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Abstract

This master thesis has beerwkloped at CERN, European Cefdr Nuclear Reseah,
aiming to bettermeasurethe stickingfactor of different molecules on the walls of the
materials used in vacuum technolagkirst of all,the interaction betweenwater
moleculesand stainless steeVacuum chamberbas been studiedWater desorption is
considered the main obstacle for a fast achievement of UHV (Ultra High Vacuum)
pressuresn unbaked systemgaJsinga hew experimental setip the quantities involved
in the calculation of the sticking probabilityave beenknown and catrolled: the
guantity of gas injected, the temperature and the quantity of gas adsorligd high
time resolution to evaluate the dynamic phenomena of water absorption

Furthermore, the procedurdo calculate the sticking factdnas been studiedf
different molecules (Kl No and CO) in vacuum chambengernally coated with a Non
Evaporable Getter (NEG) thin film.

These chamberare testedin the laly before their installationThe aim of the work
has been to upgrade the testing proceduazoiding the saturation of the vacuum
chamber at the same time is being measuredrticularly when measuring gases with
high sticking factor like C®inally,a new acceptance test sep has been evaluatedly
means of fast injections of gas, which shibpreserve from saturation andllows to

measure the sticking factor at higher pressures




Sommario

Il seguente lavoro dalirea estato sviluppato al CERN, Centro Europeo per la Ricerca
Nucleare,con | " obi ettivo di c ompr e redoenene dia | me g |
sticking tra molecole e pareti delle camere utilizzate nella tecnologia del vuoto. Per prima

cosa, éstst udi at a | i nterazione tra molecol e d’
Proprio il d e s éconkiderate it maggioproblamsaaql waggiungimento

delle condizoni di Ultra &d Vuoto (UHV) nei sistema unbakddisando un nuovo setp

sperimentale, é stato podsile conoscere e controllare attivamente le quantita in gioco

nella valutazione della probabilita di sticking, cotaequantitd di gas iniettato, la
temperatura e la quantitd di gas adsorbito. Inoltre, é stato testato un nuovo coating in

ossido di cromo, cercando di valutare i possibili guadagtermini di tempodi pump-

down rispetto all’acciaio inossidabile.

La seonda parte del lavoro sigvolta invece sullo studio della procedura di test di
particolari camere a vuotointernamente rivestite con urhin-f i INen-EVaporable
Getter’(NEG)

Queste camere, prima della lonostallazionevengono testate in laboratorio. Lo scopo
di questo lavoro é stato quello di migliorare la procedura di test, tenendo in
considerazione un fenomeno come la saturazione dei diitadsorbimento déh
superficie NEG. Infine, é stato proposto un nuovoilgeper test di accettazione delle
camere che, utilizzando iniezioni di gas veloci, consengwitiirne la saturazione allo

stesso tempo di riprodurre piu realisticamentegl@antita di gas presenti in acceleratore




CHAPTER 1
INTRODUCTION TCERN

This thesisis the outcomeof research workcarried out during one/ear spentat the
European Organization for Nuclear Research (CERN) In Geneva, Switzerland.
Thiscentre, founded on 29 September 1954 by 12 countries of the Western Europe,
aimed to obtain the leadership in physics for Europe, since in those years the principal
researchcentres were in the USA. Nowadays CERN is the largest particle physics
laboratory in the world, including 21 member countries and collaborationsregbarch

groups from all over the world.

Figurel: Third session of the provisional CERN council in Amsterdam on the 4th October 1952. /
session, Geneva was chosen as the site for the future laboratory (courtesy CERN).

The frst CER’ s accel erat or , 600uMeVSynchrooyclairén5SC), wa s
providing beams for the first particle and nuclear physics experiments. Today with LHC,

the longest accelerator ever built with his¥Qaof length(and with the perspectie of




FCCa future p mRalong one) a high level study of the constituents of matter is
provided by means of the acceleration of the particles close to the speed of light and
their consequent collision revealed by detectors. In this sense, the actual structilre of

CERN accelerator complex is showeHigure2.

Figure2: Scheme of CERN accelerators complex. (courtesy C

Different steps of acceleration are provided depending on the type of accelerated
particle (protons or heavy ions like lead or argohand the destination (different
experimental areas or interaction points of LH@yotons are created in a linear
acceleratorLINAC 2. They pass through BOOSTER, PS and SR&emg$eirvelocity
approaches morand moreto the speedof light Finally,two beamsare injectedinto

LHC, the Large Hadr&ollider,andreach their maximum energy before collidingtlire
interaction points where the detectors are installethe design energyf LHOs 7°YQ @
(per particle), with aluminosity (the ratio between the number of events per second

0 generated in the LHC collisions and the cresstion, for the nuclear event

under study) op 1T i i




1.1 Vacuum at CERN

At CERN different vacuum levels are found depending on the requirements of different
installatiors, from low vacuum in some experimental areasetdreme high vacuum
(XHY) in LEIR or in ELENA rings.

One of the mosinteresting vacuum challengg CERMre the LongptraightSection (LSS)

of LHQLarge Hadron ColliderAsshownin Figure3, there are eight LSS in LHC, dividing

the ring into eight sectors with experimental and utility purposes.
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Figure3: Schematic view of the LHC, showing tleeation of the eight Long Straight Sectic

The most critical areas ardaé interaction points where thewo beams collide.The
pressure must be lowethanp 1 @& @ ¢and the detectors occupy most of the space
available

Almost all these chambers amternally "Y'Q ®©i wcoated a Non Evaporable Getter
alloy (NEG) which absorlmsolecules after thermal activatiofbake-out). These coatings
were developedat CERNetween 1995 and 200Z'he use of NEG coatings transform
the vacuum chamber from a gasurce (outgassing) to a gas sink (pumping) with the

collateral benefitof e-cloud mitigation because of itew secondaryelectron yield (SEY).




Linearly distributed ion pumpsand NEG strigswere used in the past for such

applications.
From 28 m to 115 m NEG chambers
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In every accelerator at CERMternal pumping grouppumpdown from atmospheric
until p T & @ &) then the accelerator is ready to switch on its ion pumps or start a
bakeout cycle depending on the required vacuum leVéle entire process of pressure
decrease (called pumgown) takes between 12 and 4Bours, depending on the
outgassing of the componenisstalledand available pumpsrothe vacuum sector.

The longpump-down is required because the time needed to remove the water
absorbed on the surfaceThese molecules are adsorbed on thwalls of vacuum

chambers everyime they are exposetb the atmosphee.
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1.1.1 Costs linked to water desorption for CERN accelerator complex

The time required for pumyolown to reach UHV has following casts

1 Nonexploitation costs. In 2012, the imeentions took nearly 500 hours
intotal. In average, half of this time lost in obtaining again lopressures
in the line. The whole LHC aaeitor complex, a 1.56illion € machine is
blocked 250 hours each year because of ptadop/n or bakeout.
1 Intervention costs: costs linked to tleguipmentand manpowerneeded
to reduce water outgassing. For example, hg&0 sectors peyear need
to bebaked for technical stops, e pr esent i ng @&eacost of
1 Design costs. In order to be able to undergo bakés, LHC vacuum
chambersrequire a dedicated design. For exampthe copper used for
the 6 km roomtemperature beam lines, is doped with silver in order to
obtain higher thermakonductivity, resulting 40% more expensitan

usual OFHC (Oxygen frigigh thermal conductivity) coppér

Considering whais exposed abwe, it is clear how th@bsorptionof water influences
both LHC and the injectoevailability
Forthis reasonthe understanding of the water absorption phenomena is important

prior to test methods to minimize its effects
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CHAPTER 2
VACUUM TECHNOLOBRINCIPLES

Vacuum technology midely used, not onlyon particle accedrator technologybut
alsoon aerospace, food processing, fusion and medical sciences. At CERN accelerator
complexthe role of vacuum is to avoid interactions of the beam with thedesl gas
This could lead to critic@mittancechanges on the beam, with partidessesrom the
beam and local thermal loads

In vacuum systemst is used to speak about vacuum in respect of lower pressure
levels than that othe surrounding atmospherdt ispossible to define different vacuum

rangesas shown imable2.1.

Definition PressuréBoundares
[mbar]
Low Vacuum LV 10°-1
Medium Vacuum MV 1-107°
High Vacuum HV 102 -107°
Ultra High Vacuum UHV 109 -10712
ExtremeVacuum XHV <1012

Table2.1 Degreesof vacuumand their presure boundariesfrom Lafferty*.

2.1 Basic notions

2.1.1 Ideal Gas Law

A rarefiedgas which obeys to thieleal gas state equatiooan be defined asleal

12



b6 .7QY Eq.1

or

where p, V and T are the gas pressure, volume and temperature, respectively;
is the Boltzmann constanp® ¢ TQp 1 W ); N is the total numbeof moleculesn
the gas and is thegasparticle density[&@ . Pressurevolume quantities- called as
Quantity of Gas- are often expressed in terms afiumber of moleculegividing them by

kgT as given in the equation of state.

According to the International System of Units pressumnémsure in Pascal (Pa), but
very often is substituted by mbawhich is =100 P& orricelli £133,32 Phis also widely
used,mostly in the USA

Presaure 293 K 4 K
[Pa] [molecules cm?] [molecules cm’]

@t\;gf’s‘)he”c pressureat sea 1.01310° 251019 1.71021
Typicalplasma chambers 1 25104 171016
hl rr:]ziatcz Cermpressure upper 105 25109 171011
Lowest pressure ever 12 250 A
measured at room 10 1710
temperature

Table2.2 Typical number density at room temperature and helium bailing paint ®

2.1.2 Gas Kinetics

Kinetic theory (1860) introduced a model whiwktter described propertiesf agas
as temperature, pressure and volume due to thmpact of the particlesto the
13




surrounding walls. The MaxweBoltzmann model provideso a probabilistic distribution

of the molecular speed magnitudes.

gy QY'Y
At D

Where m is the mass of the molecule, M is thelar mass, R is the ideal gasistant

and’Q the Boltzmann constant. Some typical values of are showr in Table2.3

0 60 0 01
0 at293 K— 1761 622 470 394
0 at4.3K-— 213 75 57 48

Table2.3 Mean speed at different T according to the Boltzmdistributior?

From MaxwelBoltzmann theoryis therefore possible to obtairthe molecular
impingement rate at whichmolecules collide with a unit surface area.

Assuming ainiform molecules densitg all over the wlume, it can be shown that:

p. . A€ Qwod a Qi
% —& UL T e s e s et Eq-4
T 0 £ Qo e VANG Q

. . o]
In vacuuntechnology %.s usually expressed in—— .
o]

To have an idea of how differegasses impinge on surfaces, numerical values are shown

in Table2.4.

14



Gas Pressurgmbar] o aeaQwoat
6 £ Vo e QHG

N2 1073 2.9x 1017
1078 2.9x 1012

H2 1073 1.1x 1018
1078 1.1x1013

10714 1.1x 107

H20 1073 3.6x10L7
1078 3.6x 1012

Table2.4 .. Impingement rate for commogases at room temperature at some selected pre

MaxwellBoltzmannbaseghe calculation ormoleculemoleculeand moleculewall
collision modelsso giving information on the rate of the molecular collisidnghe
first case, themain paramete is theaverage length of the molecular path betwete
points ofconsecutive collisionghe mean free path _ ), whichis inversely

proportional to the number density %Yand the collision cross sectibn , as given

by Eq2.5.

