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“lllud in his quoque te rebus cognoscere avemus,

corpora cum deorsum rectum per inane feruntur

ponderibus propriis, incerto tempore ferme

incertisque locis spatio depellere paulum,
tantum quod momen mutatum dicere possis.

Quod nisi declinare solerent, omnia deorsum

imbris uti guttae caderent per inane profundum

nec foret offensus natus nec plaga creata

principiis; ita nihil umgquam natura creasset.”
(Titus Lucretius Carus, “De rerum Natura”, liber,liv. 216-2241)

! “In these affairs we wish thee also well awaréehis: the atoms, as their own weight bears themrdplwmb
through the void, at scarce determined times, ancgcdetermined places, from their course decliitde— call
it, so to speak, mere changed trend. For weretithrear wont thuswise to swerve, down would thelj; fach
one, like drops of rain, through the unbottomeddyaind then collisions ne’er could be nor blows agithe
primal elements; and thus Nature would never hagated aught.”

(Titus Lucretius Carus, “On the Nature of Thingsdok I, vv. 216-224; translation by William Elletyeonard)



ABSTRACT

This Master’s degree thesis work was carried oth@European Organization for Nuclear
Research(CERN) in theLHC Beam Vacuurmsection of the/acuum, Surfaces and Coatings
group (VSC-LBV).

The aim of this research is to study the pumpingperties of non-evaporable getters and
their saturation behaviour. This work will focus ¢ime saturation of these materials and
useful criteria will be assessed for the evaluataomd prediction of future technical
interventions for vacuum systems exploiting thisht®logy. The measurements will be
compared with simulations based on Test-ParticlentélCarlo method and on multi-gas
model.

The main results of this work were also presentatieinternational Particle Accelerators
Conference 201,2vhich took place in New Orleans in May 2012.

Non-evaporable getters (NEG) are a class of mdélysawhich nowadays is employed in

several technological applications requiring theimemance of stable high or ultra-high

vacuum conditions in a system.

These materials ensure the pumping of residualsgasezacuum systems thanks to the
formation of stable chemical bonds between gas ecntéds and their metallic surface, even at
room temperature. In order to ensure this adsorptnechanism, a getter should have a
superficial active layer with free adsorption sitable to bind gas molecules. As the
chemisorption progresses, the number of free slmgeases, until the surface becomes
completely saturated and its pumping propertieapgisar, thus requiring to be reactivated by

thermal diffusion of the surface oxide layer contag the adsorbed molecules into the bulk.

Among the several technological fields in which NE&ys are commonly employed, one of
the most exciting and recent applications of thaagerials concerns the research in the field
of particle physics and the use of NEG on the makisurfaces of vacuum systems for
synchrotrons and high-energy accelerators.

In particular, vacuum beam pipes coated with TiAWZG alloy are extensively used at
CERN in order to keep and maintain the requiredathigh vacuum conditions (with
pressures in the range B'° mbay) in several vacuum sectors of tharge Hadron Collider
(LHC), which are at room temperature during operstiwith proton beams.



Molecular desorption due to dynamic effects is atated during protons operation at high
intensity. This phenomenon produces an importast Ilgad from the vacuum chambers’
walls, which could lead to a partial or total sation of the NEG coating, thus compromising
its capability of maintaining the requested vacuranditions.

To keep the designed vacuum performances and aaskehtechnical interventions for NEG
reactivation, it is necessary to take into accalinihese aspects and to regularly evaluate the

saturation level of NEG coatings.

Hence, experimental studies were conducted inrdmadwork of this thesis work in order to
identify the best method to assess the saturagioel bf the LHC's NEG coated beam pipes.
Chapter 1 briefly describes CERN, the LHC and &suum sectors where NEG coatings are
employed.

Chapter 2 instead gives basic notions about theiptes of vacuum science and technology,
whereas Chapters 3 and 4 concern, respectivelypiognsystems and vacuum pressure
gauges used for the purposes of this work.

Chapter 5 introduces NEG materials, focusing orir hemping characteristics and on the
factors influencing their behaviour and their pemiances. Chapter 6 illustrates the
theoretical principles of the employed simulatioroggams and Chapter 7 describes the
experimental systems in which saturation tests wertormed.

These measurements, whose results are presenteshalyded in Chapter 8, were conducted
in two different vacuum systems, namelf anlong NEG coated vacuum chamber ari2Ba

m long NEG coated pilot sector, which reproducescihriguration of the room temperature
vacuum sectors in the LHC. Monte-Carlo and muls-ganulations of the same saturation
process will be also presented.

Finally, Chapter 9 reports the results of two pcatt applications of these evaluation
techniques that were conducted directly in the réemperature vacuum sectors of the LHC
and in the NEG coated beam pipes of @mmpact Muon Solenoi(CMS), which is one of
the two largest particle-physics detectors localedg the perimeter of the LHC.



ABSTRACT

Questo lavoro di tesi e stato svolto al CERN digsna all'interno della sezioneHC Beam
Vacuumdel gruppovacuum, Surfaces and Coatings

Scopo di tale ricerca e lo studio delle proprietgpadmpaggio deinon-evaporable getter
(NEG) e del loro meccanismo di adsorbimento. Qudsioro si concentrera sulla
saturazione di tali materiali e stabilira dei aiitetili per la valutazione e la previsione di
futuri interventi tecnici per sistemi a vuoto chiBu#ano questa tecnologia. Le misure
effettuate saranno confrontate con analoghe sinwuakasate sul metodo Monte Carlo e sul
modello multi-gas.

| principali risultati di questa ricerca, inoltrepno stati presentati dliternational Particle
Accelerators Conference 201¢he si e tenuta a New Orleans nel maggio 2012.

| non-evaporable gette(NEG) sono una classe di leghe metalliche chejgaygo, e
impiegata in svariate applicazioni tecnologiche ghiiedano il mantenimento di condizioni
stabili di alto od ultra alto vuoto in un sistema.

Questi materiali assicurano il pompaggio dei gasdre in sistemi a vuoto grazie alla
formazione di legami chimici stabili tra la loropsrficie metallica e le molecole gassose,
anche a temperatura ambiente. Per rendere posgiliito meccanismo di adsorbimento, un
getterdeve avere utayer superficiale attivo, con siti di adsorbimento hbeapaci di legare

le molecole di gas. Al progredire delladsorbimenthimico, il numero di siti liberi
diminuisce, finché la superficie non diventa conmgoieente satura e le sue proprieta di
pompaggio non scompaiono, rendendo necessariauandasgtivazione che avviene tramite
diffusione termica, all'interno del materiale, a@eBtrato di ossido superficiale contenente le
molecole adsorbite.

Tra i numerosi campi in cui le leghe NEG sono coemente impiegate, una delle piu
interessanti e recenti applicazioni di questi malienguarda la ricerca nel campo della fisica
particellare e I'utilizzo dei NEG sulle superficiterne di sistemi a vuoto per sincrotroni ed
acceleratori ad alta energia.

In particolare, camere a vuoto rivestite con umg INEG TiZrV sono ampiamente utilizzate

al CERN per raggiungere e mantenere le necessandizooni di ultra alto vuoto (con



pressioni dell’ordine dl0*° mbay) in svariati settori delLarge Hadron Collider(LHC) che

sono mantenuti a temperatura ambiente durantedi@mipni con fasci di protoni.

Durante le operazioni con protoni ad alta eneing@esorbimento molecolare dalle superfici
interne dell’acceleratore €& stimolato da cosiddettietti dinamici. Questi fenomeni
producono un carico di gas residui non trascurabiie puo portare ad una parziale o totale
saturazione del rivestimento NEG, compromettendmose la capacita di mantenere i livelli
di pressione richiesti.

Per assicurare le condizioni di vuoto necessaper ggrogrammare interventi tecnici volti alla
riattivazione del NEG, e necessario prendere irsicemazione questi aspetti e valutare con

regolarita il livello di saturazione dei rivestimeNEG.

Nelllambito di questo lavoro di tesi, pertanto, sostati svolti degli studi sperimentali in
laboratorio, volti all'individuazione del metodo gtiore per la valutazione del livello di
saturazione dei rivestimenti NEG all'interno di LHC

Il primo capitolo descrive brevemente il CERN, LK@ i suoi settori in cui i rivestimenti
NEG sono utilizzati.

Il secondo capitolo, invece, fornisce le noziomdamentali relative alla scienza e tecnologia
del vuoto, mentre il terzo ed il quarto capitolooscupano, rispettivamente, dei sistemi di
pompaggio e degli strumenti di misura di pressiatilezzati per gli scopi di questa ricerca.

Il quinto capitolo presenta i materiali NEG, soffemdosi in particolare sulle loro
caratteristiche di pompaggio e sui fattori chenfienzano il comportamento e I'efficienza.

Il sesto capitolo illustra i principi teorici allaase dei programmi di simulazione utilizzati,
mentre il settimo descrive i sistemi sperimentali qui sono stati effettuati i test di
saturazione.

Tali misure, i cui risultati sono presentati ed leazati nell’ottavo capitolo, sono state
compiute in due diversi sistemi a vuoto, entramuastiti di NEG, cioe una camera lungan

ed un sistema dI8 manalogo ai settori a temperatura ambiente di LE&anno presentate,
inoltre, alcune simulazioni Monte Carlo e multi-ghslo stesso processo di saturazione.

Il nono capitolo, infine, mostra i risultati di dagpplicazioni pratiche di queste tecniche di
valutazione, condotte direttamente nei settori @ temperatura ambiente di LHC e nelle
camere a vuoto rivestite di NEG débmpact Muon Solenoi(CMS), che & uno dei due

maggiori esperimenti di fisica particellare postido il perimetro dell'acceleratore.

v



TABLE OF CONTENTS

AB ST R A T ottt ettt et e e e et e e et e et e e e e e e e e e aaaanee I
ABSTRACT ittt et e e e ettt e e e et e e r e e e e e e e e s a e e e e e s e e e e s nrneeas I
TABLE OF CONTENTS ..ottt ettt et e et e e st e e e s e e e e s e n et e e e s eannnneeee s \%
LIST OF FIGURES ...... .ottt ettt ettt e e et e e e s e e e e s s esnnn e e e e s nennneeeens VI
LIST OF TABLES ...ttt eee ettt e e s e e e e e e e e e e e e e e e e e e e e e e e e enreeas Xl
1. CERNAND THE LHC ... .ttt ettt e e e e e e e e e e s e e s e bbb eee e 1
1.1 THEEUROPEANLABORATORY FORPARTICLEPHYSICS........cooiii e 1
1.2 THELARGEHADRON COLLIDER ......cittiiiiiiiiiiii ittt e e 3
1.3 THELHC'S LONG STRAIGHTSECTIONS ......ooiiiiiiiiiiiieie et 6
2. PRINCIPLES OF VACUUM TECHNOLOGY .....ciiiiiiiiiiiiiiiiie e 9
2.1 PRESSURE ..ottt ecerma ettt e s 10
2.2 IDEAL GASLAW ..ottt ettt n e e e e e 10
2.3 GASMIXTURESAND PARTIAL PRESSURES .......oooiiiiiiiiiiiieeieinees s e 11
2.4 KINETIC THEORY OF GASES ..ottt 11
2.5 DIFFUSIONAND FICK'S LAWS ...ttt ettt 13
2.6 TYPESOFFLOW....oiiiiiiiiiiiiii ettt e e e e e e e e e sttt r e et e e e e e e e e e e e s 14
2.7 GASFLOW ...ttt e e e ettt et e e e e e e e e e e e 15
2.8 GASSOURCESN VACUUM SYSTEMSAND PARTICLEACCELERATORS ........ccovieieeiieee. 19
3. PUMPS AND PUMPING SYSTEMS ...ttt e e e e e e 26
3.1 GAS-DISPLACEMENTVACUUM PUMPS ......coiiiiiiieiiieeie e 26
3.2 GAS-BINDINGVACUUM PUMPS ...ttt ettt e e e e e e e e e snnnes 28
4.  VACUUM PRESSURE MEASUREMENTS ...ttt 29
4.1 TOTAL PRESSURBVMEASUREMENTS ... .o cmeere ettt 29
4.2 PARTIAL PRESSURBVEASUREMENTS ..ottt 35.
ST €1 I I 1 o OO 38

5.1 ABRIEFHISTORYOFNEGEMPLOYMENT FORPARTICLEACCELERATORSVACUUM

SYSTEMS ettt e et e e e a e e e e et e e e e e 39
5.2 CHARACTERISTICSAND SELECTIONOFA NEGMATERIAL .....ccocciiiieeieieee e 41
5.3 VACUUM PROPERTIE®FTIZRV NEGCOATINGS .....cooeiiiiiiiiiiie e 48
5.4 COATING PROCESS. ... ..ottt immmmmm ettt a e e rtr e et e e ae e e e e s 54
5.5 VACUUM ACTIVATION OFNEGCOATINGS ...ttt 57

Vv



TOOLS FOR PRESSURE DISTRIBUTION ANALYSIS .. ..ot 65
6.1 IMOLFLOWH ..ottt ettt et e e e e e e s e e e e et a et e e eee s 65
6.2 WASCO ...t ann e e e e e e e e e e nn e 68.
EXPERIMENTAL SETUP ..ottt ettt a e 72
7.1 2MLONGNEGCOATEDVACUUM CHAMBER........ttttiiiiiiiiiiiiee e 73
7.2 28MLONGNEGCOATEDVACUUM PILOT SECTOR ...c.cciiiiiiiiee et 74
RESULTS ANALYSIS L.ttt ettt e e e e e e e e e e e e e e e e e ennnes 77
8.1 ACCURACY OFVACUUM GAUGES ......oootiiiiiiiiiiie et emrmemree et 1.1
8.2 2MLONGNEGCOATEDVACUUM CHAMBER........o ottt et 79
8.3 28MLONGPILOT SECTOR ...coiiiiiiiiiiiieieiiei ettt e e e e e e e e et e e e e e e as 92
APPLICATIONS TO THE LHC ...ttt e e 110
9.1 ESTIMATION OFNEGSATURATIONIN THELSSVACUUM SECTORS........ooviiiiiiiiiiiiiiiiiinn 111
9.2 NEGQUALIFICATION OFCMSBEAM PIPES .....ooiiiiiiiiiiieie e 113
L10. CONCLUSIONS ..ottt e e et e e s ek e e e e e s amn e e e e e e e e e e e e s se e e e e e e ennnneeees 121
ACKNOWLEDGEMENTS ...ttt e ettt e s e e e et e e e s e e e e e s e nnne e e s 123
BIBLIOGRAPHY ..ottt et e ettt e e e et e e s et et e e s e e e e s e eenn 124

