of the first (pill box type part) and the
second (waveguide with flange) parts of the window with one process using-@@Z

solder (Figure 4.4.3.3).
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Figure 4.4.3.2.: The cerandisc to the Cu cylinder brazing.
This method will be more efficient in the casé the several RF windows fabrication. The

precise fixation of all items and joints are important before the brazing procedure. The precisic

tolerance of the items is the nsb important part for the precise fixation.

® =

Figure 4.4.3.3.: The RF window brazing scheme.

Different kinds of pins can be effectively used for the fixation of the window flanges in on
precise direction.

The RF window items precisgdtion is very important during the diffusion brazing process.

The fixation methods have been designed for the RF window fixation during the brazing proce

under the high temperature brazing conditions.
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Figure4.4.3.4.: The fixation of the materials for a diffusion brazing.

The fixation methods are presented in the Figure 4.4.3.4 (red color).

The first fixation system (Figure 4.4.@a¥ consists of an outer (1) and inner fixation part (2).
The outer fixationpart is fixed to the water input and output fittings and consists of two plates
and bolts, nuts and washers. The inner fixation part is fixed to ceramic disc and it consists
several parts (a,b,c,d,e). The fixation parts of near to the ceramic (c dral/d)similar coefficient
of thermal expansion for effective cooling down during the brazing process. The fixation par
(a,b,c,d,e) are used to receive a high parallelism of ceramic disc during the brazing process.

The second fixation system is presentedtihe Figure 4.4.34. The fixation mechanism is
shown in red coloA. The developed system gives an opportunity to fix the RF window from the
outer side without using any pins and other fixation systems.

The developed and designed fixation systems cd@cgbely be usedo braze the RF window

under the high temperature conditions.

4.5.The mechanical and thermal simulation of the waveguide for the RF window brazing process

The geometric shape accuracy of the RF window components is important timeldngh
temperature brazing condition for an effective brazing process. wheeguideis one of the

important RF window components.
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The thermemechanical simulation has been done tbe RF window waveguide under 8@

high temperature conditions.

Mass + gravity

Cu Waveguide

a. b.

Figure 4.5.1.: a. th&vaveguide in the RF window, b. the waveguide shape.

The waveguide in the RF window (a) and the waveguide shape (b) are presented in the Fig
4.5.1. The material of the waveguide is Cu. The weight of wavegusdéki.

The simulation is implemented under the 15kg mass effecting on the wavedihéemass of
the Cu waveguide is 239.85g.

The simulation has been implemented in a static regime.

The thermemechanical simulation results (stress (a), the displacemenafd the strain (c))
are presented in the Figure 4.5.2.

The maximum stress value for the waveguide under °80Qemperature condition is
3.39096e+009 N/M(Figure 4.5.2).

The maximum displacement value in the waveguide is 0.039mm (Fig-b}.5The maxnum
strain value is 0.0065 (Figure 4.&2

According to the thermanechanical simulation results the waveguide can effectively be brazec

under800°C temperature and under 15kg mass conditions as a part of the vacuum RF window.
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C.

Figue 4.5.2.: The thermamechanical simulation results of the waveguide.

Some Cu mechanical parameters are shown in the Table 4.5.1.

Yield strengt 2.58e+008 N/
Tensile strength 3.94e+008 N/m
Elastic modulus 1.1e+011 N/m

Mass density 8900 kg/mt

Themal expansion coefficient 2.4e005 /K
Table 4.5.1: Cu mechanical parameters.
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