Forelastic collisions betweengid spheres, EQ.6.

p TQ "Y

—— — Eq.6
Ng €1 Ng“ 0

When the mean free path is of the order of typical dimensions of the vacuum vessel,

for example the diameter of cylindrical beam pipes, molecular collisions with the wall

15



of the vacuum envelopstart to become preponderant-or even longery , the gas
dynamics is dominated by molecuiall collitions; intermolecular interactions lose any

effect on the gas displacement.

2.1.3 Knudsen numberand gas flow

What we have expressed until now is translated in terms of numerical vhjudee
Knudsen numbeb . It is defined as the ratio between the mean free path and a

characteristic dimension of a vacuum systemn (D)

Os Eq.7

o'|u

Knudsen number identify so specific gas dynamgtmes,whichare reported irnrable
25

Kn range Regime Description
Kn>0.5 Free molecular flow Gas dynamic dominated
Kn < 0.01 Continuougviscous) flow Gas dynamic dominated
0.5<Kn<0.0 Transitional flow Transition between molecular and visci
flow

Table2.5: Gasdynamic regimes defined by the Knudsermber?

In LHC as also in all the injector chain at CERN, typical pipe diameters are in the order
of 10 cm.Free molecular flowfor pressure belowp Tt & & ¢i$ therefore obtained
almost ever

In the molecular flow is posdidto define the gas flow rate, expressed in terms of

pressurevolume (or als@ © ):

16



This quantity, of very wide use in vacuum technology, is proportional to the pressure

difference between two points of the considered system

T,P T, P

Figure5: Schematic drawing of two volumesommunicating through a thin and small wall sl

Considering the system figure5, the gadlow rate between the communicating

volumes can beavritten as follow:

The quantity C is calletbnductanceaswe will see in the next paragraph.

2.1.4 Conductance in free molecular flow

The conductanc€in free molecular regime does ndepend on the pressure: it

depends only on thgeometry of the system and on the molecular speed inside it.
Since Q isxpressed ind @ &iJd  ,the conductance take the form of a volumetric
flow rate, thus aJ

A way to defineCis alsousing the definition of impingement rate described in4dt

we think indeed to the simple geometry migure5 (a small orifice of surface A and
infinitesimal thickness dividing two volumes of the same vacuum system in isothermal
conditions), we can defe thenumber of molecules of volume 1 which go@ to

volume 2 as:

17



%oo TEa:e, or Eq.10

While from volume 2 to volume 1 is:

%o TBos or Eq.11

Anetmolecularflow is given by the difference of the two contributions:

% Coufe ¢ Eq.12
From eq2 %o is:
por,. .
9 —— Eqg.13
%0 T QV) n n q

Now, simply multiplying the first and the last term of the quantity i Yand

expressingéo  in terms of PVa o X we obtain:

O S0pR N Eq.14

This leads us to another definition of C, becatlsg lastwith eq9 we obtain:

18



Eq.15

2| |

The conductance is therefore invetg proportional to the squareoot of the molecular

mass of the speciggassinghrough. Furthermore, is posdéto canpare different

conductanceelated to different gasses:

Q~| Q~|

Eq.16

O:l o

It is everyday practice, in vacuum technology, to compare and calculate different

FpO — 850X B P T

Table2.6 gives some values of standard conductance related to the geses present

conductane using ratios. As an example,

in typical accelerators vacuum systems.

1 im A TF 7 =»

Cat293Key v 44 31.1 155 147 1175 985

Table2.6: Unit surface areaonductancéor common gases spec

Series and parallel connection ofonductance
If severatonductanceare connected one on the othet,is possiblgo calculate quiclky

a total conductance. Forseriesof i conductancs, the following relationship is valid:

p p
= Eq.17
3 q

19
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Figure6: Series (left) and parallel (right) connection obnductance

In the same way it can be shown that forcomponents installed iparallel the total

conductance is the sum of tlteonductanceof all components:

Oy my O Eq.18

2.2 Pumping speed and pumping systems

2.2.1 Pumping speed

Another important parameter of vacuum technology is the pumping speed S, which
is namely defined as the ratio between the gas flow entering the pimand the inlet

pressurep:

.,Y L @&
D i Eq.19

Thepump throughput § ) can be written as the gas fldésthrough the cross section of
the pump inlet & ) multiplied by the capture probability. This last is the probability for

a molecule to be captureldy the pump and to be removed from tlvacuumsystem:

Considering equationt5and 2, we obtain:

20



~ v N
V) O0y5— Eq.21
QY f
Converting finally the throughput in Ryhits and applying the definition of pumping (eq.
19):

"Y 6, Eq.22

This important equation, as we will see, is not only valid for S referripgrtgosbut also
for surfaceswhich act as pumps, where the dimensliessvalueA will take the form of
a sticking probabilityon the surface itself.

It is clear as the maximutheoretical pumping speed of any pump is obtained with

and it is equal to the conductance of the pump inlet cross section.

Anyway, the values of pumping speed given by the pump suppliers become merely
theoretical (), because they refer only to theump inlet. Indeed, what we have is a
Y haneffective pumping speadhich is acting directly in the vacuum vessel of interest.
The effective pumping speed, which is lower than the nominal one, is calculated

considering the gas flow from the vesselthe pump.

Vacuum vessel

V., P

‘\ Seff

Cor =

So

/Po

Pump

Figure7: Difference between|| and{|_g
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Taking into account EG5and20 we have:

L
~

Y 0 Eq.23

For very lonconductance6 L Y)  "%ods &0

2.2.2 Types of pumps

Pumping speed is provided by different type of pumps, as well as by surfaces materials
themselves Depending on the physical principle performed, punspsid be classified

as shown irFigure8:

Classification of Vacuum Pumps

|
Gas Transfer Pump | Entrapment Pump
— = Fﬁ“. — o

|
Positive Displacement Pump l Kinetic Pump ]

Reciprocating Pump l Drag Pump I

!

| Rotary Pump Fluid Entrainment Pump

RO

Figure8: Classification of vacuum pumps. Underlined in red the ones which has been used in this
work 8

In the family of theotary pumpshas been used oil sealed rotary pumps ang pinmps.
Thesepumps provide a first step of pumping after the closure to the ambient air

reachingthe maximumof p T & & ¢ Forthis reason they are calledorimary pumps

22



In the pump-down processthe lower vacuum level is achieved throukinetic pumps.

In this family are widely usedrbo-molecular pumpsThesdastsare multistagepumps

in which the rotor is driven at high rotational speeds so that the peripheral speed of the
blades is of the same order of magnitude of the thermal veladiy the gas molecules

to be pumped. A pumpig stage is composed of a rofavhich transfershe momentum

to the particles and a stator which function is to randomize the angular distribution of
the velocities between a stage and the next ofie final pressure of these pumps is in

the order ofp T & @ & Figure9 shows asection of a turbepump is shown in

—  HIgh-VatuuIm connecton port

e UPPES tOUCH-COWN Deanng

Rotor

- Permanent magnet beanng
at center of grarvity

___——OC motor

Bottom touch-down Dearnngs

| __—

Achieving even lower pressure is then possible aiibther important groumf pumps,
which are theentrapment pumpsin these cases, the molecules remain inside the pump
itself by bonds, without being ejected asthe other cases. In this falpare widely used
the Sputterion pumps Cryepumpsand Getter pumpsOnly these last have been used

during this work andhe mechanism behind them will be describeddRAPTER 5
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2.3 Gas sources in Vacuum Systems

Differentgas sources are present in every vacuum system, as it possible torigeedn

10: permeation, leaks, and internal gas sources are the principal causes.

Leaks Process
Gas
Vacuum vessel
v A\ 4

Internal gas sources ~@—f{Permeation

(desorption, outgassing etc)

Evolved gas

1
i
1
)
I Vacuum process structure
1 and elements

|

I

G e s s — — — —— S ———

¢ — Back-streaming
Vacuum

Pumps

1

Figurel0O: Gas sources in Vacuum Systér

1 Leaks undesired flow entering in the boundary afconsidered vacuum
system. They can be due to fabrication defects, and mounting of
components Welding knifes of flanges, valves, etc.) or from
cracking/scratching due to appliedrains. They introduce inside the
vacuum system a flow of undesired gas (not only external gasses like air, but
also from other closed volumes of the same vacuum system), thus
compromising the required vacuum conditions.

Figurell: Defectsresponsible of possible leaks in a vacuum sys
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! Permeationgyas adsorbed at the outer wall is dissolved in the material,
diffuses through it and desorbs from the inner wak. inside the vacuum
system Permeability depends directly on the type okgthe type of
material and strongly increases with the temperatu@ansidering its
molecular small dimension, the highest permeability for a gas is observed

with "O 9.

Figurel2: Permeation of a polymeric spherical elemeimside a vacuum syste

Permeation is an important limitation of polymers used as seatsospheric

gas penetrates into the material and diffuses towards the vacuum system.

The permeation flow may limit the ultimate water vapour pressure in vacuum
systens and affect the sensitivity of helium ledktection. As an example,
the permeation flow of atmospheric water through a Vitonri@g, 5 mm
cross section diameter, 6 cm torus diameter, is about htbarl-s!. The
stationary condition (ultimate permeatigrwill be attained after about two
months.

{1 Internal sourceselease of molecules from materials, which represents in
most of the cases, the dominant effect in the free molecular regiifieese
releases can be defined:as
- Outgassingspontaneous removal of gas due to thedrdasoprtionof
molecules.

- Degassingforced removal of gas due to specific phenomena, as heating at

higher temperatures or bombarding the surface with particles (photons,

electrons, ions).
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Figurel3: Internal gas sources for a general surfi

2.3.1 Water outgassing inmetals

The choice of the components in vacuum technology does not concern only the

permeation and thethermo-mechanical characteristics of a material, but also its

outgassingoehaviour As it is shown ifTable2.7, metals and polymers have f#ifent

solubility andmobility.

Materials Characteristics that determine outgassing

Dissolve entire molecules, for example

OO0 M 0,solventsgetc.

Polymers The solubility in the bulk can be very high in particular

"O0 (up to a few weight percentage)

The dissolved molecules have a relatively high mobil

Only single atoms are dissolved (H,0,C,S,etc.)

Metals

The atom solubility is in general very low at room
temperature (typically up tgp TTat. ppm)

Only H has a significant mobility at room temperature

Table2.7 Relevant characteristics of polymers and metals for vacuum applic:

In Table2.8 the rubber/polymeric values (Perbunan, Viton) are considerably higher than

the metals Therefore vacuum technology is focused only on metallic components.