Vi



LIST OF FIGURES

FIGURE 1 —THIRD SESSION OF THE PROVISIONACERNCOUNCIL INAMSTERDAM ON THE4TH OCTOBER1952. AT
THIS SESSION GENEVA WAS CHOSEN AS THE SITE FOR THE FUTURE LABORGRY (COURTESYCERN). ....... 2

FIGURE 2 — CERNACCELERATOR COMPLEX(COURTESYCERN).....ccoiiiiiiiiiiiiiie st a e e e 4

FIGURE 3 — SCHEMATIC VIEW OF THELHC, SHOWING THE LOCATION OF THE EIGHT.ONG STRAIGHT SECTIONS .. 6

FIGURE 4 — SCHEMATIC VIEW OF ONE TYPICAL SECTOR OF THEHC'S LONG STRAIGHT SECTIONS ....cccvivvirerinenns 7
FIGURE 5 — SCHEMATIC DIAGRAM OF A BASIC VACUUM SYSTEM ...uvviiiiiiiiieiieeeeaaeississsiiniirnnrreerseseeeeseesnesnesnnans 15
FIGURE 6 — SERIES(LEFT) AND PARALLEL (RIGHT) CONNECTION OF CONDUCTANCES ....cctttteeaaaiaaiaaaeiieneieeeeees 17
FIGURE 7 — GAS SOURCES IN VACUUM SYSTEMS....cetttttiiiieeieeaeiasissiiiiitrarrssstesteeseaeasssssssasssssnnsnnnsnesneeeeseess 19.
FIGURE 8 — TIME-DEPENDENCE OF THE OUTGASSING FLOW RATE FOR DIFFERENIATERIALS [6]. ...cvvvvviiiiiiineeee. 20

FIGURE 9 —MEAN SOJOURN TIME AS A FUNCTION OF TEMPERATURE FORMFERENT GASESSURFACE

INTERACTIONS INVOLVING DIFFERENT BINDING ENERGIES.......ccoiiiiiiiiiiin s 22
FIGURE 10— TYPICAL PRESSURE PROFILE DURING THE BAKEOUT OF A VA@IM SYSTEM[9]. ..ceoiiiiiiiiieiiiiiieeeene 23
FIGURE 11— PRESSURE VARIATIONS DUE TAEC AND SRDURING A TYPICAL PROTON BEAM INJECTION IN THE

LH . oottt e et e e e e e e e e e e s a e 25

FIGURE 12— OPERATING PRESSURE RANGES OF DIFFERENT VACUUM GAUGESID VACUUM PUMPING SYSTEMS 30

FIGURE 13— SCHEMATIC VIEW OF A COLD CATHODE IONISATION GAUGE .....cuuuiiiiiiiieieeeeiiinseeeessiseesssssnnsaeaeens 32
FIGURE 14— SCHEMATIC VIEW OF A HOT CATHODE IONISATION GAUGE ... ..cccvvtuiieriiriisieeiesiinseesesinseesseennnaaaees 33
FIGURE 15— |ONISATION CROSS SECTION AS A FUNCTION OF THE ELECDOR ENERGY. ...eeeeeeeeieeiiesieeinennnnnneneeees 34
FIGURE 16— LEP VACUUM CHAMBER CROSSSECTION(COURTESYCERN). .....uuiiiiiiiiiiiiiiiie e 40

FIGURE 17—V ARIATION OF THE H, STICKING COEFFICIENT FORTIZR AND TIZRV COATED CHAMBERS AS A
FUNCTION OF BAKEOUT(24 H) TEMPERATURE[LA]. ....uuttitiiiiiiiiiiiiea ettt e e e e e e e e e 43
FIGURE 18— ULTIMATE PRESSURE AFTER24 H BAKING, WITHOUT INTERMEDIATE AIR VENTING, ON CHAMBERS

(LENGTH=2 M, @=10CM) COATED WITHTIZR AND TIZRV AS A FUNCTION OF BAKEOUT TEMPERATURK14].

FIGURE 19— ACTIVATION TIME AS A FUNCTION OF HEATING TEMPERATUREFOR METALS OF THE A 4™ GROUP AND

=) SR T T U =1 < | TR 46
FIGURE 20— DIFFUSION LENGTH AFTER2 HOURS FORH, C, O, N AS A FUNCTION OF HEATING TEMPERATURE INA)

Tl, B) ZR, C) V. PLOTS ARE REALISED ON THE BASIS OF DIFFUSION DATAEXTRAPOLATED DATA ARE IN

DASHED LINES [ L8] ittt ettt ettt e e e mc oo e oottt bt ettt et e e e e e e aeaaeeeaaaaannnanbbeebs s s e e e e e e eeaaaaaaaeans a7
FIGURE 21—V ARIATION OF THE CAPTURE PROBABILITY FORH, AS A FUNCTION OF THE STICKING FACTORTHESE

DATA ARE VALID ONLY FOR CHAMBERS WITHL/R>20 [21]. ....uiuiitiiiiiiieieeeee e 48
FIGURE 22— LINEAR PLOT OFCO PUMPING SPEED PER UNIT LENGTH AS A FUNCTION OF THEAS SORBED

QUANTITY [LB]. 1eettettietieeeeeeeiisiesssieueteet e mmmmm e e e e e e eeeeeeeesaasaaa i nnee e bt e beeeeeeeaeaaaeesaesanannnssnntensnnnnnnnnennaenaens 50
FIGURE 23— COMPARISON BETWEEN CALCULATED AND EXPERIMENTALLY MEASURED(+) PUMPING SPEED

CURVES THE TWO CONTRIBUTIONS OF OUTER SURFACE AND VOIDS TTHE TOTAL CALCULATED PUMPING

SPEED ARE ALSO SHOWEIDLG]. .. .uuuvvurtetiieieieiietieeeeeeeesessssmmmmesssansteeseeeeeeeeeeaeaeeeaeesessessnsnnnnnssnnseeeeeeees 51



FIGURE 24— COMPARISON OF THE CALCULATED AND MEASUREL{+) S(Q)CURVES FORN,, SHOWING THAT THE

BEST AGREEMENT IS OBTAINED WHENP=B [16].....ccceeeiiiiiiiiiiiiiiiiiieeeeee e e s mmmm e e e e e e e e e s e s snnnnnnnsansneeeneeeeees 52
FIGURE 25— S(Q)FORCO, N, AND H,. 1981AND 1979REFERS TO TWO DIFFERENT GROUPS OF MEASUREMENTS

S(Q)FORH, DEPENDS ON THE GAS RATE OF INJECTION.) 1.810° TORRL-S*M™, 2) 510° TORRL-S™M Y,

3)510* TORRL'S™M™?, 1981)5- 10 TORRL-STM ™ [L6]. ..., 53
FIGURE 26— PARTIAL PRESSURESEVOLUTION MEASURED WHILE HEATING AN ACTIVATED NEG-COATED

CHAMBER (INTERNAL DIAMETER 58MM) [21]. .eeveieiiiiieeeeeeie s e ettt e e e s e e e e e e e e e e e s e s s nnannnaeeeeees 53
FIGURE 27— TWISTED METALLIC WIRES USED AS CATHODE IN THENEG DEPOSITION PROCESS.....ccvvviierieeeeeeenn, 55
FIGURE 28— POSITIONING OF THE INTERTWISTED CATHODE INSIDE THE ACUUM CHAMBERS TO BE COATED ..... 55
FIGURE 29— BAKEOUT AND VACUUM ACTIVATION CYCLE OF THE TIZRV NEG COATED BEAM PIPESZ2]. ............ 58
FIGURE 30— PRESSURE VARIATIONS DURING A) BAKEOUT; B) NEG VACUUM ACTIVATION [2]..ccceieeiiiiiiiiiiiiinnns 58
FIGURE 31— VARIATION OF PUMPING SPEED FORCO AS A FUNCTION OF THE PUMPED QUANTITY OF GAS FOR A

TIZRV FILM (SQUARES AND FOR A VERY ROUGH COATINGCIRCLES) [23]- «eeeeeeeeeeeeiieieiiiiieieeeeeeeee e 60
FIGURE 32— ULTIMATE PRESSURES MEASURED INEG COATED CHAMBERS OF DIFFERENT DIAMETERS AFTER4 H

BAKEOUT, AS FUNCTIONS OF THE HEATING TEMPERATURE2L]. ...vvviiiiiiiiiiiieiieee e e e 61
FIGURE 33— INFLUENCE OF THE NATURE OF THESMOOTH) SUBSTRATE ON THE MORFOLOGY OF IZRV COATINGS

A) COPPERB) STAINLESS STEE, C) ALUMINIUM AND D ) BERYLLIUM . PICTURES WERE OBTAINED BY

SCANNING ELECTRON MICROSCOPYEACH OF THEM REPRESENTS A SAMPLE AREA dFMM X 3 MM [23]..... 62
FIGURE 34— TYPICAL MOLFLOW+ OUTPUT, WITH A TEXTURE APPLIED INDICATING THE PRESSURE PRELE

ALONG A NEG VACUUM CHAMBER. ...cettuuietettttieeeeetiiesssestanaeesestasasaesastanaeessssnaaeesstaaesastneeseesnnnes 66
FIGURE 35— TRAJECTORY OF A MOLECULE EMERGING OR BEING REFLECTHEROM A SURFACE IN ACCORDANCE

WITH THE COSINE LAW[29]. 1otttriiiiiiiiieie e e e e e e e s e s e ettt e e e e e aaeaeeeeaeesaesaaassnsanebasasennaaaeaeeeaessesannnnnns 67
FIGURE 36— SCHEMATIC VIEW OF THEATLAS VACUUM SYSTEM USED FORVASCO CALCULATIONS [10]. ........ 68
FIGURE 37— SCHEMATIC VIEW OF A BEAM PIPE WITH BOUNDARY CONDITIONS PROPERLY SETTHE SUM OF FLUX

OF MOLECULES COMING FROM THE TWO SIDES OF ONE BOUNRY MUST BE EQUAL TO THE AMOUNT OF

MOLECULES PUMPED(S) OR GENERATED BY A LOCAL GAS SOURCEG) [31]...eueeeeiiiiiiiiiaaaaaei i 69
FIGURE 38— EXAMPLE OF A TYPICAL VASCO INPUT FILE. 1.uuiiiittiiieetettiieesestiseeseestnseessssnsneessssnneeessssnneeseesnns 71
FIGURE 39— VIEW OF THE LABORATORY ATCERN; THE 28 M LONG PILOT SECTOR IS IN THE FOREGROUND...... 72
FIGURE 40— SCHEMATIC VIEW OF THE EXPERIMENTAL TEST BENCKHSHOWING THEFISCHER-MOMMSEN DOME,

THE 216CM LONG NEG COATED VACUUM CHAMBER AND ALL THE EQUIPMENT FOR PMPING AND PRESSURE

MEASUREMENTS 111ttt tttteettetiessssaauetetteetaesseeereeteeaaaasaasaaassnssssseesbsssaseeeeeeeaeaeeeeeeaaaaassssssssssnnsnnnnnneeaaeaaaaeees 73
FIGURE 41— SCHEMATIC VIEW OF THE28M LONG PILOT SECTOR SHOWING THE FOUR7 M LONG NEG COATED

VACUUM CHAMBERS, THE INTERCONNECTING STAINLESS STEEL MODULES AND ALTHE EQUIPMENT FOR

PUMPING AND PRESSURE MEASUREMENTS......uuutiuiiiriiiiieeeeeeeeeaeeeaseessaessnnssssssseeeseeseesseesessssesssnsnssssnnnsnsfh 1
FIGURE42—LAYOUT AND PICTURE OF A STAINLESS STEEL MODULE IDENTAL TO THOSE LOCATED AT THE ENDS

OF THE PILOT SECTORTHE INNERRF COPPER SCREEN AND THE INSERT FOR THE INSTRUMENT®N ARE

RS = PSPPI 5.
FIGURE 43— SCHEMATIC VIEW OF THE INJECTION LINE ..ttt ieeeeeetttttasteeeeeeeeeeseeeeeeesssssaasnsssssnnsneenreerseeeeeessesnnns 75
FIGURE 44— ESTIMATION OF THE RELATIVE UNCERTAINTY IN PRESSURE RADING OF THEBA GAUGES USED AT

L ] OO 77

VI



FIGURE 45— SIGNIFICANT PRESSURE FLUCTUATIONS ARE OBSERVABLE FOBA GAUGES AT VERY LOW

PRESSURES.....ttttttuuteseeeeeeeteeeasetesasansaesaaaaaaeeaeeeeestessnsannaaaaeeeteeeeessesssssnannnaasaseeeeeeeennsssnsnsnnnsnseeeeeeeerenes 78
FIGURE 46— EXAMPLE OF H, INJECTION PERFORMED STEP BY STER......iiiiuiiiiiieeiiieeiiieee et eeet e eeneeeei e eeaneaee 81
FIGURE 47— TRANSMISSIONS OFH,, N, AND CO AS FUNCTIONS OF THENEG SATURATED LENGTH ........cevuneeen... 83

FIGURE 48— PERCENTAGE OF LOST PUMPING SPEED WITH RESPECT TO THETIAL ONE AS A FUNCTION OF THE

INEG SATURATED LENGTH 11iituiitiitettsitetteesttsateesaessasssasstesansst s st sasstesasst s saassnssrssansstnsransernerans 85
FIGURE 49— PRESSURE EVOLUTION IN THE SYSTEM DURING THE LASCO INJECTION ....cvuniiineeeeneeeeieeeeneeeeaneeeens 86
FIGURE 50— COMPARISON BETWEEN PUMPING SPEED AND EFFECTIVE PUMIG SPEED FORH,, N, AND CO. ....... 87

FIGURE51—H, PUMPING SPEED AS FUNCTION OF THE SATURATED LENGTFOR THE GAUGE BAgnTRANCE AND

2N S PEEEEPURRRRRR 38
FIGURE 52— ORTHOGRAPHIC VIEW OF THECAD MODEL OF THE2 M LONG NEG COATED VACUUM SYSTEM....... 89
FIGURE 53— SIMULATED H, TRANSMISSION FOR DIFFERENT SATURATED LENGTHS ASRUNCTION OF THENEG

