CANDLE Synchrotron Research Institute

(Center for the Advancement of Natural Discoveries using
Light Emission)

Vacuum Systems and Metal-Ceramic Joints in Advanced Accelerators

A Thesis
Submitted for the degree of Doctor of Philosophy (PhD) of Technical Sciences in division of
"Charged Particle Beam Physics and Accelerator Technology" 01.04.20

PhD Student — Vahagn Vardanyan

Scientific Supervisor — Doctor of Technical Sciences - Vardan Sh. Avagyan

Yerevan 26.10.2017



The modernity and importance of the problem:

The success of the design and creation of new generation accelerating technology
mainly depends on the material choice, the technologies of basic joint generation, the
exploitation features and the dependence of temperature-temporal characteristics
connected to the charged particle beam power, etc.

For example, AREAL (Advanced Research Accelerator Laboratory) laser driven RF gun
based linear accelerator was operated in Armenia. It provides 2-5 MeV energy and 10-100
pC bunch charge for electron impulses. For the creation of free electron laser in AREAL
accelerator, it is planned to increase the beam energy up to 20-50 MeV.

Depending on the commissioning conditions of metals and metal-ceramic joints in
accelerators high requirements are made for the following parameters: mechanical
strength, vacuum tightness, reliability, temperature and radiation resistance, etc.



The main purposes of this thesis are fabrication technology development for high
qguality vacuum tight ceramic-metal joints and system design for precise commissioning of
accelerators under the condition of particle energy change in accelerators.



Main topics discussed in the thesis defence:

- Thermoregulation systems for electromagnetic vacuum systems of
AREAL linear accelerator — thermoregulation system of RF gun,
thermoregulation system of klystron and cooling system for solenoid
magnet.

- New brazing method for difficult geometric shape ceramic and metal
materials, based on inner and outer volume pressure differences of
materials.

- New bonding method for bonding cylindrical ceramic and metal items
based on local warming up and pressure effects.

- Vacuum RF window (brazing technologies) and RF window test stand
design.



Scientific novelty :

»New brazing method for difficult geometric ceramic
and metal materials, based on inner and outer volume
pressure differences of materials.

» New bonding method for bonding of cylindrical
ceramic and metal items based on local warming up
and pressure effects.



Chapter 1. AREAL Linear Accelerator — the main parameters, UHV and

UHV and Thermoregulation systems of AREAL linear accelerator.

Main scheme of AREAL Linear accelerator
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UHV System of AREAL
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Achieved vacuum level —
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Main parameters

Vacuum level

Upto 10" 1%Torr

Main construction material

304 stainless steel

Max. temperature

Upto 450°C

Vacuum gauges

Inverted magnetron

Penning

Pirani

Vacuum pumps

lon pumps

TPS pump

The main purposes of UHV test stand are testing of all UHV components, control systems,
devices, vacuum-tight joints (metal-metal, metal-ceramic), in vacuum movers, bake out
processes of UHV components, etc. before installation in the main acceleration system.

oOuewWNE

Thermoregulation system of RF gun,
Cooling system of solenoid magnet,
Thermoregulation system of Klystron,
Klystron,

Linear accelerator,

Feed water pipes for RF gun and solenoid
magnet — water input and output pipes).




T-I Water Tank

)— -

—

Tomporature sonsor

Resonator 30W
+/0.5°C

3.6 Vmin

Water Pumps

Characteristics Value
Resonator | Magnet
Cooling capacity (W) 500-1500
Temperature range 30-55
Temperature stability °C +/-0.5 +/-1
Water flow rate (I/min) 3.64 20.5
Pressure (kg/cm?) <4.2
Temperature sensor Pt100

Coolant Distilled water
Water deionization range 50M Q-cm
Nominal pressure (bar) 3.3




b

*Fast and precise thermoregulation systems have been designed and assembled for an
effective and reliable operation of electromagnetic vacuum systems of AREAL linear
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 are able to provide a temperature control with up to +/-0.5°C
accuracy.

*An UHV test stand has been designed and assembled for testing and investigating the
components of the UHV system, as well as the metal-metal and metal-ceramic junctions in
the UHV.