26



~

Material 0 A @A

Aluminium (fresh) WP T

Aluminium (20h at 104C]) VWP T

Stainless steel (304) Cwp T

Stainless steel (304]ectro polishedl Qwp T
Stainless steel (304, mechanically polished) Cwp T
Stainless steel (304]ectro polished30h at 250[C]) TP TT
Perbunan VWP T

Pyrex pwp T

Teflon Yowp T

Viton A (fresh) Cwp TT

Table2.8 Approximate outgassing rate for several vacuum materials, after one hour in vacuum at
temperatur®

After manufacturing and assebfing, the surface of metals isovered by several
contaminants(hydrocarbons, Cl compounds, silicone greases, etc.). Different surface
treatments are available in order to remove specific set of contaminatismvent and
detergert cleaning, chemical pickling, acid etching, elegiadishing—which prepae the
surfaces to the minimum level of contaminatimquired by the final vacuum conditions.
After thorough treatmentsyarious experiments proves thatater vapour dominates

the outgassing process of metals in vacdtim?. Every time a vacuum system is opened

to ambient air with its attendant humiditythe internal surfaes become covered with
layers upon layers of water molecules. Consider that ag at0 and 50% of relative
humi dity contains = 3 Baredwr, Jemdieaatthis poirftthavat er v
"0 0 - outgassing is not only generated by molecylesviously adsorbed, but also by the

reaction of iron oxides in the case of stainless steel

"0Q) 00 "0Q 00

Theoutgassing ratdrom the chamber walls at room tempeiae, is expessed by an

empirical equatiorfor smooth metals:

27
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Eqg.24

Thisbehaviour valid for all metals used until now in vacuum systems, is indeed a big limit

in terms ofpumping timeand therefore for the achievements of UHV or XHV conditions.
It s easy to see that a reduction by

pumping time by a factor of 10

-7
10
Stalniess Steel
0 Elocropolished i Aluminum Hzo

< o DetorgantDI K0 ,\g : MD“WW D
: 10 : :::‘ Bw;:;:o« g o EX ProcesyTIG
4 & Compound EP é & EX ProcesyEBW
P, :
g 107 o
g ©
o 14
£ g
z -10 ‘0

10 ; Y
H g 10
0 5

0
1611 —r= Ti 1
10 10° 10° 10 0 i s 1
Time (minutes) '
Time (minutes)

Figurel4: Water vapour outgassing rate of stainlesteel and aluminium after four different
treatments as measured by Dylf&

Still not fully understood, the relationghbetween™© b molecules and metal surfaces
is such thathe more is removed the harder is to remoVhe molecules spend an
average time on the surface before being desorbed which is called smauarntime

T. Thi s endentomthe ssipedicgaiptemperature and on the molecule binding

energy B 16;

28
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z zQ7 Eq.25

wherez is the oscillation period of vibration of an adsorbed molecule, of the order od

pr . lIt’s easy to notice how is possible
technology increasing the system temperature from one side or finding materials which

offer lower ‘O on the other side An overview of the typical sojourn times in vacuum

system as a function of the binding energy is presenteliinie2.9.

Binding Energyo Mean soj ou
[kcal/mole]

10 2.6us
15 13 ms
20 66 s

22 33 min
23 3.1h
24 17 h
25 92 h

Table2.9 Mean sojourn time for different energi€s, z =p m i , T=295 [K]

At room temperature, water binding energies vary between 15 kcal/mole and 25
kcal/mole(62-100 kJ/moleY’, which means starting from the weak Van der Waalsualu
attraction bondto the chemical bonds. The mean sojourn times are therefore between

some minutes and several hours.
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Figurel5: Mean sojourn time as a function of temperature for different gassarface interactions
involving different bindingenergies

In vacuum technology, this problem is facacting on the system temperature in two

different ways:

1 Bakeout an heating in situ process during themp-down time. It is
effectiveif it is carried out for at least 12h at temperatures higher tia@ 0
[C] Following the eq. 2.& goes dow due to the higher thermal energy
transferred to the molecules. Hence, these last desorbed angpumped
out: a lower final pressure is obtaineBigurel6).
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Figurel6: Pressure evolution in a metallic vacuum system. The pressure peak corresponds to
beginning of the bakeout. The pressure drop follows the system cooling to room temperature
involving different binding energie$§
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1 Cryo-pumping a permanent cooling of the system under cryogenic
temperatures during operation. Here the molecule is not desorbed as
before with the bakeout process but i T N@®ih t&eysurface, which will
avoid it to go in suspension during the UHV operations. A lower pressure is
quickly achieved.

2.3.2 The pump down process

The pressure decrease profile from ambient exposure to UHV pressucssled
pump-down curveAfter eachexpositon air of a vacuum systeprevery pump down cycle
will go through two overlapping stages. Firstly therehise &atmospheric gas pumping,
where the gases makinguptheean xt ur e i n t hwillbepusmpedanays v ol um
Then, the¢ O U moleculesdesorbing from the internal surfaces must be pumped away.
Once the pressure is in the 1 & @ Grange, the desorbing water makes up over
99% of the total gas load. If, for example, you turn on a residuamgggse(RGA) in the
highp T & @ drange during a pumylown from air, thel and O will drop oftscale
almost immediately while the waterapourpeak will be fixed. Alternatively, if you pump
a system down to its ultimate pressure of, sayt & @ Gar p T @ @ & iand then
backfill it to atmospheric pressure with dty , it will pump back down to its ultimate
pressure again in minutes instead of hours. This is explained by the fact that the pump
down rate is not controlled by the amount of wateapourwithin the chamber but by
its desorption ratédrom the internal surface's.

In any vacuum system, the mass balaageation can always be set as:

6 AD e e
VA0 Y Qo a-

wheren is thepressure in the gas phase in mb&the pumping speed) ¢ the number

of adsorbed molecules;—— the dynamic change of number of moleculeghe gas

31



phase (from the condensed one) ard-T) is the gas phase flow leaving the system,

pumped out by the pumping systeniThe third term %z can be defined as the net

flow to the surface from the gas pha<e

Q) . .
— 0 0 Eq.27
90 q
where0 ®¢& B represent the flow of molecules respectively adsorbed and
desorbed by the surface exposed to vacuum. As we said, at the beginning of the pump
down the main contribution to the pumped flux is given by the atmospheric gases
present in the volume. Ithis situation, the influence of the desorbed flux is neglidible
The mass balance becomes:
AD
6-—~ 3N T Eq.28
Ao ! q
The solution of this differential equation gives an exponential decay seen in the first part

of the pumpdown curve in :

P PO Eq.29

Exponential decay i
--{{evacuation of atmospheric gas)|--i

Prassure [mbar]
i

: KL decay
J{water vapour desorpiion)

10 10°

Time [3]

Figurel?7: Pump down for a SS 316L chamber at 293 K
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where T — is the characteristic pumping time.

As is possible to see, the second parthef trend is dominate by watevapour
degassing, with the classicHt (in double log scale) behavio

This behaviar is describable as@uaststatic solutionof the eq.considering the
adsorption/desorption process fully reversible. This is possible when the gas and
surface phases reach tleguilibriumin a characteristic time short if compared to the
time of anobservable pressure change

In other words:

2L g

(where s is the sticking probability and[ is the average molecular velocity).
Kanazaw® has shown that providethe rate of change of pressubeys this last
inequality that a quasstatic solution is capable of following the pressure change

Using i.e.0[ & 1™ 1m—, with atypical chambepnf SPS dPSacceleratorof w

p @ dand an internal surface areéd t& up TH ,for water at 300 K we find

that:

ﬁ_ L Org T[i_ Eq.31

Whenn p mYE i(withi pm) —L 1@ pmm —.
Whenn p mYE i(withi pm) —L 1@ pm —.
During the pumgdown of a typical vacuum system the rate of change of pressure is

well below these limits and thus the quasatic solution is applicableAt the

beginning of the pump down, when servable changes in pressure occur in seconds,

mo | e c ul e s—waretddsorlied. At3he end of the process, when measurable
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changes in pressure o0cCCUTrGcGe—+ rare desarbed |, mo |

(t o1 ETo hours, see @b.2.7) sojourn times of molecules are lower than the
time it takes for observable changes in pressure.
The study of the sojourn time and the comprehension of the sticking probability

related to different surfaces will be widely treated during this thegisk.

2.4 Vacuum Instrumentation

Pressure measurement is at the basics of vacuum technology. Since is impossible to
cover with one instrument the entire range of measure, is necessary to use different
sensors, often with different working principles.

Depending on method to measure the greire, is possible to clasdife instruments

in two categories:

1 Direct pressure measuremesinstruments;

1 Indirect pressure measuremesinstruments
In the first case, pressure is directly measured as a foeoeefted on a surface A.
Common manometers are devices typically used for direct pressure measurements.
More specific ones are théiaphragm vacuum gauges) which a deformation of a
sensitive element due to an applied force is involved: the resultintpa®dn is
estimated mechanically or electrically (pied@phragm gauges)
This process does not depend on the nature of the analysed gas or gas mixture; at
low pressure (less than 1 mbar) however, the exerted forces are negligible, thus the
performance ofdirect measurements becomes very difficult or even impossible due
to the infinitesimal masses involved. In this situation, which is common concerning
to applications in high and ultlaigh vacuum, indirect methods are required.

Indirect measurements moruot either particle number density or a gas property
which depends on it, taking into account that pressure is proportional to particle
number density at constant temperature. These methods depend on the gas type
because the physical properties which are asered (e.g. thermal transfer and

ionisation capacity) are functions of both pressure and molecular weight.
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Figurel8: Measurement ranges of common vacuum gaudf
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2.5 Software

Experimental data related to vacuum systems need tgiszlicted and sometimes
benchmarkedby simulations, provided nowadays by several softwavacuum
systems are usually expensive to prototype. Therefore, an increased use of
simulatiorsin the design process can result in substantial cost savings.
Quantityasconductancecapture probability, timedependent pressure evolution or
sticking factors are mainly calculated by FRsatticle Monte Carlo methods (TMPC).
The system is first modelled in three dimensions (with another editor software) and
then, once inported, TMPC code generaenolecules at the entrance of the

component i tsel f, pointing 1in random ext
distribution. When the molecule leaves the wate most important thing ishis

direction o matter what happennside the chamberin molecular flow we already

said that collisions between molecules can be neglectextause the program will

follow the molecular trace until it reachi
exit from the component, trapping on a pymsticking on a surface). Many simulated

trajectories are needed to reduce the statistical scattering.

2.5.1 MOLFLOW+

The reference TMPC software at CERNGd. FLOW?O. This tool is able to import
3D drawings of vacuum components, create a mafacéts(similar to finite element
mesh) and generatuxes of molecules on theurface of interestThe program can
also simulate the presence of different pumping systems, either localized (sputter
ion pumps) or distributed (NEG coatings). NEG sticking faatberieg molecular
flow, outgassing from a surface, temperature and molecular mass are among the
parameters that can be set before starting the simulatiés.able moreover to
evaluate the tightness of the component imported, showing the leaks relatedgto it

potential assemblynd materialsApowerful time-dependent tool is finally provided.

Figurel9 and Figure20 show an example of output provided by MOLFLOW+ on

an imported geometry:
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Figurel9: Creation of facets on a 1590 mm NfGated LHC chamber by MOLFLC

Figure20: Molecular tracks (in green) generated by MOLFLOW+ code and hits on the char
walls (in red)

Using MOLFLOW+, one of theost important parameteris the choice of the
particle reflection modeto be used. There are two types of reflection mésle
stochastic and deterministic. The stochastic model descriluif$use reflectionsuch
as the cosine law of reflection, whereggmolecules striking the wall are-emitted
in a probabilistic wayrespective of their incident conditionblere the probabilityds
that a molecule leaves the surface in the solid arld or mi ng an angl e 0

normal to the surface is:
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velocities is independent of the incidence angle.

The deterministic model desbes a beam reflection, such as tgecular reflection
Herethe path of each molecule is uniquely determined by its initial condition.
The diffusive modesolves the/ f | dza A y 3 Qa A yitich giwed us th& |j dzI G A 2

transmission probability for cylindrical chambers. For a cylindrical tube of length L (all

lengths here are normalized in term die tube radius; that is r =)land axials

coordinates x and y, the Clausing’s integr
Uug U @ + @0 UD AD Eq.33
where
]
ve P2 S 4 Eq.34
CUNG 1
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And

+ D P D Js Eq.35

The transmission probability W(L) expressed as an integral on y(x):

7 ., P @ ¢ OO 1 UBAQD Eq.36

This is a Fredholm equation of the secotyge, and its accurate numerical

solution is feasible using MOLFLOW+.