STICKING FACTORLOPCASL. ..ottt ettt et e et ee et e e e e et ee et e e e e en 90
FIGURE 54— SIMULATED H, TRANSMISSION FOR DIFFERENT SATURATED LENGTHS ASRUNCTION OF THENEG

STICKING FACTORO.00ZSAS0.0L ooeeiiieiiiiiie e e ettt te e e e e e e e e e e e e s s e s s st e e e e e e e e e e e eeaeeeeeennannns 91
FIGURE 55— MEASURED AND SIMULATEDH, TRANSMISSION AS A FUNCTION OF THENEG SATURATED LENGTH 91
FIGURE 56— PRESSURE VARIATIONS RECORDED DURING THE TWNEG ACTIVATIONS PERFORMED IN THE PILOT

S L0 0 ] 2SS 93.
FIGURES57—VARIATION S OF ION CURRENTS CORRESPONDING TO DIFFEREMASSES DURING THE FIRSNEG

o 1117 11 USSP 93
FIGURE58—-VASCO SIMULATION OF GAS DENSITY PROFILES INSIDE THE PILDSECTOR AFTER BAKEOUT AND

[N = Yo 1V 1T S 95
FIGURE 59— |15/l MEASURED BY RGAga eve DURING TWO DISTINCTH, INJECTION, ONE WITH THEPENNING

GAUGE ON AND THE OTHER NOTFOR THE SAMEH, FLOW Q=10 MBARL/S. ......cveviveereeeeeeeeeeeeee e 89
FIGURE 60— H, TRANSMISSION OF BOTHJURA AND SALEVE SIDE AS A FUNCTION OF THENEG SATURATED

= N 1 SO 99,
FIGURE 61— COMPARISON BETWEEN! 15/l MEASURED BY RGAcenTREAND RGAgA EvE AS A FUNCTION OF THE

NEG SATURATED LENGTH FOR AN INJECTEDH, FLOW Q=10 MBARL/S. +...cuvviutieeeieeeeeeeeeesee e 100
FIGURE 62—V ARIATIONS OF | ; AND |15 MEASURED BY RGAcenTRe DURING: A) THE THIRD H, INJECTION(1 M OF

NEG SATURATED IN TOTAL), B) THE LASTH, INJECTION (28 M OF NEG SATURATED). .....uvvvvrrriirererereeneess 100
FIGURE 63—V ARIATIONS OF I, AND |15 MEASURED BY RGAg eve DURING: A) THE THIRD H, INJECTION(1 M OF

NEG SATURATED IN TOTAL), B) THE LASTH, INJECTION (28 M OF NEG SATURATED). .....uuvvvririiiereeereeeeess 101
FIGURE 64— |15/l » MEASURED BY RGAga eve AS THE SATURATION OF THE PILOT SECTOR PROGRESSES......... 102
FIGURE 65— COMPARISON BETWEENH, TRANSMISSIONS MEASURED ONSALEVE SIDE WITH IPga gve ON AND OFF

FIGURE 66— CO TRANSMISSION OF BOTHJURA AND SALEVE SIDE AS A FUNCTION OF THENEG SATURATED
= N 1 PSPPSR 03

FIGURE 67— COMPARISON BETWEEN PUMPING SPEED AND EFFECTIVE PUMNG SPEED FORH,, N, AND CO. ... 104

FIGURE 68— PERCENTAGE OF CAPTURE PROBABILITY FORI5, No AND CO. ...ovvviiiiiiiiiiiiiiiirieceeeee e e e e s vmmmme s 105



FIGURE 69— QpegasAS A FUNCTION OF THENEG SATURATED LENGTH CALCULATED FOR BOTHAPcenTREAND

APsp evs 1.5H AFTER HAVING TURNED OFF THE TWO SPUTTERON PUMPS .....uutiiiiiiiieerrerrereeeeeeeesessannnnnns 510
FIGURE 70— PRESSURE INCREASES DUE TQ@H,; DEGAS OF DIFFERENT INNER SURFACES OF THE PILOT SEIR AS

FUNCTIONS OF THENEG SATURATED LENGTH ...uiiiititiieeeeiiieeeeeeiiseesesstiaeesesassanaessessanseesessnnsaesessnnseneens 106
FIGURE 71— COMPARISON BETWEENQpegasAND Al FOR MASSES2 AND 15 MEASURED BY RGAGALEVE: +++eeeeees 107
FIGURE 72— MOLFLOW+ SIMULATIONS OF TRyyra AS A FUNCTION OF THENEG ACTIVATED LENGTH (LENGTHS

REFER TO A SINGLE SIDE OF THE PILOT SECTQRHUS EACH REPRESENTS HALF OF THE TOTANEG

ACTIVATED LENGTH). 11uutuuttutureseeeeeereeseeeaeeeesassaaaaaaaasassssssssssssnssesersereesteeeeaeesnnsanamssssssssssesrrereeeaeeeennn 109
FIGURE 73— SCHEMATIC VIEW OF ASR5.BVACUUM SECTOR ....ccciiiiiiiiinniieieeeeeeereesseseesesssssssassssnssssssnsseeeseees 111
FIGURE 74— VASCO SIMULATION OF THE PRESSURE PROFILE IN THA5R5.B SECTOR CALCULATED FOR THE

ENTIRE NEG COATED LENGTH ACTIVATED (FEBRUARY 2009)AND FOR7 M OFNEG COATED BEMA PIPES

SATURATED (MARCH 2012). .. eeiiiiiiiiee ettt meme ettt 22 e e e e e e e e e e e e e et beb e sbe e et e eaaaaaeaeaeeaaaaaannnns 112
FIGURE 75— VIEW OF THE RIGHT SIDE OFCMS INTERACTION POINT, WITH THE NEG COATED BEAM PIPE

ENTERING THE DETECTOR ...ttttuuueetttttteesettunaeesestnneesessssasseesesssnaesesssnsaessestnaetestneeseesanaeeeernaaaees 113
FIGURE 76— A) IMAGING OF THE NONCONFORMING MODULE WITHRF INSERT INSIDE B) DEMOUNTED RF INSERT.

FIGURE 78— DETAILED VIEW OF CMS VACUUM BEAM PIPES AND OF THE AREA SUBJECTED TO BAXOUT (RIGHT
SIDE OFCMS INTERACTION POINT). 11tttttttetetettaaaeeaaeeesaaaaaaaatsbbssatssteeeseeeeeeeaaaaaaaaaeaaaesaaaaaannnsrnneeaeees 116
FIGURE 79— PRESSURE INCREASE DURING THEl, TRANSMISSION TEST AFTER THIRF INSERT EXCHANGE ....... 117
FIGURE 80— VASCO SIMULATION OF THE PRESSURE PROFILE ALONG THEMS BEAM PIPES DURING THEH,
TRANSMISSION TEST AFTER THERF INSERT EXCHANGE(L.5M SATURATED). ..vvvvvrririrrerieeeeeeeasesssssnannnnennns 118
FIGURE 81— PRESSURE INCREASE DURING THEIl, TRANSMISSION TEST AFTER THE PARTIAL BAKEOUT............. 119
FIGURE 82— VASCO SIMULATION OF THE PRESSURE PROFILE ALONG THEMS BEAM PIPES DURING THEH,
TRANSMISSION TEST AFTER THE PARTIAL BAKEOUT......uuuutiitiireeeeeeeeeeeeeeaeaaeseesaeeeisnssssssseeseesseaaaaaaaaaaaanns 119



LIST OF TABLES

TABLE 1—LIST OF RELEVANTLHC BEAM PARAMETERS PEAK LUMINOSITY IS CONSIDERED INIP1 AND IP5, I.E.

THE INTERSECTION POINTS OF THE TWO BEAM LINES IN GIRESPONDENCE OATLAS AND CMS,

Y] Lo AV =T I8 5 1 PP 3
TABLE 2—NUCLEAR SCATTERING CROSSSECTIONS AT/ TEV FOR DIFFERENT GASES AND THE CORRESPONDING

GAS DENSITIES AND EQUIVALENT PRESSURES AS K FOR AL00H LIFETIME [1]. wovvvvveieeeeeieiiee e 5
TABLE 3— CONVERSION TABLE FOR UNITS OF PRESSURE ....ccctttuiitttttiseestastisesssstiseessesssneesssssnaessessnaeesenmnn 10

TABLE 4 —MEAN FREE PATHS AND MOLECULAR DENSITIES OF AIR AT ROM TEMPERATURE AND DIFFERENT

PRESSURES. ...ttt ittt ettt ettt e e e e e e s e s s e bbb e e ettt et e et e e e e e e e e e et oe e e e et e e e ettt e et e e e e e e e e e e s a e a e anrran 15
TABLE 5— CORRECTION FACTORS FOR DIFFERENT GASESD]. «1itiiiiieaiiiiiii ittt sttt e e e e e aaaeaaeas 34
TABLE 6 — CRACKING PATTERN OF WATER VAPOUR(IONISING ELECTRON ENERGY EQUAL TALO2EV) [5]. .......... 36

TABLE 7 —|ONISATION PROBABILITIES FOR DIFFERENT GASES RELATELY TO N, (ELECTRON ENERGY EQUAL TO

002 Y T 1 S OPP 37
TABLE 8 — ACTIVATION TEMPERATURE EVOLUTION OF THE MAINNEG ALLOYS. ..eiiiiiiieiiiiiei i A3
TABLE 9—ENERGY OF DISSOLUTION OF OXYGEN IN PURE METALS COMRED TO THE HEAT OF FORMATION OF THE

STABLE OXIDE CONTAINING THE LOWEST NUMBER OF OXYGEMTOMS PER ATOM OF METAL[18]. ............. 45
TABLE 10— DIFFUSION LENGTH OF OXYGEN FOR ELEMENTS OF THE " AND 5™ GROUPS FOR2 H HEATING AT 300

RO 11 PP OPPRR 45
TABLE 11— SOLUBILITY LIMIT OF OXYGEN FOR ELEMENTS OF THE4™ AND 5™ GROUPS AT300°C[18]. .............. 46
TABLE 12— MAXIMUM STICKING PROBABILITY FOR DIFFERENT GASES OM TIZRV FILM AT ROOM TEMPERATURE

DEPENDING ON THE SURFACE MORPHOLOGIZ2]. ...eeiiieeeiieiiis ettt s s e a e e e e e e e e s e e s snnnnnnsennaneeeees 49
TABLE 13— CONDUCTANCE OF THE INJECTION LINE CALCULATED FOR DIFERENT GASES AT20°C. .....ccevvvenniennns 76
TABLE 14—LIST OF VACUUM GAUGE SHOWING THEIR OPERATING PRESSURE RANGES AND ACCURIES. ........... 78

TABLE 15— EXPRESSIONS FOR TRANSMISSIONPUMPING SPEED AND CAPTURE PROBABILITY OF THE M LONG

NEG COATED VACUUM CHAMBER. ....uuuiitiittiseetitti s eeseataseesesttsaessaesssaaaesssssanaeasssssnsaasesssnsaessssnnnaaesens 79
TABLE 16— CONDUCTANCES CHARACTERISING THE SYSTEM FORl5, N> AND CO (THE DIAMETER OF THE

INTERNAL CONDUCTANCE IN THEFISCHER-MOMMSEN TYPE DOME ISL CM. .....uvuiiiiiiiiiiiiieeeeeeeeeeaeaaeeeeens 80.
TABLE 17— EXAMPLE OF H, INJECTION PERFORMED STEP BY STEPATA REFER TO THE SAME INJECTION OF

0 PP 18
TABLE 18— ULTIMATE Pjy; PRESSURE AT THE END OF EVERY INJECTION FOR THE TBR GASES OF INTEREST.... 82
TABLE 19— INITIAL VALUES OF TRANSMISSION, PUMPING SPEED AND CAPTURE PROBABILITYCORRESPONDING TO

A COMPLETELY ACTIVATED NEG COATING. 11tutuiiiiiiitiie ettt e e ettt s e e ettt s s e s s aeain s e e s eata s e e s eata s e e e eesanneeaeesnen 82
TABLE 20— PERCENTAGE OF LOST TRANSMISSION OH>5, N, AND CO AS A FUNCTION OF THENEG SATURATED

03N 1 PSR 83.
TABLE 21— PERCENTAGE OF LOST PUMPING SPEED @, N, AND CO AS A FUNCTION OF THENEG SATURATED

03N 1 PSSR 84.
TABLE 22— SUMMARY OF THE PERFORMEDCO INJECTIONS AND OF THE PROGRESSION ONEG SATURATION. ... 86

XI



TABLE 23— SATURATED AND ACTIVATED NEG LENGTHS OF EACHVIOLFLOW+ SIMULATION.. ....vvvvvvivnivrereeenenn. 89
TABLE 24— HEATING RATE, MAXIMUM TEMPERATURE AND DURATION OF EVERY STEP OFHE BAKEOUT/VACUUM

ACTIVATION PROCESS DEPENDING ON THE TYPE OF COMPONENT INVOLVED..........cuuuuiiiiiiiieeeeeeeeeeeeeaeeaeenns 92
TABLE 25— LOWEST PRESSURES MEASURED ON THE THRIBA GAUGES AT THE END OF THE SECOND BAKEOUT

AND NEG ACTIVATION PROCESS. ... ttttttuietttttiteseetuneeaeestieeeestssaaaesestanaesestanaetestsnaeteeeeaeesaan 94
TABLE 26— TRANSMISSIONS PUMPING SPEERDCAPTURE PROBABILITY AND GAS FLOW DURING DEGASSING

ANALYSIS CALCULATED FOR THE PILOT SECTOR. ..1tttuttrrrerrereereeaaeeeasesssssaaassssssnsnsseesseeseeeasaessesannannnnnnsnnes 96
TABLE 27— ULTIMATE Pjyj PRESSURE AT THE END OF EVERY INJECTION IN THE PIIGSECTOR FOR THE THREE

GASES OF INTEREST 1.ttt tttttiestiuettttttteeseeaeeeetaeaeeesesaasasssssestestasaaeeeeeaeeeaaeeeeaesssssaannnsasssnnneneeeaaaeeaeeeesnns 97
TABLE 28— CH; DEGASSING FLOW OF THE INNER SURFACES OF THE PILGECTOR .....uuuvtrriirirererereeeraaaeeaeaaessanns 106
TABLE 29— 10N CURRENTS FOR MASSER AND 15 MEASURED BY RGAGga eve AT THE BEGINNING AND AT THE END

OF FIVE DIFFERENT DEGAS ANALYSESCORRESPONDING TO FIVE DIFFERENNEG SATURATED LENGTHS 107
TABLE 30— PRESSURE VARIATIONS MEASURED IN FOUR DIFFERENT SECRS OF THELSSAT ROOM

TEMPERATURE ...ttttuueetettuteetestaa s eesaetaa e e e eesasaasseaeassaaeeeeesa s eeeeesa s eeeessseeeeaesan s eesestan s eesentaneesentanaes 111
TABLE 31— PRESSURE AND TRANSMISSION RATIO DURING THEl, TRANSMISSION TEST AFTER THERF INSERT

EXCHANGE. ..ttt titetteseetatttttee e e ee ittt e et eeaeeesaassassaaeeeeee e eeeeeeeeeeeeeaaaeeeeeeesesannanssteananeeeaeeeaeaaaeeeeeeeeaesannannns 117
TABLE 32— PRESSURE AND TRANSMISSION RATIO DURING THEl; TRANSMISSION TEST AFTER THE PARTIAL

22T U S 118

Xl



1.CERN AND THE LHC

1.1 THE EUROPEAN LABORATORY FOR PARTICLE PHYSICS

In 1952 eleven European countries decided to foanstientific council, theEuropean
Council for Nuclear ResearatConseil Européen pour la Recherche NucléaERN); the
aim was to restore European scientific researckistdormer pre-war glory and to unite
European scientists by creating a pan-Europeaniatoinysics laboratory, allowing them to
afford the increasing costs of nuclear physicditees.