*An UHV system has been designed and assembled for an effective operation of electro-
magnetic systems of AREAL linear accelerator.



Materials for vacuum-tight ceramic-metal joints. Review Part

Main requirements for materials Solders and materials wettability
- Low outgassing rate,

- Thermal shock resistance,

- Low material penetration, @

- High mechanical strength, A

- High weldability and brazability,

- High machinability, Materials structures Homogenelty

- Reliable during long time,

- Repeatability and Dimentional stability,

- Eappropriate electro-mechanical characteristics,
- Absorbcion and desorbcion characteristics,

- Surface oxidation characteristics,

- Corrosion resistance,

- Metallization characteristics.

Without dislocations, content inhomogeneities,
cracks, inner impurities, etc.
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Materials Review Part
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- High mechanical strength (wide range of temperature);

- Thermal shock resistance (numerous thermal cycles);

- Low outgassing level (corresponding bake-out, adsorption, desorption level);

- Low material penetration for gasses (H,, Ar, N,, H,0, etc.);

- Corresponding electromagnetic features;

- High reliability and durability (geometry and structure stability during operation);

- Reproducibility — geometry, structure;

- Non-magnetic properties of brazed materials (depends on operational environment);

E—

Bonding Technologies for Vacuum-tight Ceramic-metal joints.

= Active brazing technology;

= Brazing based on ceramic metallization technology;

= Thermo-compression bonding technology (diffusion welding);
=  Gluing technics;

= Mechanical sealing technics.
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Technologies for ceramic to metal bonding.

Review Part

1. Moly Manganese Metallization
Al203 Ceramic

Ceramic

Mo-l* Paint

Ceramic

Sinter 1500 C Wet H2 atmosphere

Ceramic

Ceramic

v

Brazing with solder

Ceramic

2. Active brazing

Ceramic

Molybdenum - Manganese Metallization

3. Gluing technics

Ceramic

Ceramic - Type Metallization Past Concentration %
Mo 100
Mo : Mn 80:20
22%, 224C Mo :Mn:Si 80:20 (+5)
) Mo : Mn : TiH, 80:20: 10
Alumina Mn : Mo,B, Mo 20:10-15:70-65
A-995 Mo :Mn: Mo,B. :B-22 |74:15:5:6
Sapphirite Mo : Mn : V.0, 75:20:5
Monocrystal sapphire Mo :Mn : Mo,B; :BB22 |74:15:5:6
Rubine Mo : glass CT-1 70:30
Beryllium ceramic Mo :Mn:Si 80 :20: (+5%)

Metallization process

Coating type Temperature duration Cooling speed Environment
oC/min
Mn, Mo (22X, 22XC, A- 1270-1400 20-40 -10 Ny,:H,=2:1
995, M-7) N,:H,=3:1
dew point
+15 - +25°C
Mo, Mn, Si 1280-1320 40 Cooling -4.2 N,:H,=3:1
dew point
+15 - +25°C

Electrochemical Ni plating
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Vacuum Furnace

and decreasing

Max. temperature 2000 °C

Vacuum level 10Torr

Heater Tungsten

Power 35KW

Working chamber size 150/150/460mm
Chamber cooling Water

Chamber shielding Molybdenum
Heater voltage increasing By hand

Mixing machine
(metal powders)

Polishing machine

Ceramic machining system

|
> o

Metallurgicél icroscope 14
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Metallization samples
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Alumina to Cu brazing

Cu

Al,0;

A- Brazed zone

Brazing Alumina to Kovar
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Alumina to Cu gluing

Alumina to Alumina gluing

Disadvantages

-Low mechanical strength,
-Low working temperature,
-Short lifetime,

95% Alumina to Alumina Joint




eLiterature review for materials and brazing technologies for vacuum-tight ceramic-metal
joints have been done. The molybdenum — manganese metallization technology was
mentioned as more reliable technology for fabrication of vacuum-tight ceramic-metal joints.