2.5.2 COMSOL

QOMSOL Multiphysics is a finridementanalysis simulation softwareised for
various physics and engineering applications, especidin is needed to couple
different physics phenomena with a usefulutii-physics interfacdt is able to import
3D geometriesas (and better) than MLFLOW and permis also to design simple
geonetrieswith his own editor.

For vacuum systems purposes is availablaritee Molecular Flowackagebased on

a finite element solver, different from the TMPC of MOLFL@W#te finite volume
method (FVM) used by Ansyd@gure22 shows how the analysis are performday
COMSOEast Angular Coefficient Methodihis tool enables to run quick parametric

studies of chamber geometriesd physical properties of the mesh
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Figure22: Angular Coefficient Method in Coms

The number of moleculesemmite d from x’' t&mmt reach x depe

T The angular distribution of emission
T The distance between X and x’
1 The angle between the surface normalandhe | i ne j oi ning x

To compute the total number of molecules arriving at x, a surface integration must
be performed over all the surfaces in the line of sight of x.

The great advantage showed b SOlin respect of MOLFLOW+ was to permit and
calcuate dynamic changing in the physical characteristics of the mesh during a time

dependent simulton, as we will see o€@HAPTER 4
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CHAPTER 3
THE STICKING PHENOMEN

3.1 Sticking of molecules

The phenomenon of the sticking widely present in vacuum technology.
Impinging molecules naturally stick on the surfaces, with a certain probability,
providingdelays in thepumping time Some other times instead, this phenomenon
can bespecificallyadopted as a trapping solutigeo having benefit from .t
Concerning thespontaneousand most of the time undesired one, it is easy to think
about moleculessuchas™©O 0 and 6 ( the first with almost the same behavior on
every metal andhe second just on specific technical ones, as we will smethis
reason sticking is the main problemhen the goal is to achieve UERHVconditions.

In this chapter there will behown the models and working principles behiratious
sticking moleculesto-wall phenomenaand different materiad adopted to solve or

even benefit from that process

In surface physics, thaticking coefficient & the term used to describe the ratio of
the adsorbate atoms whi ch ntindbérpfechksethain t he

impinge upon the surface itself.

nm O p Eq.37

Considering aradatom, which can be thought to be as the opposite of a surface
vacancy?, is possible to define a probability to be adsorbed on the surface &

probability to migrate to another site on the surface { and one to be desorbed

from the surface and to return to the gas phase)( . For an empty site

of these three options is unity.
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O U4 Uo P Eq.38
For a site already occupied by an adatom |

thus:

g Ox p Eq.39

For the first site visited, the P of migrating overall is the P of migrating if the site is
filled plusthe P of migrating if the site is empty. The same is true for the P of

desorption. The P of adsorption, however, does not exist for an already filled site.

Osp Oap J 0% J Eq.40
O Ugp | 0%J Eq.41
Gup 6(1 P I Eq.42

It is possible to extend these considerations also to the second site, considering that

the P to migrate from it is the one from the first site and then from the second site:

0(’1( de ':)é(p l')gp Eq.43

Thus, considering that the sticking probability is the total sum of direct adsorption on
the first site plus all the other adsorption probabilities after migrating from the other

sites, we canvrite:

[ O0up |  Ogplpp [ Of05p J 8 Eq.44
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H
i Osp | 0%, Eq.45
£ T
Sticking coefficients are therefore an important part of every adsorption model as
directly proportional to the pumping speed, as we will see in the next sections of this

chapter.

3.2 Water adsorption model

As it was shown in sectio.3, water desorption isthe dominant outgassing
phenomenonfor metak in vacuum technologylLooking toFigure 13, one would
wonder f the process is dominate by the  (Diffusive flux*O () coming from the
bulk is leading the phenomenoa) by thed  (Desorbed fluxthe rate of adsorption
IS the prevailing proce§Differentscientistsarelined up with the first theoryl( and
Dylla) andbtherswith the second oneRedhead, Kanazawa, Harghi).

Concerning this master thesis work, it was dedi to follow the adsorption isotherm
models (indeed neglecting th@ossiblecontribution of water diffusion) becausef
their good agreement with the experimental data and for that thgreat
development in literaturé? 1722,

Anadsorption sothermisthe amount of adsorbate on the adsorbent as a function of
its pressure (if gas) or concentration (if liqdfd)in other words,a function that
describe the equilibrium be&teenadsorbed and gas phases at a constant pressure
For this kind of studieghe only influent parameters arthe coverage factof and
the distribution of bindingenergies’ O).

Theadorption isotherm modas based on the following hypothesis agefinitions:

1 The surface is seen as an ensembl® of sites. Eaclsite is considered
filled with only one mdecule, without dissociation as shown by Kanazawa.
The ratio of the number of filled site® to the total number of available

sites0 is called surface coverage ©0:
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Eq.46

Here= 1 isno more the numbenf site but thedensityof filled sites, whereas y - v

represents the surface density of the total available sites.

1 The surface has a sticking probabilwg.e. the probability that an impinging

molecule is captured by a site) equal and constant for all water Zites

1 The quasstatic solution and the reversibility condition are fulfilled as we have

seen in2.3.1

This lastsatisfied condition implieshe principalconsequenceat the basis of the

model,that is the possibility texpress the surface coverage dsiaction of pressure

3 -
— — — ‘annhy Eq.47
5 z n q

This is indeed thé Sy NB Qhereti lindicates the coverageorrespondentto a
monolayer.A monolayer refers to a single, closely packed layer of atoms or
moleculeg. Even if the precise value corresponding water monolayedensityon
metals is still not precise and univocally determined, for this master thesis purposes

it has been used

- GéaQwoaQi
pOD @ — Eq.48
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Substituting eq.47in eq 26 we obtain:

pAn 0 Q'YPYQ— 0
naef “ & Ao T Eq.49
Wheret is the characteristic pumping time as we have seeh 32
Thus, in isothermal conditions, since:
QnQ— Q—
E—n — E . Eq.50
nQoQn nQo
We can write a first important equation for variable pressures:
pan 0 QYQ— P
noo® T an T Eq.51
And adding the possibility to hawartable temperatures:
pAn 0 QYQ— pQY U QYQ— p
. P ; — ~5—. P ; by — Eq.52
naQo w Qn nQo w Q7Y T
Which means:
‘ . pQY. 0 Q'YQO—
an N gaeP o oy Eq53
Qo ., U ava— a
P w Qn

Which is finally the most general form for this pump down model.
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From this last, specific solutions for pressure evolution can be extracted when the
right isotherm expressiofi(p,T) and theemperature evolution— are weell known.

The next section will be focused on the different types of isotherms to be adopted,

respectively with their intlences on the pumjlown models.

3.3 Choice of the isotherm

As we have said, an adsorption isotherm is a function whgsh the[ in
respect d¢ a certain” ‘O). This function has to be substituted then in egzand
compared with the experimental data.

The principal types of adsorption isotherms are liste@able3.1

Isotherm name Energy Distribution Behaviour
Langmuir o © Constant energy for every
coverage
Freundlich (0] Oa ¢ — Logarithmic dependence o
coverage
HorikoshiTemkin O Op | — Linear dependence on
coverage
Sips (0] Oa e — Logarithmic dependence o
"0Q¢E Qb O coverage but finite energy
boundaries

Table3.1: Principal adsorptioisotherms with their respective energy distribut

Eachdistribution of energies considered leads to a coverage function, which is
calculable starting from the Langmuir isotherm (the simplest case of single adsorption

energyOdistribution):

— "0 —NH0 Q0O Eq.54
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In Figure23is possible to better understand how the binding energw ¢r ) of each
molecule varies with the coverage for each isotherm. Moreover, is shown how the

distribution of energy variedepending of the diffeznt slope of each distribution:

5
30 1 2 r>< 1 0 T 7
Sips
5 Langmuir L
8 B, 15 . Langmuir 1
g \ | R o p(E)=4(E,)
Y Te_mk'q_ae) WwoqL G Temkin ]
9 S Freundi S o(E)=constant
“é,E ; S
zE ™~ 0.5 HE
& “~__ Freundiich E)=p e
& ~etee P(E)=py
ol T — | 0! L I I
0 037 0 1 0 10 20 30 40 50
E § [kcal/mole]
Figure23: Diagrams of binding energygm@a O2 OSNF 3S ° o6t STV =

binding energy, for the four considered isotheri{s

3.3.1 Langmuir isotherm

The Langmuir isotherm is the simplest between the ones enurgtatteve. The
rate of adsorption is proportional to the number of empty sites, and the rate of

desorption is proportional to the number of filled sites. The binding en&gys

assumed constant for any coverage

The desorbed flux can be expresses as:

. [e
§) A Eq.55
.1.
And the alsorbed one can be obtained as:
0 p JinD Eq.56
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Withi the sticking probabilityfor an empty site. As we have said in secto?

an adsorption isotherm is an equilibrium function, so at the equilibrium, where:

So,

IE

e p JinL T Eq.57

Thus is obtained thexpression for the Langmuir isotherm:

wn
— — Eq.58
p wn
Where the parametetdis?> 17 :
. 1 to,
W Q- Eq.59

Finally, applying ech8to eq.51is possible to calculate the purgown of a suface
obeying this Lamguir isotherm law. InFigure24 is shown an example of these

calculations output: different binding energies lead to different slope of theesir
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Figure24: Pumpdown curves for a vacuum system with reversibly adsorbed layer obeying 1
Langmuir adsorption for different adsorption/desorption energies (11 to 21 kcal/mdfeDther

o JL .
parameters: ;= O %0, o v, v=1== 7,V = 8 =, pumping
bl

speed for nitrogen{ = 8 < and{ = L

The convolution of these curves for different vaduef O approximates, as it is
underlined in red, a straight line with slopg. This observation is the chain between
the theoretical models and the everyday experience in metal materials in vacuum: it
shows thaipfobehavior can beimulatedby takinginto account the whole spectrum

of binding energies provided betweé@ U and metals.

3.3.2 HorikoshiTemkin isotherm

HorikoshiTemkin isotherm is, after the Langmuiran, one of the earliest reported
isotherms proposetf: he noted experimentally that heats aflsorption would more
often decrease than increase with increasing coverage. For this reason, this model

assumes that the heat of adsorption decreases linearly with increasing coverage:

0O Op | — Eq.60
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where| is a constant for a given adsorbate and adsorbent at a particMlar

Or, speaking about energy distribution:

11t N oweiqQ O

' p' 0D O O Eqg.61

WhereO is the heat of adsorption at~ p andO is the heat of adsorption at-
1. The isotherm function may be derived directly from the Langmuir isotherm using
eg54 . Indeed, imaging a neaniform surface, if we divide it into a number of

uniform elementsQ 'Rith acw ¢ ¢ | Meatobadsorption, edtelement will obey to

the Langmuiran isotherm. Thus:

r‘]l T U.Q_
— i ° Q0
O ©O NEEE
PNz Q-
Which leads to
Y Yi Tp hrlQ_ Eq.62
— 0 o Y &
P

Wherer. ‘Q T«

As is possible to verify, the more complex form of this isotherm in respect of the
Langmuir one (three main parametei®, O and¢ - instead of two) will equally

give apfobehavior once substituted in e§l. Here is possible to notice that energy

50



boundaries change can give big variations on the paoyn curve, in particular

increasing/decreasin® as is underlined ifigure25:
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Figure25: Variation of pumpdown curve following the change of energy. Data for calculatiors:
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[ JHL:I v r 0o o ’ ’ bl T ’
1 8 =.
v

Concerning a possibl¥e | the influence on the pumplown curve are showed in

Figure26:
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Figure26: Variation of pumpdown curve following the change of . Data for calculations are th
same ofFigure25
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3.3.3 Freundlich isotherm

As the Temkin isotherm, also the Freundlisbthermcan be derived from the
Langmuirone ason a heterogeneous surface (also here each uniform elenteiias
a constant heat of adsorption). Here is assumed a binding energy which varies

logarithmically with the coveragéas:

0O C® e — Eq.63

Or, speaking about energy distribution:

"0 M Eq.64

where'Qsis the adsorption energy fgr 1@ yandQ p7O.