This decision fulfilled the efforts of the Frenchygicist Louis de Broglie, who had first
officially proposed the creation of a European Lalbary at the European Cultural
Conferencen Lausanne in December 1949. A further push is direction had come at the
fifth UNESCO General Conferencheld in Florence in June 1950, where the American
Nobel laureate Isidor Rabi had tabled a resoluming “to assist and encourage the
formation of regional research laboratories in ortle increase international scientific
collaboration...”.

The foundation of this provisional council preparth@ establishment of an international
laboratory, namely theEuropean Organization for Nuclear Resear¢f@rganisation
Européenne pour la Recherche Nuclépirehich officially came into being on the 29
September 1954. The provisional council was diggblut the acronym CERN remained to
indicate both the newly-constituted organisatiod &g research laboratory.

The laboratory operated by CERN is also commorfigrred to as th&uropean Laboratory
for Particle Physicg(Laboratoire européen pour la physique des partisylevhich better
describes its research field.

In October 1952, the Suisse city of Geneva had h@®sen as the site of this future
laboratory, whose twelve founding members weregideh, Denmark, France, the Federal
Republic of Germany, Greece, ltaly, the Netherlardgsrway, Sweden, Switzerland, the
United Kingdom and Yugoslavia. The latter left CERNL961, but ten other countries joined
the organisation in the following years (in chragtal order: Austria, Spain, Portugal,
Finland, Poland, Hungary, the Czech Republic, d@m/and Bulgaria), leading to the current

total of twenty member states.



Nowadays there are also two candidates for acee¢Biomania and Serbia), one associate
member (Israel) and some observers (India, Japassi® Turkey, the United States, the
European Communities and UNESCO).

Figure 1 — Third session of the provisional CERN aancil in Amsterdam on the 4th October 1952. At this

session, Geneva was chosen as the site for the fetiaboratory (courtesy CERN).

The first CERN’s accelerator, built in 1957, wa® $00 MeV Synchrocyclotron (SC),
providing beams for the first particle and nuclphysics experiments. In the following years,
several accelerators were built, progressivelyiteatb the creation of a unique structure of
interlinked machines that provided a large rangeaoficle beams.

The researches conducted at CERN over the lastesiades lead to an incredible number of
discoveries, radically transforming our knowledge the field of particle physics and
determining a huge number of fundamental technoédgidvances.

Among the others, it is worth to mention the NoPelze in physics to Carlo Rubbia and
Simon Van der Meer in 1984 and the invention of\therld Wide Web by Tim Berners-Lee
in 1989.



1.2 THE LARGE HADRON COLLIDER

The Large Hadron Collider(LHC) is today the world’s largest particle accater; it is
operated by CERN and it is located in a tunnellatua100 munderground beneath the
border between Switzerland and France, in Geneaa ar

This tunnel formerly housed the Large Electron-®osi Collider (LEP), which ran from
1989 to 2000 and was then dismantled and replagéuebl HC.

The LHC, with a diameter d16.66 kmis the latest CERN’s accelerator and one of thetm
complex machines ever built. It will allow to reutibnise our understanding of the universe
and of its fundamental laws.

The Large Hadron Collider Project was approved BRN Council in December 1994. The
LHC started operation in September 2008 and gradiatreased beam energies in the
following months. It will be able to accelerate fedes at the highest scheduled energy in
2014, after a long technical shutdown that willtséd the end of 2012.

Table 1summarises some of the most relevant LHC'’s beampeters.

Table 1 — List of relevant LHC beam parameters. Pdaluminosity is considered in IP1 and IP5, i.e. the

intersection points of the two beam lines in corrggondence of ATLAS and CMS, respectively [1].

Injection | Collision
Proton energy [GeV] 450 7000
Number of particles per bunch 1.1510"
Number of bunches 2808
Bunch spacing [ns] 25
Circulating beam current [A] 0.584
Stored energy per beam [MJ] 23.3 362
Peak luminosity [cm?s] — 1.010*

At full power, the LHC will be able to acceleratgat hadron (either protons or lead ions)
beams travelling in opposite directions into twoghiel beam pipes up to a maximum energy
of 7 TeVper each beam, correspondindltbTeVin the centre-of-mass. By colliding the two
beams at these very high energies, physicistsatecthe conditions just after the Big Bang
and analyse the particles created in the collisibasks to a number of detectors located

along the LHC’s perimeter in correspondence of ititersection points of the two beam



pipes. The four main detectors are ATLAS Toroidal LHC Apparatus CMS (Compact
Muon Solenoi] ALICE (A Large lon Collider Experimentand LHCb [arge Hadron
Collider beauty. They are located in four huge underground cavatang the LHC's ring.
Two other much smaller detectors, TOTENQTal Elastic and diffractive cross section
Measurementand LHCf (arge Hadron Collider forwar}] are positioned near the CMS and
ATLAS detectors, respectively.

CERN Accelerator Complex

- Jantiproton conversion

LHC Large Hadron f1 lider SP5 Super Proton Synchrotron PS5 Proton Synchrotron

i De ratol
CNGS Cern N(-III | 1 ) Gran Sasso
LEIR Low E ergy lon Ring  LINAC LiNear ACcelerator

Figure 2 — CERN accelerator complex (courtesy CERN)

The LHC is the latest ring of the accelerator cawrphat has been built at CERN through the
years (Figure 2). This complex is a succession atigle accelerators that can reach
increasingly higher energies.

Protons are obtained by removing electrons fromrdyen atoms. The linear accelerator
LINAC 2 generatess0 MeV protons and feeds theroton Synchrotron Booste{PSB),
accelerating td..4 GeV The PSB feeds in turn tHeroton Synchrotror(PS), which boosts
the energy up t@6 GeVbefore transferring the beam to Beper Proton SynchrotrofsPS),
which accelerates it @50 GeVand finally transfers it to the LHC.

Lead ions for the LHC instead start form a sourteraporised lead and enter LINAC 3
before being collected and accelerated in the Loer@y lon Ring (LEIR). They then follow
the same route to maximum acceleration as protons.

The two beams are guided around the acceleratibgira strong magnetic field (abdfl),
achieved using superconducting electromagnets.eTaes built from coils of special NbTi

cables that operate in a superconducting stateiesffly conducting electricity without

4



resistance or loss of energy. This requires cooliogvn the magnets to a maximum
temperature ofL..9 K by immersing the superconducting magnets in aspresed bath of
superfluid helium at aboud.13 MPa For this reason, the accelerator is connected to
distribution system of liquid helium.

Thousands of magnets of different varieties andssare used to direct the beams around the
accelerator: these include 1232 dipole magnets5oim length which are used to bend the
beams and 392 quadrupole magnets, &atimlong, to focus the beams.

Once they have been accelerated eV the two particle beams travel inside the LHC with
a speed almost equal to light speed, giving thalsai collisions that progressively degrade
the beam luminosity, which is measured ijem?s?] and is defined as the ratio between the
number of events per secoNg..ntgenerated in the LHC collisions and the crossi@e@etent

for the event under study:

N
L — event

Uevent

In the LHC, a maximum peak luminosity a0®** cmi®s?t is reached for proton beams in
correspondence of the two high-luminosity experitegnamely ATLAS and CMS. Loss of
luminosity can be caused by diffusion of the beaabeam-beam and beam-gas interactions.
Appropriate vacuum conditions must thus be kept araintained inside the beam pipes
during operations, in order to avoid a reductiorthef beam lifetime and luminosity and an
increase of the background noise in the LHC’s erpenmts.

Table 2 — Nuclear scattering cross-sections @t TeVfor different gases and the corresponding gas

densities and equivalent pressures & K for a 100 hlifetime [1].

G Nuclear scattering cross | Gas density [m°] for Pressure [mbar] at5 K, for
as
section [cnd] 100 hlifetime 100 hlifetime

H, 9.510°¢ 9.81:10" 6.7210%°

He 1.2610% 7.4210" 5.1110%

CHy 5.6610% 1.61:10" 1.1110%

H,O 5.6510°%° 1.61:10" 1.1110%

CcO 8.5410°° 1.1110" 75110

CcO, 1.3210% 7.0010" 4.9110




The vacuum lifetime is dominated by the nucleattedag of protons on the residual gas.
Table 2 reports the cross-sectiorvaleVfor such interactions for different gases, as \asl|
the gas densities and pressures ltcompatible with the requested lifetime.
The LHC has the peculiarity of having not one lhueé different vacuum systems [1]:
- 42 kmof UHV beam vacuum for cryomagnets;
— 48 kmof insulation vacuum for helium distribution linaad the magnet cryostats;
— 6 kmof UHV beam vacuum at room temperature.
Vacuum levels are very different: the room temperafpressure of the insulation vacuum
before cool-down does not have to be lower th@hmbar, while at cryogenic temperatures,
in the absence of any significant leak, the presstabilises arount0® mbar.
The requirements for the beam vacuum area at reompdrature are much more stringent,
due to the requested beam lifetime and backgroarnte experiments: pressure must be in
the range betweetD*® mbarand10™ mbar.
All three vacuum systems are subdivided into sedbyr vacuum barriers for the insulation

vacuum and by sector valves for the beam vacuum.
1.3 THE LHC'S LONG STRAIGHT SECTIONS

Eight Long Straight Sections (LSS) divide the LH@isg into eight sectors and serve as
experimental and utility insertions (Figure 3).

IP5
CMS
IP4 IP6
RF ! . N ~ Dump
f’ -~ -~ A
P3| /4 v\ )

Momentum | I H afﬁan
Cleaning ‘ . Cileaning
\ f
P2 P8
Alice - LHCb
' IP1 .

Ti2 ~ Atlas Ti8

Figure 3 — Schematic view of the LHC, showing thetation of the eight Long Straight Sections.



Each LSS has a length of abodb0 m per beam pipe. Four LSS are located in
correspondence of the caverns where the main ewpetal detectors operates along the
LHC perimeter (ATLAS in LSS1, CMS in LSS5, Alice b8S2, LHCb in LSS8) and where
the two beams can undergo collisions.

The other four LSS contain respectively the twdik@tion systems for cleaning the proton
beams (LSS3 and LSS7), the radiofrequency cavitieaccelerating protons (LSS4) and the
beam ejection system (LSS6). LSS8 and LSS2 alssehitie beam injection system [2].

From 28 m to 115 m NEG chambers

Bayard-Alpert
Gauge

&)
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l
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|
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-
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Mobile turbo
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group
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Figure 4 — Schematic view of one typical sector t¢iie LHC's Long Straight Sections.

The LSS are mainly constituted by vacuum beam pigp@som temperature, alternated with
stand-alone cryostats (Figure 4). The room tempezgtarts include beam instrumentation,
accelerating cavities, experiments, collimationipoent, injection and ejection kickers and
some dipole and quadrupole magnets. In these regitbe vacuum systems for the two
beams sometimes merge, not only in the four exmarial insertions, but also in some
special equipment like the injection kickers anchedeam stoppers.

The LSS vacuum chambers are made of several matdvee or copper plated stainless
steel, oxygen-free (OFC) and oxygen-free electrogiade (OFE) copper, aluminium,
beryllium, copper plated mu-metal (a mainly nickeh alloy with high magnetic
permeability). OFC refers to a group of specigbpmr alloys ensuring a high electrical
conductivity and a small release of oxygen inside vacuum chambers. OFE copper, in
particular, is characterised by orlyp005%o0xygen content.

In addition, these vacuum chambers have dispdeatghs (ranging fron20 cmto 7 m),
diameters (betweeBO mmand450 mm and geometries (cylindrical and conical symmetry,

circular or elliptical cross-section).



However the baseline for the room temperature begaum system is to ugemlong OFC
copper chambers, with an inner diamete8@fmm a wall thickness 02 mmand fitted with
standard DN100 Conflat flanges. All these chambers are connected by mefstinless
steel bellows equipped with RF copper screensderaio reduce the longitudinal impedance
seen by the beam. The chambers are internally d¢daeaite a TiZrV non-evaporable getter
(NEG) coating, which after having been vacuum atéd provides distributed pumping and
low outgassing to maintain a low residual gas pressas will be extensively explained in
Chapter 5. Bakeout and NEG vacuum activation maspdrformed in order to ensure the
required pressure conditions.

Reliable residual gas composition and pressure unements in thel0** mbar range are
required in the room temperature part of the beacuwm system, in order to efficiently
check the background conditions for the adjaceptesments and to have early detection of
leaks or saturation of the NEG coating. Each onehef sector valves which isolate the
sectors at cryogenic temperature from those at rteamperature is equipped with bellows
and houses a sputter-ion pump. The maximum disthebgeen two sputter-ion pumps is
fixed at about28 m to avoid ion-induced pressure instabilities [@je Pirani gauge per
sector monitors the pressure evolution during thiéal pump down from atmospheric
pressure. Moreover, every sector is equipped with told-cathode ionisation gauges,
installed next to the sector valves. Hot cathodésetion gauges, either permanently installed
on the central bellow of the sector or availablenowbile diagnostic stations, allow pressure
measurements below0™® mbar. In the centre of each vacuum sector are instafed
pumping ports housing the all-metal roughing valvescessary for the initial pump-down
and for the pumping during the bakeout of eachosedtinally, residual gas analysers
mounted on mobile stations allow to characterigerdsidual gas composition after bakeout

and NEG vacuum activation.