*The importance of equal pressure creation and corresponding pressure level on items
during pressing process for high quality metal-ceramic joints have been mentioned based on
experimental and calculation methods.
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New Diffusion Brazing Method for Dissimilar and Difficult Geometry ltems.

Heater g Gas outpo GG r @ Experimental results
/ N

T AT

Chamber Metallization layer
N \ Solder
\ N
Compensator | _Support
N \ Vacuum port
Fixation part-1 N /
. /\/\/\J*
Gas input port - ]
=] N/
‘ Side a. — 103 Torr

Fixation part-2

Side b. — atmospheric or 0.5 Atm pressure.

Advantages
- Equally pressure effects on items,
- Flexible pressure regulation,

22



New bonding method (diffusion brazing or welding) for cylindrical materials.

] 4 5 6

R | B B 1. Ceramic,
2. Metal,
3. Ceramic,

4. Molybdenum wire,
5. & 6. Wire fixators.

» New bonding method for bonding (diffusion welding or brazing) of cylindrical materials items,
especially ceramic to metals by using locally heating and pressure receiving.

The temperature regulated by supplied electrical current.

Advantages
- local heating;

- local pressure;
- Fluent regulation of temperature
and pressure; Alumina to Cu brazing

- Equal Pressure exert Mo wire fixation
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Ceramic,
Foil Fixing Parts,

Molybdenum Foil,

L]
PwnN e

Metal

Deformations

Curing

Ceramic

Mo foil

Temperature - 850 °C
Fixation - Mo Foil

Stress

von Mises (N/m”2)

4.354e+009
l 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

Temperature - 850 °C
Fixation - Mo Wire

von Mises (N/m”2)

Ceramic

5.014e+009
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
1.774e+008

Stress

CuRing

Mo wire
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Strain ESTRN ESTRN
5.3456-003 25106002 Temperature - 850 °C
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1000

Max. working temperature 134 °C 900
800
MPa S 0
650 2 600
» 00
o 8 400
e b 300
o ) 200
200 100
100 0
0

Stress.

ceramic-metal joint;
TPS pump;

lon pump;

Vacuum chamber;
Vacuum gauges;
Heater.

300
280
260
240
220
200
180
160
140
120
100
S0
60
40
20
0

SO 100 150 200 250 300 350 400 450 S00 550 600

-« Pressure
-» stress

-+ tensile strength
.. temperature

Time, s

Temperature, °C
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* New diffusion brazing method for dissimilar and difficult geometric ceramic and
metal items was developed and designed.

* New diffusion bonding method for bonding of cylindrical ceramic and metal items
was developed and designed.

* Thermo-mechanical simulations of ceramic disc — Cu ring system with different
fixation methods and temperature conditions have been done.
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Requirements

- High mechanical strength;

- High transparent level for electro-magnetic
waves;

- Lower secondary electron emission;

- High conductivity of walls (metal);

- Reliability and durability;

- Outgassing low level;

- Higher reproducibility;

- High level of homogeneity of materials
structures;

1. Flange

2. Waveguide

3. Pill box cover

| 4. Cylinder 1.

| 5. Water input and output pipes
i 5 6. Cylinder 2.

| 7. Ceramic disc

v

Fixation

Ceramic disc Cu cylinder Assembling

Ceramicdisc to Cu Cylinder assembling 29
Fixation - Mo wire




Ceramic Disc to Metal (Cu) Cylinder Brazing — Solder Fixation

Lk

1 — ceramic disc, 2- metal cylinder (Cu), 3- solder, 4- Mo wire

NS

3

™~

S

2

a — Solder Foil

b — Coated Solder Layer

NS

b4
£33
02

. '.'.

v
.’.