Using again ecp4, we have

) i [ 81“ Vg
- (o, 2°
p N0
Thus, after few calculations, it gives:
_coyv A Eq.65
i ‘CEQYHY D ¢
where, as before), ‘Q ¥
l't”s i mportant to notice the great [ i mi
unrealistic for coverages equal to 1 orl@oking indeed té-igure23, it ' s possi bl
see how the Freundlich isotherm gives=0 for— p andO © Hfor — 71 For
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this reason, modelling with Freundlich isotherm makes sense only for a limited range
of coveraes.

The most important parameters in this isotherm &eit  H ht . Differently
from the Temkin isotherm, their variationgxceptfor the density of sites) havae

verylittle influence on thgopump-down curve as is possible to noticeFigure27. This

example shows energy reference variations betweernm—— (very strong bonds)
andp m—— (nearly water condensation energy).
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Figure27: Variation of pumpdown curve following the change of=®n the left) and= 5 (on the
. AL
right). Data for calculationss ;, 8 O HJ;%O,W "0 v,y =
al
J = L
© o.or 8 = 8 .3 .

3.3.4 Sipsisotherm

Sips isotherm is an adjustment of the Freundlich one toward a feasible complete
range ofO . Since Freundlicisothermarea below its energy distribution is infinite,
Sips thought to combine this last with a Langmuir isoth#éi$ obtaining:

. L Eq.66
P un

where
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Sips isotherm has the same main parameters of the Freundlich isotherm, which
are indeedCsandé¢ . Thus, it’s easy to imagine the
pump-down curve, with an expected slope affected moreMgy than Y CeeFinally,

the two isothermsbehaviourtends to coincide for very low pressurdsgure28)
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Figure28: : Variation of pumpdown curve following the change of®n the left) and= - (on the
N
right). Data for calculationss 80 %O,W "' v,V =
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3.4 Sticking of molecules on getter materials

Getter materials are actually the best solution to reach UHV conditions,
transformingthe wall of a vacuum system from a source of gas into a pumping
surface. Getters are materials capatwfechemically adsorbing gas molecuyléise
same process which ocawith adsorption ofO U on metals the room temperature
In Figure29 is showed the Lennardones potential for the chemical and physical
adsorption: chemisorption occurs in getter materials, implying formation of strong
covalent, ionic or metallic bonds betwegas molecules and the adsorbing surface,
with binding energies much higher than 11 kcal/ngehergies comparable to the

adsorption of water on metallic surfaces)

L

potential energy

H,

distance

Figure29: LennardJones potential energy diagram for the adsorpti of a molecular or
dissociated generic species. The deeper weltélated to the chemisorption phenomenor
the one interested by the gettephysics

A limit of this technology is to not form chemi@andingwith noble gases, which
are inert and theefore impossible to pump by the surface. Furthermore, such
coatings provide a negligible pumping speed also for hydrocarbons, which are usually
present in vacuum systems (particuladlyQ, due to their high dissociation energies

at metal surfaces. Howev, heavy hydrocarbons can be adsorbed at the surface of a

getter at room temperature by physisorptién
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A getter surface is characterized by its sticking probahilityamely the capture
probability per molecular impingement. Recalling 28.

~

Y O oA

, the pumping speed of a getter material will be:

~

Y Bgno Eq.67

whereo is the geometric surface area of the getter material &rdkpends
on different variables, above all the nature the nature of the:gée sticking
probabilities of homonuclear diatomic molecules are in general lower than that of
molecules composed of dissimilar atoms. The value$ foff common gas species in

vacuum systems may be ordered in a growing series as follows:

0¢ O U¢ ™0 00 0O

Moreover, A ® [ : as the gas surface coverage increases, the sticking
probability decreasesséturation). Therefore at the end the pumping becomes
negligible when the surface is fully covered by gas molecules.

Finally, the surface roughnehas also a strong impact dn a molecule will do
several collisions on a rough surface, as an indirect increasing of the geometric

surface area

Getter materials can be of two types, acdong to the method followed to
achieve activation:

1 evaporable getterare obtained by undevacuum sublimation and
deposition ofa fresh getter film on a metallic surface
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1 the active surface of aon-evaporable gette(NEG) is obtained by
thermal diffusion of the surface oxide layer, which contains absorbed
gas molecules, into the bulk of the material itself.

At CERN, concerningeth HC projecthiis advantagéas beerobtained by & situ
sputter-coating theinner surfae of vacuum chambers withon-evaporable getter
films. By heating in vacuum (activation), the native oxide layer of such a film is
di ssol ved int antimeg”bulhk (sturdsac‘egl el | owi ng

of the gases present in vacuum systems at room tempergteigrre30).

Native oxide layer Heating in vacuum
-> no pumping Oxide dissolution -> activation

Pumping

Figure30: Activation and pumping process behind the working principle of a NEG surf:
4 Jlis the room temperature andd|4 is the activation temperature.

3.4.1 Choice of the material

The choice of the material to be used in ordemprovide a feasible NEG caagi
inside the vacuum chamber doesn’t depend

alloy components. There other important parametéoskeep an eye off:
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1 The activation temperature of the coating must be lower than the maximum
temperature allowed for UHV vacuum chambers as reportethbie3.2

Material Maximum working"Y 0
Stainless steel 400
Copper alloy 250
Alluminium alloy 200

Table3.2: Maximum working temperatures for vacuum technology adopted mat

1 The oxygen solubility limitthe dissolution of) is possible at such
temperatures firstlyif the transfer of oxygen in the solid solution is
thermodinamically possible

1 The oxygen diffusivity in the film: dissolution of the aforementiofeds
definetively possible if the diffusion rate in the film is sufficiently fast.

With respect to the thermodynamic characteristic, the elements of the fourth
group (Ti, Zr, Hf) were taken into account, since they show an exceptionally high
ability to dissolve oxygen attaining values of concentrations uBtat.% (in the
other chemical groups the solubility limit drops to values well below 1 at.%).
Moreover, an enhanced diffusion can be achieved in the elements of the fourth group
by adding other elements that either enlarge the lattice space (increased bulk
diffusivity° or reduce the grain size and, as a result, increase the transport of oxygen
through the grain boundaries. This lastpproach was successfully verified for
YA ¢ w alloys The activation of these films can be obtained by heating at 180
[ for 24 h, whichrenders "YZQXO ¢ w films compatible with all the substrate
materials used in vacuum technoldgy

Figure 3132 shows how measurements ofthe ultimate pressure andf the

variation of the'O sticking coefficient confirmed this thesis
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Figure31: Variation of the H2 sticking coefficient for TiZr and TiZrV coated chamslzara
function of bakingtemperature (left) and ultimate pressures without intermediate air
venting (right), on chambers cated with TiZr and TiZr\MCharacteristics: ltamber length 2
m, diameter 10 cm, applied pumping speed 25 for Ho.

3.4.2 Production of NEG coating

YA k w films are produced by magnetron sputtering and most of the know
how in the coating process comes fronetlexperience acquired with thifilm Nb
coating for superconducting RF cavitfe¥. The large domain of compositions where
the dissolution is faciléted allows the production of simple and quite inexpensive
cathodes for the coating of vacuum chambers: the three elemental wires are
intertwisted to form a braid which is positioned along the tube axis for the coating

process.

Figure32: Twisted metallic wires (on the right) used as cathode in the NEG depositic
process.
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In this configuration the actual composition' @ gdic gwt mat.% for 3 mm
diameter wires.A key point for the success of this operation is the chemical
treatment of the substrate materials before coating; in particular for the case of
extruded copper tubes the cortical layer (about 50 Am) has to be chemically removed.
An inadequate surface treatment leads to NEG film deterioration and, in the worst
case peeloff?®,

The dedicated facility at CERN consists of three cylindrical magnetron sputtering
systems that allow coating vacuum chambers with a maximum lesfggbout 7.5 m
and maximum diameter of about 60 cm. Each unit consists of a vacuum pumping

system, a manifold, a base support and a vertical solenoid as it possible to see in

Figure33:
—-—manifold
/v’ solenoid

- L=8m

chambers/
1 =60

to coat ol ¢ cm
base
support

Figure33: Drawing of the setup used for the coating of the LHICSS vacuum chambers,
Three such units are available at CERN

60



In the simplest geometrical configuration, the thregére cathode is inserted in
the chamber and aligned along the pipe main axis. For more complicate structure,
more than one cathode isecessary to guarantee uniform film thickness. The vacuum
pumping system, equipped with a turboolecular pumping unit, cold cathode
gauges and a RGA, is installed on a platform located at the top of the solenoid and is
connected to the manifold by a belo. The chambers are baked
bef ore coating. During the coating proces
1 0 0 Theé discharge gas is Kr, which is injected at a pressure of pbautY¢ 1 i
After coating, the chambers are dry aented, dismounted from the cradle, pumped,

filled with dry nitrogen at 1.2 bar and finally tightly stored.
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CHAPTER 4
MEASUREMENTS AND RESJON WATER
STICKING COEFFICIENT

The experimental activity was conducted to the @stfements of the following goal

Calculate the Sticking Probability for waterwmbakedmetal chambers

The central point of the experiments consists in the choice of providiagr
injections from outsidenstead of recording pump down data after exposing the
chamber to air. Isolatinthe chamber from the pumping group, is possible to observe
onlythe pumping effect provided by the adsorption"@f0 on the surfaces. This not
simple purpose, combined with the control of the tiny quantities of water injected,
enablal in principle to extact true sticking factor data from the pressure evolution.

Assuming only an adsorbeb&haviourin the first insants after the introduction
of 00 inside thetest chamber, there were collected data of sticking probability in
respect of quantity of gamjected 0 ), equilibrium pressures)( ) and chamber
temperatures.