2.PRINCIPLES OF VACUUM TECHNOLOGY

Vacuum, from the Latin wordacuummeaning void, literally denotes the absence otenat
Although it is impossible to createparfect vacuumnthis word is commonly used to refer to a
partial vacuum i.e. to a region in which pressure is lower thihat of the surrounding
atmosphere.

The atmospheric pressure on Earth is not constarddpends on the altitude above sea level

h according to the following equation:

gpoh
PATM:PO'exP(_ PZ )

wherePy=1 atmis the atmospheric pressure at sea leye9.81 m/$ is gravity acceleration
on Earth ang=1.293 kg/m is air density at sea level @t°C; therefore it is not possible to
define an upper pressure limit for vacuum.
The aim of vacuum technology is to achieve and depkinside a vessel or a system a
pressure that is lower than the actual ambientpres
According with the pressure in a vessel, it is gmedo distinguish between different vacuum
ranges:

- low vacuum €¢10° - 1 mbay;

- medium vacuumi( - 10° mbay);

- high vacuum 10° - 10’ mba);

- ultra-high vacuum0” - 10%?), usually indicated by the abbreviation UHV.
In this chapter, some fundamental concepts conmogivacuum and its technological aspects
will be introduced and discussed [4] [5] [6].



2.1 PRESSURE

Pressure is defined as the force per unit areaeabipol a direction perpendicular to a surface:

P=-
A

The unit of pressure in the International Systetméspascal (Pa), Pais equal to a force of
1 N exerted on a surface dff.
Other useful units to measure pressure are repartédble 3; in this thesis work pressure

values will be always expressed [mbar], which is the unit commonly used in vacuum

technology.
Table 3 — Conversion table for units of pressure.
Pa atm bar mbar Torr
Pa 1 9.8710° 10° 102 7.510°
atm 101325 1 1.013 1013 760
bar 10° 0.987 1 16 750
mbar 10° 9.8710" 10° 1 0.75
Torr 1.3310° 1.3210° 1.3310° 1.33 1

2.2 IDEAL GAS LAW

A gas is considered ideal if its behaviour obeysdkal gas law
PV = nRT

whereP is pressureV is the gas volume) the number of gas mole§,the temperature and
R=8.314 Jmol*-K* is the gas constant.

A gas being at atmospheric pressure or below ghyebehaves ideally as a first
approximation; thus this equation can be easilydusedescribe the state of a gas as a
function of pressure, volume and temperature.

Na=6.022-10” is the Avogadro number, i.e. the number of atomslecules or particles
contained inl mole asn is equal to the ratio betwe@&h(number of gas molecules) ahyg,

the ideal gas law can be expressed also in this way

PV = NkyT
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wherekg=1.38102% J/Kis Boltzmann constant.

Finally, the dependence of pressure on particlebairdensity can be easily found:
P = nDkBT

wherenp=N/V is particle number density.
2.3 GAS MIXTURES AND PARTIAL PRESSURES

According to Dalton’s partial pressures law, th&alkgressured® due to a mixture of two

different gases A and B contained in a voluvis equal to:
P = PA + PB

For a mixture made up of several components, tia poessure is given by:

RT
P =Zipl' =Zini-7

The molar fractiorx; of a component is given by the ratio betweenutmiber of moles; and

the total amount of molescontained in the volume:
n.
Xi = l/n

Thus the partial pressures law can be written ialderms of molar fractions and the pressure
due to a gas is equal to its molar fraction mukigpby the total pressure in the system:

Pizxi-n-vzxi-P

This means that if a gas is made up of differepésyof gases, each of these gases will exert a

pressure that is proportional to its concentration.
2.4 KINETIC THEORY OF GASES

The kinetic theory of gases introduces a model winscuseful to describe the behaviour of
ideal gases. This model assumes that, miolecules of mass are contained in a volumé
each of them has a different velocitywhich is a vector defined by three components,

andc,) ranging from0 to .
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Particles are seen as point masses; if two pastanie separated by a distancR a repulsion

is exerted between them and they behave like gbrfetastic spheres of radiug/2 The
impact causes a change in both velocity value @edtebn for each particle.

Thus particles do not have a constant velocity theg do not move in specific directions,
because they undergo frequent collisions; it issiinbs to demonstrate that this non-uniform
velocity distribution for molecules contained invassel is well described by Maxwell-
Boltzmann distribution.

According to this model, pressure measured insigdessel is nothing else but the result of
elastic collisions of gas particles against thet@ioer walls.

The rules of statistical thermodynamics allow diefgndifferent velocities for this distribution

[7]; in particular the most probable velocity idided as follows:

2RT\'/?
Cmp = | ——
m = (5r)
Another useful quantity for vacuum calculationghis mean x-component of velocity:
1
c < RT )2
4 \2nM)

Both this quantities are expressedifs
It is possible to define also another useful qugntie. the flux or flow rate per unit area,

which is given by:

wherenp is particle number density.

2.4.1 Mean free path

The mean free path is the average distance thas anglecule is able to cover between two
successive collisions with other molecules conthinea vessel.

The number of collisions that a single particle ssmger second is:
zZ= \/EanO'

whereV/2¢ is the average relative speed of the partigdds the particle number density and
o=nd? is the collisions cross-section for a single geith d representing the diameter of the
particle. If a mixture of two gases is considenesteadd is equal to the sum of the radii of

the colliding particlesi+r ».
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It follows that the mean free path is given by:

1 kT
a V2npmd?  \2Pnd?

N | o

[ =

It is thus a function of the gas state in the viessge a function of temperature, pressure and
molecular diameter.
For air at room temperature and atmospheric pressiue mean free path is equal7® nm

while at10°® mbarit become$0 m
2.5 DIFFUSION AND FICK’S LAWS

Diffusion is a transport process driven by a cotregion gradient which implies mass
transfer; this phenomenon is described by two gladifferential equations, commonly
known as Fick’s laws.

The first law is given by the following equation:

ac
0x

Jx =

where C is the concentration of the diffusing species @&ndexpressed ifm?s], is the

diffusion coefficient (or diffusivity) of a gas gan by:

E
D(T) =D, e~ /rr

whereDy is a constant anl, is the activation energy for diffusion of that gas

Fick’s first law is valid only under steady statenditions (i.e. concentration is not time-

dependent) and states that the flux along a giwecttn x goes from high concentration to

low concentration regions, with a magnitude whishproportional to the concentration

gradient in the same direction; the generalisec#op for three dimensional systems, taking

D as a constant, is the following:
] =-D-VC.
Fick's second law describes the variations of cafregion with time:

oc _ 0%
ot = 9x?

Similarly to the previous case, it is possible totevan equation valid also for more

dimensions:
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oc = DV?C
ot '

Finally, the diffusion length during tinteat temperaturé& is given by:

L=D(T)-t
2.6 TYPES OF FLOW

Gas pressure affects the behaviour of gas flow.dsan number is a dimensionless quantity

describing the type of flow in a system and it &iged as the ratio between the mean free

path of molecules and a characteristic dimensidh@¥acuum component, e.g. its diameter:
[

KH,:E

As pressure changes, it is possible to define ttiféerent types of flow in a vacuum system:
— continuougor viscou$ flow in the low vacuum fieldKn<0.01);
— Knudsen flown the medium vacuum range.Q1<Kn<0.5);
— molecular flowin the high and ultra-high vacuum rangks%0.5).

Viscous flow can be in turn laminar or turbulertte tdistinction between these two types of

flow is made by another dimensionless numberReynolds number:
Re = p—
u

where p is gas densityu is viscosity,v is flow velocity andd is the diameter of the
component; for circular tubes, flow is laminar Re<2300 and becomes turbulent for
Re>4000 Continuous flow occurs when intermolecular cadiis are more frequent than
molecule-wall collisions. Knudsen flow instead igransitional flow that occurs for example
when pumping down vacuum chambers; in this casi, tallision types have an influence
on the flow. Finally, in ultra-high vacuunP£10’ mbar) molecular flow occurs anb> d,

i.e. the mean free path is much larger than thepoorent dimensions; in this case, it is very
difficult for a molecule to have interactions witther molecules.

In spite of this, even under UHV conditions it istrpossible to talk about a perfect void
(Table 4). AtP=10"? mbarandT=25 °C, there will still be aroun@.510* molecules/crh
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Table 4 — Mean free paths and molecular densitied air at room temperature and different pressures.

Pressure [mbar] | Mean free path | Molecules/cm
Rotary vane pump 1-10° 100pm —10cm| 1 -10°
Incandescent light bulb 0.1-0.01 1 mm-1cm 10- 107
Thermos bottle 10° - 10" lecm—1m 1 - 10
Vacuum tube 10°-10" [ 100 km—18km| 10'-10

2.7 GAS FLOW

Gas flow rate in vacuum technology is usually egpeel as PV-flow rate (or PV-throughput):
—PV—PdV

Qpy =PV =P

Pumping speed is defined as the volume flow ratgasf that a vacuum pump is able to

displace:

av

dt

The typical units for pumping speed @ire].
The pumping speed of a given pump is equal toahe between the flux of pumped gas and

the pressure of the same gas at the aperture plithe itself.

Qpy

> VP

Figure 5 — Schematic diagram of a basic vacuum sgsh.

Therefore by multiplying the volume flow rate byetimlet pressure of a pump it is possible to

calculate its PV-throughput, whose units mdar-s]:
Qpy =S P.
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According to the system described in Figur&gefers to the pumping speed measured at the
inlet of the pump, while the effective pumping sp&errtakes into account the resistance to
the gas flow of pipes and valves before the puimp;means theferr<So.

The relationship betwee®rr andS, is given by:

1 1 1

SEFF - SO CTOT

whereCqor Is the total conductance of all the pipes and emlvetween the system and the
pump.

The conductance of a given component is definedhasinverse of flow resistance, by
analogy with electric circuits; it is given by thatio between the gas flow rate and the
pressure difference across the component:

C 2@2 Qpv
TOT = Ap ~ P —P,

This means that if a gas flow crosses a compotiaerte will be a pressure drop proportional
to its conductance, which is a function of the comgnt’s shape, of temperature and of the
type of gas.

The units of conductance dtes’], as for pumping speed.

In order to characterise the properties of a vacuaystem or a pipe, the concept of
transmissionTr) has to be introduced; it can be defined as ttie beetween the amount of
particles entering in a vacuum component and theuatncoming out from it, i.e. the inverse
of transmission probability. Backscattering insteaters to particles that go back to the
direction they came from, due to diffuse reflectamnthe walls of the vacuum component.
According to the ideal gas law{=nRT), the transmission of a vacuum chamber can be also

defined as the ratio between the pressures antr@nee and at the end, respectively.

2.7.1 Series and parallel connection of conductances

If several conductances are connected one to ther,oit is possible to calculate a total
conductance, again by analogy with the same cdlonlfor electric circuits (Figure 6).
For a series connection oftonductances, the following relationship is valid:

1 _ Z 1
Cror i C;

For parallel connections instead:
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Figure 6 — Series (left) and parallel (right) connetion of conductances.

2.7.2 Conductance of an aperture

If molecular flow conditions are establishekinG0.5), the mean free path of particles is
bigger than the smallest dimension of the flow ctednthis leads to the assumption that, for
a thin-walled orifice, the transmission can be as=di equal to one, because the wholeness of
the injected particles will flow through the apeewithout collisions with its walls and thus
without being backscattered.

Therefore the conductance of an aperture can lbalatd as follows:

Cap ==+ A

o

where A (expressed ircnf) is the cross-section of the aperture ard is the mean x-

component of velocity for a Maxwell-Boltzmann diktrtion of particles and is derived from:

This is also numerically equal to the maximum aedated pumping speed of an ideal pump
for a gas at temperatuile Therefore for a molecular flow of aiM&29 g/mo) at 20 °C it is

possible to find the following expression:
Cap.air20°c = 11.6 - A4

with C expressed ifL/s] andA in [cm?]. The same equation remains valid for a differes g

x at different temperature by multiplying for an apgriate factor:

_ My =T
CAP,X,T = CAP,AIR,20°C ' m

If temperature is assumed to remain constant,alaionship between the conductance of air

and of a gag becomes:
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2.7.3 Conductance of a pipe with constant cross-section

For the calculation of the conductance of a tube @n aperture with a non-negligible wall
thickness), although molecular flow still occurgnsmission must be assumed different from
one; the conductance of a tube can be regarddeeasohductance of the pipe entraiie
multiplied by a factor representing the probabiltythat the molecules entering the system

will be transmitted through it:
Cpipe = Cap " Pr

This probability can be seen as proportional torét® between a “transmitting area” and an
“obstructing area”, which is in turn proportiona the total surface area of the tube; this
leads to the following expression:

ATR

Pr=—-TR _
A

where,l being the length ank the perimeter of the pipe cross-sectilbnis the total area of
the pipe walls.

Some correction factors have to be introduced oheoito take into account th#r is
generally larger than the real cross-secioand that the obstructing area is smaller than the

actual wall areéh; these considerations lead to the following foranul

C =C (1+ > lh>_1
pipe = Lap 16 A

For a pipe with a circular cross-sectigk=ir> andh=2nr) it is possible to obtain:

C =C <1+3 l)—l -1
pipe = Lap 8 r B

wheregf is a correction factor depending on the r#ftipfor long tubes (> r) a simplified

expression is introduced:

ncd?
Crone pipE = 120

Finally for air at20 °Cit is possible to assume that:
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3
Crong pipe = 12.1 T

C is always expressed jb/s], whiled andl are in[cm]. Again, the conductance of a gaat
room temperature can be obtained from:
Cx _ Mg

CAIR MX

2.8 GAS SOURCES IN VACUUM SYSTEMS AND PARTICLE
ACCELERATORS

Several gas sources are usually present in eveyuwasystem (Figure 7): leaks, outgassing
from the chamber walls, permeation are among tlseseces that cannot be completely
eliminated [5] [6]. In order to size the pumpings®ms needed to maintain the required

vacuum degree, the gas loads from these diffeceantes have therefore to be known.