!
F

Mo wire immersion
(deformation)

A\

Mo Wire to Mo foil combination

1-ceramic disc,
2- Cu cylinder,
3-Mo wire,
4-Mo foil
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Fixation methods for Diffusion Brazing

Weight of RF window is 3.5 kg

Pressure - 15kg.
Temperature -800 °C

von Mises (N/m"z)

3.391e+009
l 3.108e+009
2.826e+009
-2.543e+009
2.261e+009
1.978e+009
1.696e+009
1.413e+009
1.131e+009
-8.481e+008
5.656e+008
2.831e+008
5.388e+005

» Yield strength: 2.586e+008

Mass + gravity

Cu Waveguide

ESTRN

6.517e-003

l 5.974e-003
- 5.432e-003

- 4.889e-003

4.347e-003
3.804e-003
3.261e-003
2.719e-003
2.176e-003

1.634e-003
1.091e-003
5.484e-004
5.845e-006

Strain
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Temp (Celsius)

3.579e+03
l 3.282e+03
- 2.985e+03
- 2.688e+03
-2.391e+03
2.094e+03
1.797e+03
1.500e+03
1.204e+03
-9.067e+02
6.098e+02
3.129e+02
1.600 +e01

~

2l
-

Temperature
e

URES (mm)

3.435e+000
I 3.166e+000
- 2.897e+000

- 2.628e+000
- 2.359e+000
2.090e+000
1.821e+000
1.551e+000
1.282e+000
-1.013e+000
7.442e-001
4.751e-001
2.060e-001

Displacement -
i

>

o

von Mises (N/m*2)
5.527e+009
l 5.066e+009
- 4.606e+009
- 4.146e+009
- 3.685e+009
3.225e+009
2.765e+009
2.765e+009

- 1.844e+009
- 1.384e+009

9.234e+008
4.630e+008
2.657e+008

ESTR?

1.388e-002
l 1.272e-002
-1.157e-002

- 1.041e-002
- 9.258e-003
8.102e-003
6.946e-003
5.791e-003
- 4.635e-003
- 3.480e-003

2.324e-003
1.169e-003
1.301e-005

Strain
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‘ \ Ceramic- Cu-Mo ring

For testing of Ceramic to metal,
metal to metal joints for
RF windows

Ceramic- Cu-SS-Mo ring
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CutoSS CutoCu

SS — Stainless Steel

7 -

Water In

Coolant — distilled or deionized water
ﬂ

- Thermal tests;

- Vacuum tightness tests;

- Mechanical Tests;

- Vibration tests;

- Outgassing tests;

- Electro-mechanical tests;
- Humidity tests;

- Roughness measurement;
- Hardness measurement;

- Rotation test.
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* The vacuum RF window has been designed including the materials selection, the thermo-
mechanical simulation, the developed brazing technology, the evaluation of materials
fixation methods to braze under the high temperature conditions.

*The vacuum RF window test stand has been designed and developed to test ceramic-metal
joints under UHV, high temperature and RF conditions.

*The testing methods for the vacuum RF window are mentioned including leak detection,
RGA (residual gas analyzing) under room and high working temperature conditions.
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Conclusions

1. The diffusion brazing, a new method for dissimilar ceramic and metal items with difficult
geometric shape, has been developed by the implementation of pressure differences in the
inner and outer volumes of a joint system. The pressure in the inner volume of a ceramic-
metal system is from 0.1 to 10° times lower than the pressure in the outer volume.

2. The diffusion bonding, a new method for cylindrical ceramic and metal items, has been
developed. The assembled items are heated by the provided electrical current due to the fixed
metal wire. The inner ceramic material and fixed metal wire have similar coefficients of
thermal expansion which are lower than the ones of the outer cylindrical metals.

3. The thermoregulation systems for a precise operation of the vacuum electromagnetic
equipment (Klystron, RF gun) of AREAL linear accelerator have been designed and fabricated.
The thermoregulation system of klystron provides +/-0.5°C temperature accuracy. The
thermoregulation system of the RF gun is a precise and fast system which provides +/-0.1°C
temperature accuracy.

4. The Ultra High Vacuum (UHV) test stand has been designed and fabricated to test and
investigate separated accelerator UHV components. The commissioning temperature range of
a vacuum tight ceramic-metal joint has been defined by calculation and experimental results.
The experiments have been carried out under 130°C temperature and 7-10°Torr vacuum
conditions.

5. The vacuum RF (Radio Frequency) window has been designed. The stress and strain properties
of the RF window have been defined by a modeling method under the diffusion brazing
temperature.
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