Finally it was made a comparison between the results and the analytical model,

following the principles we have seensaction3.2

4.1 Setup and choice of components

In order to reachthis objective the setup has to fulfil the following

requirements:
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1 Knownthe volumeand sirfaceof the experimental setip;

1 No otherparticle sink in the system than the walfumps, penning gauges,
getter materials)

9 Stable and reproducible system temperature

9 Fast data acquisition seip;

Figure34 presens an overviewof the first assembly of theystem

@ Process lon Gauge @
(BA +Pirani)
T

e
Penning Gauge VZ _____ ___H

(Alternative)

--------------------- [T mmmmmmmmmmmmmm- ™P Gauge

® Piezo Valve
1 ---- Capacitance Gauge |_

® (54

Diaphragm% Water reservoir @ Primary Pump

Pump

Figure34: Schematic of the system installed in the lab.113 at CE

Asit is possible to sem Figure34, t he test bench is divided
the injection syeem and chamber in which wadservel the water behaviair on the

walls once injected. Ehcharacteristics of the system are reportedliable4.1.
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Characteristic of the Value

system
® 0.6 [L]
@ 1stexperiment = 20,3[L]
2" experiment= 13.7[L]
0 NEQ 32+45 [mbar] (depending slightly on the Temperature ¢

the ambient)
0 OQOEDQQE S vzpm  vZp T (depending on the Temperature of
the system)

25 +3YY [dubijgthé months)

Y p TTTD
ol 15t experiment = 5861 ]
2" experiment= 5957.25(# ]
6 ON 0O TODE WE T pNAAOMI
01 € OVI'9HO6 NBE * VZPT GOOI p A QOO
Y OQENRG A6 G N 0 9
|

Table4.1: Principalcharacteristics of the experimental test by

A key role wa played by thepiezoelectric valve-PLVY1000® Oxford Instruments
(Errore. L'origine riferimento non e stata trovatg.which wa the link between the
injection lineand the test chamberThe valves manufactured using only metallic
components and the actuation is provided by means of an internal piezoelect
crystal stackthe application ofan applied potential ¢ causes the expansion of
crystals inverse piezelectric effect®), raisingthe central pull rod.This last is
connected to a ceramic plungesealed (a¥®w 1) to the valve seat by a higénsion
spring. Thus, whenwoltage is appliethis plunger will raiseallowing the gas to flow

through.
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Pre-set

piezo-stack

spring 4 RXRX

ceramic plunger\

A seat /\

Gas Inlet \NW1GCFﬂanges i \

Figure35: Schematic of the PL-¥000 piezo electric valve internal section

Vacuum

Using such a valve enabléo inject betweenu p ™ v T & O GAof water
vapour n shortpulses( 100 1000a i).

The length and the shape of the pulses are provided by means of a dedicated
electronic setup. Connecting a pulse generator tihe piezovalve controller is
possible to send-1000 [V] pulses of the selected width, manually triggering the

signal from the pulse generator.

Figure36: Control electronics apparatt
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The operation of the valve has been characterjZetting a set of conditionsvhich
had the best reproducibility (in terms of quantity of gas injected) at the lowest time
of injection. Different combinations ofo ) 1 aUGEXD WO 6 ald "QQa i /
A O aiif@an/Qi Qo 60'QE "Gl were tested, calculating the standard
deviationof repetitive pulsesThe optimum was food for square pulsesf 400-500

& i and500-1000[w] of amplitude.

Finally,afast 010[V] data acquisition, directly connected with the processgauge
controller has been usedrhesignalswere sent to a DAQJSBmodule (USE128®

National Instruments) and processed by a dedicated Lab®agram, being able
to collectdataup to 40'0a

Managing with applied voltagénitial torque of the valveand time/shape of pulses,

it was possible to inject reproducible and measurable quantities of water vapour

4.2 Injection system and purity of water

The water injection has follogd this procedure

1 Useof demineralized water

1 Pump the reservoir until reaching tkegjuilibrium between liquid and vapo phase: this

will remove the othedissolve gases on the water
T Fill the control volume with the vapw inside the water circuit just pumped
f  Empty the control volume until the final diaphragm pump presspre @ 6);i
1 Repeat the process several timéisighing of the injection ling

9 Check the purity of the water with the RGA
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Figure37: RGA analysis of water injection purity.

This procedure allowed to obtaifil 94% purity of water. Figure 37 showsthe
evolution of different masses during one water injection (t=50.ni$ke impurity
gases(mainly N and Q) do not contribute to the dynamibehaviour and only

introduce an offsetto the equilibrium pressure.

4.3 Bake-out and water injections at room temperature

After assemblythe system has been equipped with thermal jackets, collars and
resistancestrips surrounded by glad#ore thermal insuladr. Finallythermocouples
were connectedn order to contol the temperature.

As explained i2.3.1, the bakeout consistf heating the vacuum chamber for a

certain time in order to degas the adsorbeater.
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Everything wasonnected to anobile cabinet, which gayegower and control the
heating of each different part of the systenkigure 38 shows the bakeout

equipment

Figure38: Bakeout equipped system

Once verified the purity of the water, the following steps were performed:

1. Initial pump-down of \4 until reachingov= 1Gnbar;
2. Bakeout of the system at 150 C for
3. Cool down to dmy;

4. Closure of the pumping system valvewitch off penning gaugand

injection of water vapourat a fixed temperaturg
5. Pumpdown of \bagain until p2<10"mbar;

6. Bake out andepeat the process using anothéxed temperature for \¢
(30 <T<100 C)

Heating at 120C is considered enough to remove the molecules from the walls,
so when the system is cooled down at room temperature, the chamber pressure is

consideredlimited by hydrogen outgassinglo ensure repetitive initial conditions
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before each measurement the system was baked at C%@24h.An exampleis
shown inFigure39.

Pump down and Bake out after injections

p [mbar]

t[h]
Figure39: Bakeout at 1511 x / 2 ¢hgmber
The valve used for the injections had a leak depending oriditggie applied to the
valve. These leakwas considered during the injectionsonsideringo v "Yn

v wo U dthe average leak wasu=0p T ——. This leak rate isegligible compared

to the pressure reached alreadt the first injection.No drift is observed on the
pressure once readu the equilibrium despite this leak on the duration of the

experiment.Figure40 showsthe pressure evolution of injections performed’at

1.00E-01
1.00E-02
1.00E-03

1.00E-04

p [mbar]

1.00E-05

1.00E-06

1.00E-07

1.00E-08 {

0 500 1000 1500 2000 2500 3000 3500

t[s]

Figure40: Pressure evolution fos|. ; 4(27° C) water injections
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Just after the end of the water injectippressure drops due to the pumping of the
walls d the system. In absence of other pump the stainless steel walls are the only
possible sink fothe water molecules.

The pressuretrend fits two differentexponentials The firstis an exponentiatlecay
assumingnegligible desorption from the vacuum chamhbefThe equilibrium is
completely displaced to the gas phasénderthese assumptionghe characteristic

time of the exponential is the ratio of the pumping speed of the walkrthe volume

of the vacuum chamberThe second trend isnstead as a sum of adsorption and

desorption reaching finally the equilibriurpressure

s

1 i 1 L 1 | | | L1

Figure41: Single pulse analysia Matlab ® On the right is shown the fitting focused on the first
seconds after the 500ms injection.

Eah pulsesfitted with an exponential

no nQ 7 Eq.68

And T is the same pumpingharacteristidcime seen in eq9
Now, since:
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And, as shown in e@2:

Eq.69
Hencethe sticking coefficient:
O ro Eq.70
— g.
V]i8)) or
1.00E-03
1.00E-04
1.00E-05 1
@ + Tamb 4|
1.00E-06
1.00E-07
1.00E-08
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01
Qinj [mbarl]

Figure42: Sticking coefficient in respect of the equilibrium pressure insigleat room temperature

Sicking factorof water at different coverage (room temperaturejere calculated

(seeTable4.2).
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U [ s|Volume|S S Surface| T Molecule Masg SF
[m™3] | [m"3/s] | [I/s] | [m*2] | [K] | [ka]

0.83682 | 1.37E02 | 1.63E02 | 16.33| 0.595725| 300 | 0.018 1.84E04
4.545455 3.01E03 | 3.01 3.40E05
10.52632 1.30E03 | 1.30 1.47E05
8 1.71E03 | 1.71 1.93E05
6.25 2.19E03 | 2.19 2.47E05
6.25 2.19E03 | 2.19 2.47E05
6.25 2.19E03 | 2.19 2.47E05
28.62869 4.77E04 | 0.48 5.39E06
29.77963 4.59E04 | 0.46 5.18E06
23.9521 5.70E04 | 0.57 6.45E06
55.21811 2.47E04 | 0.25 2.80E06
100 1.37E04 | 0.14 1.54E06
110.2657 1.24E04 | 0.12 1.40E06
2360.718 5.79E06 | 0.01 6.54E08

Table4.2: Calculations of SF and variables involvedip, ywater injections analysis.

The quantity of gasdsorbedd

C

has beercalculatedas showed in equationl :

Jw

Eq.71
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4.4 Water injections at different temperatures

The installed bakeut equipment allowedwarming the systemto a fixed
temperature during the measurement Since the room temperature was not
controlled in measurement labhis contributed to be sure of th@ temperature and
to evaluate any possible relation with the temperature itself.

Usingagainthe same eq.70, the sticking probability at different temperatures is

shown onFigure43.

For the first injections thereare no evident difference between different
temperatures and even the Skas an almost flat trend, varyingoetween
p Tt W& @M . Going forward, is possible to notice the aforementiortlapsein

correspondence of & monolayer coveage.

LOOE-03

1.O0E-04 \
i

L.OOE-05

~Tamb
1.00E-06 40[C]
50[C]
1.00E-07 pr GO[C]
70[C]

LOE-08 100[C]

SF

1.O0E-09
1.00E-05 1.00E-04 LOOE-03 LO0E-02 LO0E-0L 1.00E+00 1.00E+01 L0002

Qinj [mbarl)

Figure43: Pequiibrium VS. Quantity of gas injected ify .
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Figure44: Adsorption isotherms for; F on 316 stainless stee
Another important result of these experimentehmpaigns is the measuremerait
constant temperaturesof the vapourequilibrium pressureKigure44) as a function

of the surface coverage

1.00E+00

1.00E-01

1.00E-02
-Tamb

&
-g 1.00E-03 40 [C]
5 50[C]
g
g 1ooras ~60 [C]
a
/ ~70[C]
1,00E-05 +100[c]
1.00E-06
1.00E-06 1.00E-05 1.00E-04 1.00€-03 1.00E-02 1.00E-01 1.00E+00

Qads [mbarl]

Figure45: Equilibrium pressure vs quantity of wateadsorbed bystainlesssteel surface
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As we have seen isection 3.3, these represent theadsorption isothermsThe
adsorptionisotherm isfunction of the molecular species, the temperature of the
surface, the nature of the surface and the gas compositioRigare43 and inFigure

44is possible tanoticealmostno differences for different temperatures for n

4.4.1 Testinjections with Neon

To exclude the pressure evolution was an artefact on the experimentalget
one testinjectingd ‘Qwith the same proceduréas been carried outNoble gasses
are inert sothe stickingprobabilityis zero at roontemperature apressure decrease
after the fast injections is not expected inthe caseof water.

At a temperature of 48, Ne99%has been injectedFigure46 and Figure47
show the results

1.00E-06

p [mbar]

1.00E-07

1.00E-08
0 50 100 150 200 250 300 350 400 450

t[s]

Figure46: Neon injections af_ 3
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Figure47: Neon injection single pulse analysis

During0 ‘Qnjections thepressureis stable just after the closure of the fast valve,
without any observedransitory.This evidence excluded any possible artefacts of the

setup leading to fake results.

76



CHAPTER 5
NONEVAPORABLEETTERENEG)
ACCEPTANCE TEST IONMBMENT

As already pointed ouh CHAPTER BIEG coatings are widely used in accelerator
technology Like any otherromponents to be installeth a vacuum systepthese

NEG coatedhambesneed to be testedefore installation

For thi reason therare been developed procedures to accept this chamber which
involve different steps to be followed in the lab. The reference lab at CERN is building

113.