Leaks Process gas

Internal outgassing Permeation
and desorption

Backstreaming

Vacuum
pumps

Figure 7 — Gas sources in vacuum systems.

Leaks are undesired flow paths in the boundary\adic@um system that allow fluids to enter
in it; they can generate from defects of fabrigatibwveldings, careless handling of
components, etc.) or from cracking due to an adpsieain. The presence of leaks has to be
avoided because they introduce inside the vacuustersys external gases and vapours,
normally air, thus compromising the required vacuranditions.

Permeation is related to the possibility for a gedecule to be adsorbed on the high-pressure
side of a material, to diffuse through it and tofimally desorbed on the low-pressure side,

i.e. inside the vacuum system. All materials exhébicertain permeability for gases, which
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depends on the type of gas and the type of matemlstrongly increases with temperature.
At room temperature, permeation through metalsegligible and these materials can be
considered as impermeable to air even at high teatyes; the highest permeability for a
gas through metals is of course observed withdde to the small dimensions of its molecule
and to the fact that it undergoes dissociation whenadsorbed.

Concerning polymers used for seals, this phenombasro be taken into account in systems
where pressures belol®’ mbarhave to be achieved and its extent strongly dependhe
nature of the polymer.

Finally, any material that has been exposed toraio a certain gas will adsorb this gas on its
surface. Once installed in a vacuum system whereuura or UHV conditions are
established, the internal walls of every of its poments will tend to desorb the previously
adsorbed gas and outgassing occurs, thus requitmgpresence of appropriate pumping
systems. The outgassing is time-dependent: it dsesewith pumping time and it strongly
depends on the type of material: polymers geneshlbyw higher outgassing rates than metals
and ceramics. It can be considered a thermal ositggswhich is enhanced as the

temperature increases.

polymers

Q/A [mbar - liter/(sec - cm2)]

0.1 1 10
Time(hr)

Figure 8 — Time-dependence of the outgassing flovate for different materials [6].

At constant temperature, the time-dependence dadukgassing flow rate is the following:

. _ alhA
QOUT - (t/lh)a
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whereQ,yr is the gas throughpud is the outgassing areay, is the specific outgassing rate
after1 h of pumping and is the exponent of decay, i.e. the negative stdghe outgassing

log/log curve ofQ,,r/A versus time (Figure 8).

2.8.1 Bakeout of vacuum systems

Vacuum systems for UHV applications are entirelydmaf metallic components. For this
reason, permeation can be neglected and, if ns leakpresent, the only possible gas source
in UHV systems is constituted by thermal outgassing desorption from the inner walls of
vacuum components.

After having been exposed to the atmosphere, al m@tiace is covered by a homogeneous
oxide layer, by a mix of hydroxide and hydrocarband, above all, by water molecules.

At atmospheric pressure, due to its polar natuegemis strongly bonded the metallic surface
thanks to electrostatic interactions. In vacuum diions however, water desorption
dominates the degassing of metals, according talioe-mentioned outgassing equation;
the degassing of other gases, namely CO andadiresponds to less thd0% of the total
desorbed gas quantity [8].

In order to mitigate these effects and to accetevedter desorption, vacuum systems for
UHYV applications should undergo a bakeout befaagiag operations.

A bakeout consists in an artificially accelerateatev outgassing that is obtained by heating a
vacuum system to an appropriate temperature. Tdasirtg process significantly increases
desorption and diffusion rates, causing the relé@se the inner surfaces of the system of a
large amount of volatile compounds, which are sqbsetly removed by the installed
pumping systems.

The desorption frequenoy for molecules from a surface corresponds to tlodadoility of

desorption per adsorbed species per unit timetaadjiven by:
vV = Vo . e_(E/kBT)

whereE is the binding energy between a molecule and titeacse, i.e. activation energy
necessary for the desorption of a molecule. Tléguency thus depends on the nature of the
gas-surface interaction and on temperature. Theevaf E is a function of the type of
attractive forces involved: adsorption processestduveak interactions like Van der Waals
forces are called physisorption processes, whitbsehnvolving stronger covalent, ionic or

metallic bonds are referred to as chemisorptiocgsses.
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The mean sojourn timeof a molecule on a surface is the reciprocal efflequency and

therefore corresponds to:
1
= ; =Ty" e(E/kBT)

The mean sojourn time is directly proportional twe tbinding energy and inversely
proportional to the temperature: for the same Ioig@inergy, an increased temperature results
in a shorter mean sojourn time (Figure 9). Thislaxg why desorption of molecules from a
surface is enhanced if temperature is increasdehiing the vacuum system’s components.

1.E+03

1.E+02 A

—CO/C0O2
- organics
— water

—H2 chem

1.E+01 7 2 —_—

1.E+00 ~

— 1.E-01
" 83kJ/mol
£ 1.E-02 A
= Bakeou
1E03 - b o — A o e — —
1.E-04
1.E-05 1 12kJ/mol
1.E-06 ‘ : ; : :
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Figure 9 — Mean sojourn time as a function of tempature for different gases-surface interactions

involving different binding energies.

Bakeout procedures thus are based on the factésatption rate exponentially depends on
temperature. Typically, the system is pumped ih® ftange where the residual pressure is
dominated by desorption processes. The temperisttinen raised, either by external heaters
or by a high-intensity source within the vacuumrobar. After a certain period of hours, the
system is cooled down to room temperature.

During a bakeout of a vacuum system, pressureicaigtincreases of several orders of
magnitude, due to the enhanced desorption frormtiex metallic surfaces (Figure 10).

Once the bakeout is over and all the water has desorbed and pumped, the degassing of a
vacuum system becomes dominated by hydrogen, vdadel not come from the surface but
rather from the bulk of the metallic componentsemhthis gas is usually included during
metallurgic processes. In addition tg, khe other main residual gases generally preseat i
vacuum system after a bakeout are CO, @@l hydrocarbons (in particular QH
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Figure 10 — Typical pressure profile during the bakout of a vacuum system [9].

2.8.2 Beam-induced desorption in the LHC

During beam operations in high-energy particle kre¢ors as the LHC, the gas density
inside the storage ring is dominated by dynamiea$# due to ion, photon and electron
induced gas desorption from the beam vacuum chawdiés [10].

These phenomena can lead to an undesired incrégsessure, causing a reduction of the
beam lifetime and luminosity and an increase of Haekground noise in the LHC’s
experiments. Static vacuum conditions instead reféie already mentioned situations when
no beam is circulating.

lon induced desorption occurs when the circulagington beam ionises the residual gas
inside the storage ring; the so-created positins iare repelled with high kinetic energy (up
to severake\) by the positive charge of the beam and they iggion the vacuum chamber
walls, stimulating the desorption of tightly bouddgas molecules. The desorbed gas can be
in turn subsequently ionised, thus giving rise far@ssure runaway if the provided pumping
speed is not sufficient.

A formula describes the pressure incre@sas a function of the circulating beam current:

P
Pi: 9

1— 771'1/
(nil)critic
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wherePy is the initial pressure valué,is the beam current angl is the net ion desorption
yield. The critical value reported in the equatidetermines an upper stability limit for

pressure and it is given by:

e
(nil)critic = ESdistr

wheree is the electron’s charge,is the ionisation cross-section of the residual malecules
for high-energy protons arfflis;r is the distributed effective pumping speed ingisstem.

The critical current inside a given LHC vacuum sedepends on its pumping configuration,
i.e. on the number, nature and position of thealfest pumping systems: the less the pumping
is efficient, the lower will be the critical currefor vacuum instability.

Photon-stimulated desorption instead is a conseguehthe structural characteristics of the
LHC and all the synchrotron light accelerators: whe charged particle is accelerated
longitudinally or transversally, it produces a &tdin. Due to the centripetal acceleration in
the bending magnets that constitute 48 km of th€ iMdcuum chambers, the beams emit a
synchrotron radiation (SR) flux of abo@0'’ photonss>m® at nominal conditions. This
radiation hits the vacuum chamber walls and cagsssdesorption, resulting in a pressure
increasePpn that is proportional to the photon fluk, and to the photon desorption yiejgh

and inversely proportional to the pumping sp8ed

Py ~ T’phs" Lo

The LHC is the first particle accelerator produciagsignificant quantity of synchrotron
radiation (SR): a? TeVper beam the photon flux is about three timeselatigan it was for
the previously operating LEP. On the other hand wuthe fact that the LHC accelerates
protons instead of electrons, the dissipated pdye&R is much lower [11].

Finally, photoemission and ionisation of the residgas inside the vacuum chambers
produce a large amount of primary electrons, whiadve under the action of beam field
forces and of their charge. These electrons caglate a quasi-stationary electron cloud (EC)
and they can strike the beam pipe walls, causimgnagas desorption and pressure increase
[12]. The effects of this phenomenon are enhancdtie experimental vacuum beam pipes,
where magnetic field is non-uniform, the geometfythe chambers may vary and the two
beams travel in the same vacuum beam pipe in ojgpaisections.

The pressure increas® due to the electron cloud, in analogy with the atiqun for SR,

depends on the electron desorption yigldhe pumping speefland the electron fluke:
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Figure 11 shows the typical effects of EC and SEnduthe injection of a proton beam in the
LHC. The red line indicates the beam coming from &PS accelerator, which is injected in
12 steps with energy equal 450 GeV When the injection is over, the beam is progretgi
accelerated to the maximum energy (in this caskee\). P, shows the effects of the beam on
a gauge located in one of the LSS: soon after élaenbinjection, the gauge records a pressure
peak which is due to E®; instead corresponds to pressure measured by & ¢aaged just

at the end of one of the arcs: in this case, teegure increase appearing when the maximum

energy is reached is due to the SR flux hittingwladls of the beam pipe at the exit of the

bending arc.
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Figure 11 — Pressure variations due to EC and SR dng a typical proton beam injection in the LHC.
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3.PUMPS AND PUMPING SYSTEMS

Depending on the degree of vacuum which is neediffdyent types of vacuum pumps are
available in order to create and to maintain thygiired conditions.
As a matter of fact, each of these pumping systenadble to work properly only in a well-
defined pressure range, while outside it its penforces drastically drop.
In some situations a combination of different punigosequired in order to ensure efficient
performances. This is the case for example of puogerating in the HV/UHV range:
continuous operation of backing pumps, which workatly to the atmosphere and reduce
pressure to an intermediate value, is needed.
The type of pump or combination of pumps choserafoapplication depends on the gas load
to be handled and on the base pressure to be adhiea given time.
It is possible to divide vacuum pumps into two eliéint groups, according to their working
principle [4] [5]:

— gas-displacement vacuum pumps (also known as gastr pumps);

— gas-binding vacuum pumps.
Gas-displacement pumps can be in turn classifiedwim groups: positive displacement
pumps (displacing gas from sealed areas to thesqineoe or to a downstream pump stage)
and kinetic pumps (displacing gas by acceleratimgthe pumping direction).
Gas-binding pumps instead either bind the gas tctine substrate (gettering) or condense it

at a suitable temperature.
3.1 GAS-DISPLACEMENT VACUUM PUMPS

The functioning principle of gas-displacement vaoupumps is based on the mechanical
removal of gas molecules through positive displaa@n{primary pumps) or momentum

transfer (turbomolecular pumps).

3.1.1 Primary pumps

These pumping systems are employed in order tceeehpressures in the rough-medium

range and to back high and ultra-high vacuum pumps.
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Oil-sealed rotary pumps, dry pumps and piston puamgsamong the most used primary

pumping systems for the achievement of the abowatioreed goals.

3.1.2 Turbomolecular pumps

Turbomolecular pumps (TMP) belong to the familykofetic (momentum transfer) vacuum
pumps. They are extensively employed in systemsrevtiegh or ultra-high vacuum
conditions are required.

A multi-stage, turbine-like rotor with bladed distatates in a housing; inverted bladed stator
discs having similar geometries are interposed éetwthe rotor discs. The rotor is driven at
very high rotational speeds, so that the periprsppaéd of the blades is similar to the thermal
velocity of the pumped gas molecules.

Molecules collide with the blades and blade spseatlded to their thermal speed; in order to
ensure a good functioning of the pump, moleculawfconditions are required inside the
component. If this were not true, the speed compioinansferred by the blades would be lost
due to collisions with other molecules; the meage fpath thus must be larger than the
spacing between two blades. Pumped gas is comdredsag the rotor-stator assembly
which is made of several stages, everyone of themesponding to the combination of a
rotor and stator disc; a downstream backing pumgviges further compression to
atmospheric pressure. Pumping speed of a turboodalggump begins to decrease when the
inlet pressure is arount0?-10° mbar due to the transition from molecular to Knudsen or
laminar flow; however, acceptable rotational speeais be maintained for a few minutes
even up tdl mbar, allowing to handle relatively high inlet pressaire

The compression ratik of a TMP, giving an indication of its functionings, defined as the
maximum ratio between discharge presstrand inlet pressure;:

P
k=2

Py
Pumping speed for light gases is lower comparedh&d for N, because the pumping
probability is lower; however the inlet aperturesh@n increased conductance for lighter
gases, giving rise to a pumping speed fgradd He which is reasonably clo€e8-0.9 to

that for Nb.
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3.2 GAS-BINDING VACUUM PUMPS

Unlike gas-displacement vacuum pumps that can led wgthout limitation, gas-binding
pumps have a limited gas absorption capacity anst imel regenerated after having operated
for a certain period.

The absorption of gas can be obtained thanks tactime substrate (sputter-ion pumps and
getter pumps) or by condensation of gas moleculasaitable temperature.

Cryopumps apply this latter mechanism and are widehployed in the arcs of the LHC,
where temperature is kept by means of superfluldiineat 1.9 K in order to ensure the
superconducting properties of the magnets. Howemgpumps have not been employed for
the purposes of this thesis work and therefore widyot be described in detail.

Sputter-ion pumps and getter pumps can be emplogdn the ultra-high vacuum pressure

range, otherwise their absorption capacity woulthsgantaneously exhausted.

3.2.1 Sputter-ion pumps

The pumping mechanism of sputter-ion pumps (SIPgased on sorption processes initiated
by gas ions formed in a Penning discharge (seegRgnia 4.1.2) maintained by a strong

homogeneous magnetic field.{=0.2 T). lons impinge on parallel cathode plates mada of

getter material such as Ti and sputter the gettbich adheres to nearby surfaces within the
pump and adsorbs reactive gases. Gas ions witicisatfenergy can also implant themselves
directly within the cathode: this latter pumpingahanism is effective for all types of gases,
including noble gases. The pumping speed of a ®fpends on the type of gas and the
pressure. A prolonged use of these devices atyessfigher than the high vacuum range

has to be avoided because it can cause cathodeghaatl degassing.

3.2.2 Getter pumps

Evaporable getter pumps are based on chemisorpfioeactive gases on the surface of a
getter film. They are obtained by vacuum sublimatnd deposition of a fresh getter film on
a metallic surface. When one or more monolayers haen formed, the sorption speed drops
rapidly and a new adsorbing surface must be forbnysfdirther evaporation.

Titanium sublimation pumps, consisting in a stasalsteel body containing the evaporation
source and a screen collector for the evaporatedriaa are among these kinds of devices.
Non-evaporable getter pumps instead, which constifue main topic of this thesis work,
deserve a separate chapter and will be thorougtdgribed afterwards.
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4.VACUUM PRESSURE MEASUREMENTS

4.1 TOTAL PRESSURE MEASUREMENTS

Different methods for pressure measurement are d@ygaavailable, but none of them
covers the entire pressure range that is possildlad inside a vacuum system: it is therefore
necessary to use different sensors (Figure 12).
The choice has to be done according to the vaclwegred that has to be detected and to the
required sensitivity; moreover, gas compositioneiinor corrosive) and environmental
conditions (e.g. radioactivity) are important anigethat must be considered.
As already said, pressure is directly related ® plrticle number density in a system;
according to this, total pressure measurementbeani two types:

— direct pressure measurements;

— indirect pressure measurements.
In the case of direct methods, pressure is measaredcordance with its definition: the
result of the measurement is the shift of a knowrfase A on which a pressur®,
proportional to the deflection, is exerted.
Manometers are devices typically used for dire@spure measurements. Other methods
involve the deformation of a sensitive element, a.diaphragm, due to an applied force: the
resulting deflection can be for example estimatedmanically (diaphragm vacuum gauges)
or electrically (piezo-diaphragm vacuum gauges)$4]
This process does not depend on the nature of nhb/seed gas or gas mixture; at low
pressure (less thahmbal) however, the exerted forces are negligible, tiesperformance
of direct measurements becomes very difficult oereimpossible due to the infinitesimal
masses involved. In this situation, which is comneoncerning to applications in high and
ultra-high vacuum, indirect methods are required.
Indirect measurements monitor either particle numtbensity or a gas property which
depends on it, taking into account that pressupraportional to particle number density at

constant temperature. These methods depend orathiyge because the physical properties
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which are measured (e.g. thermal transfer and atiois capacity) are functions of both
pressure and molecular weight.

It is thence common, in the case of gas dependetiiads, to refer the measured pressures to
a nitrogen equivalent value, which can be calcdlatecalibrating the gauge.

In the next paragraphs, some examples of devicaadoect pressure measurements will be

presented and their functioning principles desctibe

Pressure  Pumps Gauges

[Pa]

Membrane gauge

10°
4 Rotary pumps 4

10*
10 -
['hermal

10 conductivity gauge

10

10

10" 4 Turbomolecular v

, pumps
10 Cold-cathode gauge

10 N
Sputter-ion

pumps f 4

10°*

10°
Getters Hot-filament
Ti-sublimation, ionisation gauge

10°

NEG-pumps

10" v

10° Liquid Helium Bayard-Alpert,
Cryo-pumps Extractor gauge

Figure 12 — Operating pressure ranges of differentacuum gauges and vacuum pumping systems.

4.1.1 Thermal conductivity vacuum gauges

This type of gauges, also known as Pirani gauge$pdused on the measurement of the
thermal conductivity of gases, which in moleculamf conditions is proportional to particle
number density and thus to pressure.

A Pirani gauge is made of a tube containing a tiemgwire, which is electrically heated to a
temperature betweetll0 °Cand130 °C the corresponding applied electrical power isatqu
to:

Qelec =V-I

Heat dissipation can occur according to three giffemechanisms:
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— heat transfer to the tube’s wall by means of thesgarrounding the wire;
— heat loss through the wire ends;
— convection and radiation.

The sum of these three contributions should beléqube applied power:
QTOT = ans + Qrad + Qends

Pirani gauges work properly betwegrmbarand10* mbar. in this interval, if temperature
remains constant, gas thermal conductivity is pmadant and heat transfer is a linear
function of pressure. In this case, by measurirggubltage needed to maintain the wire’s
temperature constant, it is possible to obtairctireesponding pressure value.

This correlation however is not linear over the lehgossible pressure range: the lower limit
is due to the fact that, at lower pressures, tlgetigarmal conductivity would be negligible
compared to the thermal transfer along the wiresetfdP>1 mbar instead, heat loss by

convection and radiation becomes predominant.

4.1.2 lonisation gauges

An ionisation gauge measures pressure in a vacystars by ionising a fraction of the gas
molecules contained in it; the generated ions alleated on a positive electrode and the ion
current, which is proportional to the particle nienlgdensity, is measured by means of an
electrometer, giving an indirect measure of thesguee in the system.

It is possible to distinguish between two typesooisation gauges, the main difference being

the source of the ionising particles.

4.1.2.1 Cold cathode ionisation gauges

The functioning of these ionisation gauges is basedthe establishment of a gas discharge
between two unheated electrodes, by means of avbitgge.

Due to the high voltage, negatively charged electrieave the cathode and move from it to
the anode; during their travel, electrons can ®meutral gas molecules, creating a gas
discharge.

In order to increase the device’s sensitivity amensure that a sufficient quantity of ions is

created to maintain the gas discharge even at tesspre, a strong magnetic fie@%-0.2

is established, by means of which the electrondaoed to travel on spiral trajectories and

their path is significantly extended, thus incragsthe probability of collisions with gas

molecules.
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Usually the design of this type of gauge is thdofwing (Figure 13): a metal wire, i.e. the
anode, is surrounded by a concentric metallic clemivhich constitutes the cathode. An
axially- magnetised, cylindrical magnet ring isqadd on the exterior of this measurement

chamber and generates the needed magnetic field.

Cathode Anode

mbar

IkV ( ,-“—’

Figure 13 — Schematic view of a cold cathode ionisan gauge.

The discharge current is measured and pressurbt@ned due to its relationship with
particle number density; the so-obtained pressaue function of the gas type because each
gas is characterised by a different collision crsesdtion.

The discharge curretg can be calculated according to the following iefehip:

ID == IRKP

wherelg is the ring current established in the anode asthsing the discharge akdis a
constant; it depends on the type of gas and thgeggeometry and it is experimentally
determined.

The sensitivityS of the gauge instead can be defined as:

S:IRK

It has to be taken into account that the press@wasnorement can be different from the actual
pressure because gas ions can be absorbed by tatganon the cathode surface. As a
matter of fact, SIPs are based on sorption prosasg@ated by gas ions formed in a Penning
discharge. Sputter-ion pumps achieve their pumppeged by incorporating many individual

Penning cells. Due to this pumping effect, the gabghaves like a getter pump: this effect
characterises also hot cathode ionisation gaugdsthie related pumping speed is much
greater for cold cathode ones.

Penning gauges are the most commonly used colddmtlonisation gauges; they allow the
measurement of pressure ranging from atiédtmbarto 10°-10"° mbar.
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4.1.2.2 Hot cathode ionisation gauges

In this case the ionising particles are electrévesrmoionically emitted by a heated cathode,
usually a tungsten wire (Figure 14). The electraresaccelerated by a high voltage applied
between the cathode and the anode, acquiring a kigktic energy; along their path,

electrons can collide with gas molecules which tayositively ionised.
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C = Cathode
IC = lon collector

Figure 14 — Schematic view of a hot cathode ionisah gauge.

The amount of ionising collisionN", and thus the number of positive iofid", is equal to:
AN =N"-"n-o-1

whereN' is the number of electrons going from cathodentode,| is the distance between
the two electrodes) is the gas particle number density ants the collision cross-section,
which depends on the type of gas.

An ion collector attracts the ions; the ion currénis equal to:

AN* N~ )
It = =—- n-g-l=1""n-o-1
t t
Since:
P=nkBT

by measuring the ion current it is possible to wbtlae pressure:

ol
It =I‘-ﬁ-P=I‘KP
B

where K is the same constant already mentioned for cotdode ionisation gauges and
depends on the type of gas and the gauge geonidteysensitivityS of the hot cathode

ionisation gauge is equal k& instead.
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Table 5 — Correction factorsy for different gases [5].

Gas Kr | CO; CHy Ar (6{0) Np, air | Hz He
Correction factor y | 0.59| 0.69| 0.7 -0.8/ 0.83| 0.92-0.95 1 2416.9-7.1

As for cold cathode ionisation gaugés,and the measured pressure depend on the type of
gas because the collision cross-sectidakes into account that, for the same electronggme

it is easier to ionise some gases than others i(&igb): the gauges are thus calibrated using
N, as reference gas and a correction fagidrable 5) has to be applied if the actual pressure

for a different gas is needed:

Poctuat = Pmeasured "V

The higher is the ionisation cross section, thééigvill be the correction factor
Hot cathode ionisation gauges can be influencevbyeffects, namely X-ray effect and gas-

ion desorption.
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Figure 15 — lonisation cross section as a functiaof the electron energy.

This latter effect is due to the initial electrischarge, which is responsible for the desorption
of gas molecules from the anode surface; theseamlete are ionised in the impact and can
afterward reach the collector, leading to an ifijtisncreased measured pressure.

The electron impact on the anode also generatesntission of X-rays, which in turn cause a
photoelectron effect on the collector. The measymezssure is therefore higher than the

actual one because:
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I*+1,

Preasurea = S

wherel, is the photoelectron current; because of thisyhrmait, such gauges could only read
pressures down t0”’ mbar.

In order to face this problem, Bayard and Alpenaleped a gauge in which the collector
surface area is significantly reduced, leading strang decrease &f the collector is a thin
wire surrounded by a cylindrical and coaxial opeade.

This improvement led to a significant reductiontloed minimum readable pressure by means
of a hot cathode gauge: the lowest pressure timabeaneasured by a Bayard-Alpert gauge is
of the order ofl0"® mbarand it is again limited by X-ray effects.

The search for a method of measuring lower presdackto the development of the so-called
extractor gauge. In this device the ion collectoramoved from sight of the grid. A simple
lens is introduced between the grid and the caleitt remove the ions to the collector. An
ion reflector is used to reflect the ions onto tbhéector tip, thus increasing the sensitivity to
that of a conventional BA gauge. An extractor gaisgable to measure pressures down to

about10*? mbar.

4.2 PARTIAL PRESSURE MEASUREMENTS

Residual gas analysis allows the identification godntification of the gaseous components
which are present in a vacuum system by ionisiegdifferent gas species that are present in
the system and by calculating their ion currentsth\ibtal pressure measurements, partial
pressures are needed in order to completely claiseta vacuum system. Once the ion
currents have been calculated, partial pressumeespmnding to each of the gas species can
be easily determined.
Residual Gas Analysers (RGA) are based on quadrupalss spectrometers and they are
made up of three parts:

— anion source;

— a mass-to-charge ratio filter, i.e. a quadrupopasaion system;

— an ion detector.
The ion source ionises the gas atoms containdteinacuum system, generating an ion beam
which goes to the mass separation system. Herénoons changes in the voltage applied to

the electrodes of the quadrupole allow the seleabibions with a well-defined mass over
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charge ratioNI/Z): only these ions are able to pass the mass &hercan finally reach the

detector, where the ion currenifs associated with each value BFZ are measured. The

output is a spectrum which correlates the amplitodéhe signal, i.e. the ion current, with

M/Z; the normal mass range of a RGA is comprised batdieamuand100 amu

Partial pressure related to a given valudtZ can be calculated by means of the following

relationship:

Lz

SRGA,M/Z = PM/Z

whereSgcamizis the sensitivity of the RGA expressedAimbar] for a givenM/Z ratio.

Each RGA has its own sensitivity for eddiiZ value and therefore a calibration of the device
is needed before starting measurements.

Gas atoms and molecules generate fragments as dteeyionised; each fragment is
characterised by a differeM/Z value and the partial pressure associated to enggas
should therefore take into account the contribubaveryone of its fragments.

Different cracking patterns can be obtained for shene gas molecules, depending on the

RGA geometry and the ionising electron energy;xamn®le is reported in Table 6.

Table 6 — Cracking pattern of water vapour (ionisirg electron energy equal to 102 eV) [5].

lon | M/Z | % of the major peak | f
H.O" | 18 100 0.74
OH | 17 25 0.185

o' | 16 2 0.015

Hy" 2 2 0.015

H* 1 6 0.044
TOT 135 99.9

Once the fragment distribution pattern related teain gas has been found, partial pressure
can be calculated in two different ways:
— all the mass fragmentd; associated with the gas of interest are taken antmunt
and the sum of all the associated ion currentssexd uo calculate the gas partial

pressurd’g:
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— one mass fragmeMg is selected and its corresponding ion currentaasuredPg is
then obtained by considering the fragmentationofaicof Mg, which corresponds to
the part of the gas total spectrum representedhéypeak associated wilis (Table
6):

Ly,

Pp=—
¢ SRGA,G'fMG

The selected maddc should obviously be related only to the gas oérest and not

to others, otherwise the measurement would beedlt@nd pressure overestimated.
The relative amount of each gas is not reproducdtie output of ions generated by the ion
source: for this reason, a reference gas, whichllyscorresponds to N should be used in
order to determine the gauge sensitivity and tduce appropriate correction factors.
The reference sensitivity foroNSy,, is calculated by following one of the above-menéd
methods; the gauge sensitivigy for any other gas can be subsequently obtaineddans of
the following equation:

Se = Sy, " Y

whereds is the ionisation probability of G with respectNg; values ofi for several gases

of interest are reported in Table 7.

Table 7 — lonisation probabilities for different gases relatively to N (electron energy equal to 102 eV) [5].

Gas| He | Ne B [N, O | CO| Ar| CGQ | CHs | CHg | CsHg | HO
ds |10.14|0.23/0.44|1.0({1.0{1.05/1.2| 14| 16| 2.6 3.7 119
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5.GETTERS

A getter is a solid material able to form stablad®with chemically-active gas molecules on
its surface by chemisorption; it can be consider®é chemical pump and it can be used for
different purposes and applications concerningathigh vacuum (UHV), i.e. pressures
ranging from10’ mbarto 10 mbar.