5.1 Procedure for the acceptance of NEG vacuum chambers

The system used for the tessof NEG coated beam pipskould have the following
componentg(seeFigure48):

1 NEG chamber;

f FischetMommsen type Dome®(with ionization gauges for pressure
measurements SYand a known conductance);

Injection line for K, Npand CO at S\YFide

SVEgauge at the end of the pipe;

= =2 =4

Turbo molecular pumping group and roughing pumping station;

1 Residual gas analyser (RGA) atS\de
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The dome is pumped usirggturbopump Anion pumpduring the injection tests
would show a variable pumping speedndselective pumpindor different gases

A sublimation pump during the injection testsvould bea selective pump and
during the degassing process could produce a high concentratidal could

easily diffuse inside the NEG coating. For all these reasons the use of ion pumps
andor sublimation pumps should be avoided at any sfdgeigure48 shows a
schematicof the test benb. For the realization of this thesis it was included on

this test bench a second RGA (RG#t the end of the beam pipe.

Injection Line
H,, Ny, CO RGA

’d

Turbo
Molecular
Group

NEG Vacuum Chamber

SVT,

SVT, SVT,

Figure48: Experimental test bench configuration and componer

RGA allowsus to analysethe partial pressure of the gas coming at the end of the
systemallowingbetter evaluatiors of the performances of the NE@ating

After fitting the NEG chambéo the measuring dome 24 hours of pump down and
leak detection, the systershould be bakedThisbakeout is used toevacuate the
"O0 molecules and activate the gettedfigure49 shows an exampleof pressure
decrease after reachingthe activation temperature,180°+200[C]. Then, the
performance of the NEG coating should be verified after at least 24h at room

temperature.
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Figure49: Pressure decrease after NEG activat

The measurement is carried ourjecting Hz, No and CO. This ordeis importantto
avoid thesaturaton ofthe coating The injections are performed used a variable leak
manual valveTypical pressures during injection &#@Q07 mbar for B and°5Q0?°
mbar forN2and for the COneasured both at S¥TAn exampleof a H injectionon a
NEGchamberis shownin Figure 50 The ratio between S¥Bnd SV7is known as

transmisiorratio and gives an indication of the activation of the NEG coating.

8.70E-08
—--S\VT1
8.70E-09
- SVT2
- SVT3
(@ 8.70E-10
Ko}
£E
Q.
8.70E-11
8.70E-12
0 100 200 300 400 500 600 700 800 900
t[s]
Figure50: Pressure steps during azkthjection. The three lines refer to the three SVTs mounted
the system
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The parameters that should be determined during these injections are:
a) Cleanlinesand noncontamination of the NEG beam pipe by taking a
final scan of the system with the RGA.

b) Pumping speedf the aperture of the tubeUsing following formula:

Y w—— #Oex Eq.72

c) Transmissiomatio ( TR)given by the ratio of S¥and SV3
Yi Qe i w Eq.73
o a

d) Sticking coeffientderived froma TMPC simulation that correlates the
sticking with the transmission ratigigure51).
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Figure51: Sticking coefficient as function of the transmission ratio for different dimension of the
NEG vacuum chambers. R= radgis=Length This is the reference chart for NEG acceptance test
CERN
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This last graph resultto be a useiffriendly tool: using the TRalculatel
expetimentally, the stickingcoefficientfor the specific gas injected is extracted on
the respective »axis coordinate

e) Ultimate pressurén the SVJafter 24 hours of cooling down and after

having performed a modulation @0 minutes.

At the end all thenformationsare collected in a final report.

5.2 Procedure upgrade: measurements and results

5.2.1 Experimental setup and first measurements

The experimental setip is shown inFigure52.

NEG chamber

Penning Primary Group Injection Line

VI v SVTI

Figure52: NEG acceptance test'experimental test bench in lab. 113 at CEI
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Asdescribedon the procedure, a 24h pumgown and a bake out cycle with NEG

activation have beegarried out.Figure53 shows the results.

1605 6
NEG Activation T=150{C] ~ Gauges and RGA filaments degas

1646 /
I
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\

\\ ol ! {
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& N g
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a 2 ,
|
|
™, 10 |
1608 o "
W \
\ 0 | I
i)
lE-OBu . » . 0 0 0 m me 1m0 5000 600
t[s] t[min]

Figure53:Pumpdown and Bakeout cyclecurveon a 1560mmength NEG chamber systel
After the bakeout the gas injection were carried oun Figure54 is shown a 0

injection, followed by a RGA analysis
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Figure54: 4 injection steps
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Figure 55 shows the gas composition measured on R@Ad RGA during the
injection. |t a@ncl ear |pym ava (i thel erd ot thea t

chamberallowusto well seethe Nbas the dominant gas, so that to determine his SF.
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80%
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a\° 70%
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Figure55: Gas %vs. injected pressure at the NEG entranR&A analysifor 4 injection.

During theCO injectiorit was necessary to increase the pressure at the entrance of

the NEG chamber at leastp T & @ ¢ih order to evaluate a TR ratio
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Figure56: |=injection steps
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This high pressure is required to get enough CO at the end of the vacuum chamber,

because of the high sticking factor of CO.

100%

90% BH2 mCO mCH4 ©Ar

80%
75.14%

70%

60%

50.27%
50%

40%
34.,5%34.54%

30% 28,15
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Percentage of gas

20%
.60%

10% 63%

60% .19% 176

0%

7E-10 2E-09 8E-09 4E-08 1E-07 3E-07

p[mbar]

Figure57: Gas %vs. injected pressure at the NEG entranR&A analysifor |=injection.

Thefinal results of the three injections are presentedTliable5.1.

Gas SNEG ap. [I/S] TR
Hy 200 30
N2 124 70
(6{0) 308 282

Table5.1: Values of pumping speed (S) ammdnsmission ratio(TR) carried out after injectis

Using the transmission data foine three gasses it is possible to obtain the SF as

indicated inFigure58.
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Figure58: Experimental results after injections analysis for the L/R=40 NEG char

By means ofhe aforementioned chart, wealculateSk 0.02 for'O, SE0.03 for0

and SFE0.0% for CO.

According to what ifound in literature®®, the sticking probabilities for NEg®atings

are.
Ho 1x103 < SHH,)<5x1®?
N2 SKN,) >1.5x1€
(6{0) SRCO) > 7x19

Table5.2: Sticking probabilityaccepted foaccetance criteria at CER
The SFof 6 UOis lower than expectedAt his first analysis the chamber seems to be
not sufficiently performing and thus to be discard&kfore any further analysis it is

important to higHight some aspect of the test bench and simulations:

1 Hot cathode gaugeand RGAare devices foreseen to work at pressure
below v p 1 mbar. Whereas,injecting COin the pJ mTm pO
p T & & orange couldintroduce side effects and damage the device

(see section2.4)
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1 The amounts of gas injected are nottheg r ue” gas | oads pre
The higher outgassing rate in LHC is indbimatorswh er e weD have =
O 4+ v 3 | whereas the acceptance tes mount sO t o =
O 4 4 ¥ v: the coverage factorf reachedin lab tests are indeed
achieved in years of machine work in LHC.
1 Simulations performed in order to carry out the TR vs SF charts are
strongly dependant both on the boundary conditions of the chamber and
the choice of theeflection modelised to simulate the molecular flow.
1 Dynamic saturation effects on the NEGringthe injection are not taken

into account.

5.2.2 Simulations: doice of the model and boundary conditions

As we saw insection 2.5.1 using MOLFLOW+ one of the most intpot

parameteris the choice of th@article reflection modeb be used

. -
specular reflection diffuse reflection

Figure59: Reflection models behaviour comparison.

There have been performed several simulaionordercompare bottreflection
modek, between thediffusive and the specular on&his different behaviour has
been explained isection2.5.1.

Selectingone ofthe two different modelgesults changegiving different TRs due to
different probabilitiesof the molecules to go forward or backward.
Figure 60showsthe gg between the two trends:Hhis is due to thepportunity to

have a component othe momentum in the backward direction in theiffusive
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reflection. In this case, there will be momeoleculesrecorded at the entrance of the
chamber thann the specularcase, thus higher TR rati¢Figure 59.
The more convergent scenario seemed to be the diffusive one: for this reason, the

rest of calculabn in this chapter will be based on the assumption of this model

1000

—Satur.Chamber
Reflection SPECULAR

100
—-Satur. Chamber
Reflection DIFFUSIVE

TR

10

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01 1E+00

SF

Figure60: Differenceson the TR calculation between diffusive and reflectimeodelsin a saturated NE(
chamber.

Concening the boundary conditions, there is aladig change in the evaluation of

the sticking probability performances of the NEG. praxzedure considered at CERN

tooki n acceammtpea System”, whi c lcompletedyn s con
adsorbentfacet at the beginning and eompletely reflectivene at the end of the

cylindrical NEG chamber as we are talking al§bigure 6.

End of the NEG

Entrance of the == ez chamber, SF=1
NEG chamber, SF C A

Figure61: Boundary conditions in MOLFLOVg#nulation of the 1590[mm] length NEEst
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This situationis not the most correct. ASF=1at the end would be more possible in
the accelerator operational case, where gas load particles are following their paths
without encountering caps as the terminal flange of the experimental bench in the
lab. In the scenario in which we are moving, thestncorrect boundary condition is

to considera SF=0 at the end of the chamber, since all of the arriving particles are
backscattered. Concerning instead trentranceputting O or 1 for the Sks, asis
possible to appreciate iRigure 62 basically the ame. The orifice ahe entrance is

so small that there is a poor possibility for the particles to scatter on the walls and to

be then readsorbed back in the orifice.

1E+04

SFin=1 SFend=0
1E+03

SFin=0 SFend=0

16402 SFin=1 SFend=1

TR

--SFin=0 SFend=1

1E+01

1E+00
1E-06 1E-05 1E-04 1E-03 1E-02 1E-01 1E+00

SF

Figure62: Differences on the TR calculation betwegariousboundary conditions combinationsThe
L/R ratio is 40 per each simulation.

For these reasons, it has been chosen to use the=3&Fin SFend=(oundaries
scenariofor all the rest of simulations performedn Figure 63there is another

overview of how is possible to control each parameter on the interesting facets in
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MOLFLOW: pressure profiles, number of hits, fimsdeaks, adsorbent/desorbent

properties of the facets.

End Facet of
NEG Chamber

P43 Pressure T [nba] U995 Prossuse § [nbar]

Facet || Addcuve | Removecuve  Remove ol

Starting Facet of
NEG Chamber

V12

v Autoscale  Use coboes e AET

M [TO00ESG00 (% lchade constart flow 1+ Logaitc tcdle

Injection Facet, given flux e ]| e | M TE
SF=1 =

100e-12 100e-11 100e-10 10063 100e-8

Stow [Presuse obs]

Figure63: MOLFLOW+ running sirmatlon of the 1590[mm] NEG chamber for different SF tested.

5.2.3 NEG chamber dynamic saturation

As it was mentioned, one of the most difficult phenomeapaunderstand and
simulate behind these experiments is the dynamical changing of thea&a@®ption
propertiesduringthe injectionsls important to knowhat the NEG surface adsorbent

capacity for CO &:

1 Smooth surfaceyp 1

1 Rough surface yp 1
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Thus, considering that during thie Oinjection about=@p 1T & £ & QOdf 6 Wi
were injected, that results on a smooth surface absut 1 @0 ®f NEG surface
saturated byd Omolecules Thisme ans = 40 0 aaoylindricablBGycbated o f

chamber with a diameter of 80 mm

It is no possibleto simulate dynamic physicalhangesof the mesh elemertt in

MOLFLOW, it has been used COM&Okeproduce this behaviar. Figure64 shows

the meshused for theCOMSOkimulation in the coated paraboutpcit FQ & Qa Q& 0
distribution of the facetswas built, so as tocontrol“ el etme per td ement ”

number of the adsorbed molecules

Figure64: Mesh composition in COMSOL dynamic saturation simulatidh& possible to notice
the difference between the squarenapped meshing on the NEG surface and the not structt
triangular one on the remaining parts.

To simulate the transition from a certain sticking factor to zero when the NEG coating
is saturated it vs necessary to prepare a model with smooth transition and

derivative This was useful to have a fast convergence.

Equation 74 shows the model an&igure65 shows the trend of saturation model
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S g 2 L EBOQI DOBON HGHQ0 6
P o w TOOOR ©OQ0 6
3 & "YO&E . Eq.74

where "Y"Odxtthe typical SF assumed fiorion NEG surfaces x Jp 1,0 € @ Qi

are the moles adsorbed on the single NEG mesh elemenatandthe ) ‘00w G O 0 QO &

is the adsorbent capacity seen before for smooth surfacgsessed in— . Finally,

| is atuning parameterwhich defines the slope of the decrease to O.

6.00E-02
5.00E-02
4.00E-02

3.00E-02

Sticking Factor

2.00E-02
1.00E-02

0.00E+00
4.20E+15 4.70E+15 5.20E+15

Molecules adsorbed[1/cm~2]

Figure65: Sticking factor vs. adsorbed molecules per unit surface. Thaxel wasused to simulate
the loss of adsorption capacity of the NEG empfies

Using this function, simulations output reached convergence without numerical
oscillations. Saturation behaves as a wave that propagates along the chamber as

shown in Figure 66 arfeigure 67.
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Figure66: SF evolution duringaturation waves. A 20 minutes simulation reproduce exactly tr
experimental conditions in terms of quantity of gas injected.
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Figure67: Quantity of adsorbed molecules/cievolution during saturation wave:
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The effective reduton of the O toal leads to a modification of the TR

ratio trend which now has, for the experiments conducted, the yellow shape showed

in Figure68.

1000

SATURATED

1

=

0

~NOT SATURATED

TR

10

0.001 0.01 0.1 1

SF

Figure68: Transmission Ratio comparison betweeaturated and not saturated L/R=40 NEG
chamber(both Skperture=0 and Sénd=).

Analysing Figure68,is possible to notice how trends are crossing at a certain point.
After thatpoint, the saturated chamber has a higher TR ratio of the unsaturated one,
which seems not correct: drop of NEG performance should lead & higher

recording of hits at the end of the chamber.

What is happening is counter intuitive: due to the diffusive behaviof the
scatteringwe mentioned in sectio’.2.2 once NEG properties fall down and all the
molecules & scattered, there are indeemholecules which have l@gherprobability
to be recordedin the backward direction than in the forward on&he latter,

continuing to proceed ahead will encounter tmemaining NEG active surfaceith
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have a cemin probability to be adsorbed; the ones instebdckscattered will be

recorded by the S\¢ht the entrance of the NEG chamber.

In this scenario,there isan efiective increase of the TR. At certainpoint, the
saturation effectdominates the remaining NEG surfaaapacity to trap molecules.
This behaviar has been simulatedand has been observed experimentallyigure
69).
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Figure69: Evolution of the transmission ratio increasing the quantity of gas injected. Saturati
begins around 20 [min] and the TR start to increagegound 34 [min] TR starts to decrease as
expected.

In this graph is possible to appreciate how both in experimentamailationthe TR
increaseauntil reaching anaximum corresponding to #ux injected, after which is
starting to decrease. Thadfset betweenboth trends isthe initialamountof adsorbed

gas-nag{t=0)} used in COMSOL, which is unknown and therefore just a scale.factor
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The final output of the work was to present and introduce new TR ratios trends to be
used in future acceptance testigure70shows he difference between the old chart

(on top)and new ongright down):
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- |
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< —e—L/R=5 . d (0]
s p o .
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10 . & %9 Il
£ & . O
*—L/R=175 & 0 B
1 k* [ ] !35: :
0.000001  0.00001 0.0001 0.001 0.01 0.1 1
Sticking Factor

Figure70: Comparison between neMfilled lines)and old (only dots)selected trends in thel'R ratic

These limits need to be addressed in order to exploit as much as possible the

transmission method system.

5.3 Fast injection acceptance tests: a new tool proposal
To avoid the saturation of the NEG coating during the measurement of the

transmission ratio it is necessaryreducethe quantity of gas injected but reaching

the same pressure levets the standard performance tests
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The experience acqred with the fast injection system foiO 0 and the know-how
gained using the piezoelectric fast valve, brought usigiement this solution to the

transmission method system for NEG coated beam pipes.

Snce:

Di Eq.75

One solution is to get the same pressure levels, but for a very short timeeasible
with manual leak valves:or this reasonysingthe same test bench used for the first
experiments, there was installed a ne2200[mm]NEG chmber andchanged the

injection line layout.

Figure71 showsthe layout used for this testst was decided to keep the manual

valve and to install the new piezo valakkowing to inject withboth of them.

Figure71: New injection layout mounted on the NEG test ber
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To limit measurement errors both the RGAs were calibrated for each gases, allowing
performing all the injections with just the RGAs filaments switched. dhe
transmission ratios arealculated usinghe partial pressuraneasured by the RGA

The RGA calibration consiststhe injection of a gas recorded with the RGA and the
lonizationgauge, befee activating the NEG. In this wigypossibldo extractnj v i'O

trendsfor the RGAs.

——| 28 y=0.0159x + 8E-11 /_//.
1.00E-09 I 16 ‘////
I 12 /’ y = 0.0016x + 2E-12
1.00E-10 Linear (|28) ' /
Linear (I 16)

y = 0.0009x + 2E-12

1.00E-11

| RGA [A]

/
1.00E-12 F

1.00E-13
1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06

Psvt [mbar]

Figure72: RGAL1 calibration. The graph shows the conversion between ionisation currents a
partial pressures of the gasses.

In Figure72is showed an example of calibration of one of the two mounted RGAs in
respect of thenitrogen For each gas was recorded the partial pressure of the

dominantmass and also of his cracking pattern.

Hrst, 'O injections (which not saturate the NEG) were performed with the manual

leak valvgFigure73).
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Figure73: Hydrogen manual injection pressure stepsid final outputs on the left S[I/s] vs. t[s]
and on the right the TR vs. t[s]

Then, therethe same injections were repeated but in this cdke fast valvewas
used electronically ontrolled with the same controller and pulse generator seen in

section4.1.
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Different pulse lengtiwere tested,starting from 30 [s] going dowto five seconds
pulses Figure74 shows howby tuning thed was then possible taaisethe injected

guantity of molecules and tanalysethe peak to peak data evadting the TR and the
ny
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Figure74: Hydrogen piezo fast injection steps and final outp
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It is clear from thidirst injection that theTR and S results are approximately the same
of the manual injectiorones and how is quite easy to reach nominal in a single
pressure spikéor the H2 injectionThe limit of the pulse injection was fixed to 5 [s]

because for shorter pulse it walkficult to obtain reproducible data.

Trying to reach even smatlejection times, the subsequent idea was to record data
through the same €10 V DAQ acquisition system used for the water injectibiggire

75shows an example of@econds CO injections.
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t[s]

Figure75: CO piezdast injectiontwo-secondpulses

As is possible to notice, the lower pressures than the water injection case stretched
the acquisition limits, giving often a losignal to noise ratio and delays in the
integration of the signalFigue 76 shows a single 2 second CO injection, where is

possible to appreciate these limits.
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Ppeak avg = 1.8 * 10~ "mbar
o=22%
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Figue 76:. COpiezo-fast injectiontwo-secondssingle pulse focusingThe blue points
refer to the pressure record with SVTL, the orange with SVT2 and the grey ones
SVT3.

The standard deviation values showed start to be higj@ng to the one second
pulses, which were indeed the final limit in terms of time of this measurements.
Table 5.3 shows the pumping speed and the mismission ratio calculated through
this last 010 [V] data acquisitions for tweeconds CO injections: the average values

stands in line with the manual injection ones but still theemains high.
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Injection  Sneg ap TR

Us] [lis]

705.361  3.08E+02 1.26E+01
705.561  2.24E+02  2.49E+02
705.761 2.98E+02  4.85E+02
705.961  1.51E+02 4.56E+02
706.161 2.71E+02 3.78E+02
706.361  1.87E+02  2.84E+02
706.561  1.96E+02 4.46E+02
706.761  2.03E+02  4.34E+02
706.961  1.89E+02  3.26E+02

707.161 1.74E+02 4.08E+02

Avg: 2.20E+02 3.48E+02

” 23% 38%

Table5.3: Pumping speed and transmission ratio output fromgeands CO injections with T0[V]
acquisition

Performing these injections is possible to appreciate how less portions of NEG
surfaces are saturated, agreeing with
e v al ualndeo this point of viewTable 5.4 shows a clear reduction of the
saturated aredor 6 Uinjections from the over 30 minutes manual (with variaile

injected) to 3pulses series of 2[s] or 1[s] ones, in which the sdtonais practically

negligible.
Gas injected Quantity of gas injected NEG surface saturated
mode [mbar 1] [cm”2]

Manual injection 2.18E02 531.2527
7[s] injection 1.03E04 2.507746
5[s] injection 5.06E05 1.231961
2[s] injection 1.17E05 0.284225
1[s] injection 8.20E06 0.199662

Table5.4: Comparison between quantity of gas injected and NEG saturated areas between ¢
injection methods
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Thinking about an improvement of the signal to noise rasibsuld lead in principle
to even |l ower acquisition times, whi ch wi

pipes performance tests.

5.4 Future possible applications

One of the advantages of the setup used for these measurements is the possibility to
measure dcking factor and transmission ratio without saturatjoeven when the
measurement is carried out at high pressure (for very short time) or using high

sticking factor gases as CO.

The use of 3D modelling software like COMSOL® allows the calculatiorkioigstic
factor on NEG coated chambers with complex geometries. Optimizing the sticking

factor to fit the measured pressure values.
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CHAPTER 6
GONCLUSIONS

Different aspects of the molecular sticking on different surfaces used ¢douwa

technologyhas been studiethroughout thisthesisproject.

A water injection setip was built to carry out sticking factoreasurementgrom the

pressure evolution after fast injections. The behaviour of an untreated 316L stainless

steel in respect of the water adsorption has beewaluatedfor the subsequent
experiments: constant temperatdud 8@,i €j ect i «
60 700 10,0 C) , iddwa and pakempt s at 150 C. Wat er
isotherms have been therefore carried out, showing a similar belhavior each

temperature From this curves, sticking factor values have been extrapolated.

The behaviour of the saturation of NEBated pipes duringacceptance tests has
been measured and confirmed by simulations, identifying the limits of the test
procedures andproposing new possible improvements. Therefore, a new fast
injection gas system has been developpthviding the sameesultslevels for CO
injections achieved withraditional injections but with less than three order of
magnitude of gas injectedhence not saturating the chamber. The comparable
outputs in terms of transmission ratio and pumping speed allow thinking also to in
situ applicatiors, where the performance of NEG vacuum chambetddbe checked

directly with a portable fasinjection system.
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