The molecular absorption on a given surface cacdmsidered stable if the mean sojourn
time = of the molecule on the surface is large enougtomparison with the duration of the

experiment; according to Frenkel’s law, the megaowso time is defined as follows:

E
T=Ty-eRrT

wherergis the vibrational period of the absorbed molediilean be considered of the order
of magnitude ofLl0*® s, without any influence from the nature of the absd molecule and
of the surface)T is the temperaturé is the binding energy arf@=8,314 JKmol™ is the
universal gas constant.

The stability of a bond between atoms or molecdizends on the amount of energy that is
necessary to break it: the higher is the bindirergy, the more stable is the bond.
Physisorption implies weak interactions betweenemnes, like van der Waals forces, with
binding energies generally lower tha® kmor™.

Chemisorption instead implies a chemical reactiod the formation of stronger covalent,
ionic or metallic bonds between gas molecules dm absorbing surface, with binding
energies even much higher tHsth kImol™; this is the reason why chemisorption can give as
a result stable bonds also at room temperaturereabewith physisorption this is possible
only at very low temperatures, because otherwis®tty thermal excitation of the molecules
would be sufficient to break the bond.

Therefore, chemisorption, unlike physisorption, sle®t need to cool down the getter at
cryogenic temperatures and allows to create anmghdimtain UHV conditions in a system
even at room temperature for a prolonged time, irgnfom some minutes even to some
months or years (the latter case is typical forliappons in accelerating facilities, like the

LHC concerning the present study).
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The need to form a stable chemical bond in orddwate chemisorption explains why getters
are not able to pump noble gases (He, Ne, Ar, K, Rn), which are inert and therefore

cannot react with the material.

To be able to perform absorption on its surfacgetéer should have an active surface layer
with free sites available to form bonds with gaslenoles; by absorbing particles on its

surface the number of vacant sites decreases, aimghctivation of the material becomes
necessary.

Getters can be of two types, according to the ntetbllowed to achieve their activation:

— evaporable gettersire obtained by under vacuum sublimation and deposof a
fresh getter film on a metallic surface;

— the active surface of mon-evaporable gettgiNEG) is obtained by thermal diffusion
of the surface oxide layer, which contains absomeimolecules, into the bulk of the
material itself.

The employment of NEG alloys in vacuum technology @article accelerators facilities is
the main topic of this thesis work.

5.1 A BRIEF HISTORY OF NEG EMPLOYMENT FOR PARTICLE
ACCELERATORS VACUUM SYSTEMS

The main obstacle to the achievement and main@ininUHV conditions in a vacuum
system is represented by the outgassing of thewaahamber walls.

Even properly selected and treated metal surfabesv ssignificant desorption rates, in
particular for H, whose typical values are of the order16f* mbarl-s*cm* [13]. The
outgassing of other species like £180 and CQis about two orders of magnitude smaller.
In order to ensure the good functioning of a phataccelerator and an appropriate beam life
time, lowest possible pressure is needed; for compacuum systems, like all the
accelerators and storage rings built until the $9fls pressure range was easily obtained by
installing on the vacuum chamber an appropriatebarrof pumps.

The need for an increased beam intensity howedetioléhe progressive reduction of vacuum
chambers aperture and to the increasing in thagthe under these conditions, traditional
pumping systems became less efficient due to tlaenbkr’'s lowered conductance, which

reduces significantly the effective pumping spekthe installed pumps.
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In this case, it is possible to ensure the sammailé pressure values only by applying a
linearly distributed pumping. The Large ElectrorsPon Collider (LEP), which started
operating at CERN in 1989, was the first machineptidg extensively this solution:
pumping along abou23 km(over a total circumference @7 km) of LEP was provided by
sputter-ion pumps and by3 mmwide constantan strips (Figure 16) coated on kaths
with a100um thick layer of non-evaporable getter, namely aFalloy produced by SAES-
Getters under the trade name of St 101 [14].
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Figure 16 — LEP vacuum chamber cross-section (cowasy CERN).

These strips were vacuum activated7@0 °C in order to enhance diffusive processes, by
directly applying a current 80 A for about half an hour [13]; this required an eleet
insulation for the strips, substantially limitingeir employment and thus the maximum
achievable pumping speed and the ultimate pressure.

The development of new NEG alloys (like the St @Wways from SAES-Getters) needing an
activation temperature of abo#®0 °C for about 1 hour made possible a passively atbiva

of the layer during the usual bake out of the vatsystem.

Since in this case electrical insulation was noenmenquired, it was possible to install a much
larger amount of NEG strips, for example by wragpimem on stainless steel inserts placed

inside the vacuum chamber.
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The natural evolution of this process was an imgnoent in pumping efficiency, obtained by
decreasing the distance of the linear pumps framihlls; meanwhile the need for a reduced
outgassing finally introduced the idea of vacuunarohers coated with NEG thin films,

whose study started at CERN in 1995 in conjunctuwth the development and design of the

new Large Hadron Collider.

5.2 CHARACTERISTICS AND SELECTION OF A NEG MATERIAL

The gas chemisorption mechanism of a NEG matevialthree-step process:

1. dissociation of gas molecules at the gas-surfaegface;

2. sorption of gas molecules at the superficial figess

3. dissolution of the absorbed molecules into the lulkugh diffusion mechanisms.
H, is the only gas pumped by NEG whose sorption &rntially reversible [15]; the
dissociation pressure of hydrogen, describing tiglierium between the desorbing flux of
molecules from the getter and the pumping fluxdaghe material, is definable according to

Sievert’s law:

Py, =A- c2 . pAH/KT

wherec is the concentration of the solid solution of matwmnic dissociated hydrogen,is
the temperature of the getteftl is the dissociation enthalpy aidis a parameter including
the entropic contribution of the reaction; the d@ation pressure of a NEG material has to
be as low as possible in order to be compatible ofterations in UHV.

Except for H, gas molecules are chemically adsorbed on thergaitface and they do not
diffuse at ambient temperature inside the mateu.

As the adsorption goes on, a passivating oxide lsylarmed on the surface of the material,
leading to a decrease of the NEG pumping propeitiesrder to reactivate the material, this
layer must be dissolved by diffusing the surfacggex into the bulk.

The vacuum activation of NEG coatings requires ingathe system in which the getter is
installed up to a so callegttivation temperatureif this temperature is compatible with the
bakeout temperature of the chamber where the NE@se&ted, the getter can be passively
activated during bakeout. High oxygen diffusivity thus required to dissolve the surface
passivation layer even at low temperatures.

Furthermore, since the sorption of gases other liydnogen is not reversible, solubility limit
has to be taken into account: the solubility limitdefined as the maximum concentration up
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to which a solid solution is thermodynamically $éalwhen this concentration is exceeded, a
secondary phase tends to nucleate and precipii@teaging the getter: in order to avoid this,
NEG materials must be characterised by a high dajulimit, so that the accumulation of a
large amount of gas pumped molecules, due to metiyation-air venting cycles, becomes
possible.

Under the assumption that the thickness of the eo¥éger formed during air exposure is
equal to2-3 nm a solubility limit of at leastl0% is needed in order to guarantee an
acceptable life time to hum thick NEG film [13].

A getter material should also provide large entieslf absorption for all the gases that are
usually present in a UHV vacuum system, i.e. GO, CQ and N.

In addition, there are also some other importamtratteristics that a good NEG material
should have, namely a good adhesion of the filmtht® substrate, a high mechanical
resistance and a high melting point. It must be alen-toxic, non-pyrophoric and non-
magnetic, in order to be used in particle accedesatfor the same reason, low secondary
electron yield is required.

Finally, the cost of the material is another impattfeature that cannot be neglected.

Taking into account all these requirements, ama@wgral elements providing good gettering
properties, the transition metals of tH& group of the periodic table (Ti, Zr, Hf) best fulf
the most restrictive condition, i.e. a high solipilimit for oxygen, which is larger thabt0%

for these elements only.

Therefore, these metals and their binary combinatlmecame initially object of the research
on NEG materials: as already said, the first NB@stnstalled in the LEP were two alloys
produced by Saes-Getters, i.e. St10%k4drs content in weight) and St707 (4Y 24.665.4);
linear pumps made of these gettering ribbons weveldped and studied at CERN [16] [17].
The properties of the binary quasi-equiatomic allégr, which shows the lowest activation
temperature 250 °C for 24 hours baking) among these combinations,ewaso deeply
investigated [9].

However, elements of théhEgroup of the periodic table (V, Nb, Ta), althoygtoviding a
lower oxygen solubility limit, show much higher aen diffusivities [13]; ternary
combinations of metals of thd'4nd &' groups were therefore afterwards studied.

In particular, it was found that the ternary allbyrV becomes fully activated after 24 hours
heating atLl80 °C(Table 8).
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Table 8 — Activation temperature evolution of the min NEG alloys.

Tacnivation [°C] for 24 h
Getter _
heating
St101 ZgsAl 16
. 600
(weight content)
St707 ZboV 24 6654
. 350
(weight content)
TiZr
. 250
(atomic content)
TizeZr3oV a0
. 180
(atomic content)

Ultimate pressure measurements (Figure 18) andureraents of the variation of the;H

sticking coefficient (Figure 17) confirmed this @iusion [14].
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Figure 17 — Variation of the H sticking Figure 18 — Ultimate pressure after 24 h baking,
without intermediate air venting, on chambers
(length=2 m, @=10 cn) coated with TiZr and

TiZrV as a function of bakeout temperature [14].

coefficient for TiZr and TiZrV coated chambers

as a function of bakeout 24 h) temperature [14].

TiZrV NEG coatings were afterward produced and dépd on beam pipes installed in the
Long Straight Sections of the LHC; these coatirgsesent the object of this thesis work and

their properties will be described in the followipgragraphs.
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5.2.1 Thermodynamic considerations

The activation mechanism is ruled by thermodynalanies, predicting the conditions under
which the surface oxide layer of a given metal bardissolved by forming a solid solution
with the metal itself.

In order to handle with this process, the concéfrte® energy has to be introduced:
AG,, = AH,, — T - AS,,
AGy = AHy, — T - ASg,

The first term represents the free energy of theeoxormation process, while the second
concerns the formation of the solid solutiatf andA4S are respectively the changes of the
enthalpy and of the entropy of the two states.

This allows to know in which direction the systenil wvolve, taking into account that the
most stable configuration is the one that minintiséree energy.

For 4Gx«<4Gss the formation of a solid solution is thus inh@alf while 4Gy=A4Gss means
that the two phases are in equilibrium; in theelatiase, the oxygen concentration in the solid
solution is equal to the solubility limit.

If otherwisedGo>A4Gsg the inequality becomes:
AH,, — AH,, > —T - (AS;; — AS,,.)

and the entropic term is always negative. In tlasecthe dissolution of the oxide layer is
allowed but there are three different possibilitiéspending on the enthalpies and entropies
of the considered material (Table 9).

In the first case:

|AHss| > |AH oy

this means that the inequality is always true dngs tthe dissolution of the oxide film is
thermodynamically allowed, regardless of the terapee, until the solubility limit is
reached; this is the case of the elements of trgrdup of the periodic table (Ti, Zr, V).
When otherwise:

|AH 5| < |AH |

both terms of the inequality are negative: theagitr part becomes thus a decisive factor.

44



Table 9 — Energy of dissolution of oxygen in pure gtals compared to the heat of formation of the stde

oxide containing the lowest number of oxygen atonger atom of metal [18].

Metal - oxide | AHqx per O atom [kJ/mol] | AHss[kd/mol]

a Ti— TiO -542.9 -560.67

é) Zr — 210, -550.65 -619.23
% Hf — HfO, -556.9 -552.29

a V -VO -432.0 -422.15

é) Nb — NbO -419.8 -383.85
™ | Ta—TaOs -409.5 -385.96

s

S | Cr-Cr0, -376.8 -221.97
%o

For some elements (V, Nb, Ta), the inequality ididv@nly over a given temperature
threshold; for most of the other elements insttagl difference between the enthalpies is too
large and the entropic term cannot compensateet) at very high temperature.

In this latter case, dissolution of the surfacedexXayer into the bulk is inhibited.

5.2.2 Diffusivity and solubility limit as functions of the crystalline structure of the

getter alloying elements

Thermodynamic laws determine under which condit@mietemical reaction can occur or not;
in addition however, also kinetic aspects shoultalken into account.
Concerning the activation of a NEG coating, theseetic aspects are related to the

diffusivity and solubility limit of the consideredaterial.

Table 10 — Diffusion length of oxygen for elementsf the 4" and 5" groups for 2 h heating at300 °C[18].

4™ group 5" group
Element Ti | Zr |Hf | V | Nb | Ta
Oxygen diffusion length [nm] | 0.4] 0.9| 0.1 | 300| 650| 800

Numerical values of diffusion length and solubilliynit of oxygen at300 °Cfor different

metals are reported in Table 10 ahdble 11,respectively. It should be noted that these
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values are valid in the case of single crystals;piycrystalline structures, both diffusivity

and solubility limit increase.

Table 11 — Solubility limit of oxygen for element®f the 4" and 5" groups at 300 °C [18].

4" group 51 group
Element Ti Zr Hf | V Nb Ta
Oxygen solubility limit [at.%] | 33% | 29% | 17% | 4% | 0.01%| 0.4%

Metals belonging to the™group of the periodic table are characterised dxagonal close-
packed (hcp) crystalline structure, whereas metatke 8" group have a body-centred cubic
(bcc) structure.

These data thus clearly show that bcc crystallinectires have higher diffusivities than the
hexagonal close-packed ones, which in turn havieenigolubility limits, i.e. higher storage

capacities, than bcc ones.
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Figure 19 — Activation time as a function of heatig temperature for metals of the a) # group and b) 5"
group [18].

A higher diffusivity means that, for the same hegtiemperature, a shorter activation time is
needed; according to the above-mentioned considesatmetals belonging to thd' §roup
get activated faster than those of tfegfoup (Figure 19).
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Diffusion lengths of different elements (H, C, N) &fter2 h have been plotted as functions

of the heating temperature and compared for thifereht metals (Ti, Zr, V) [18]; the

results show that diffusion is faster for H than @and O, while the slowest is for N (Figure

20).
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Zr, c) V. Plots are realised on the basis of diffuisn data; extrapolated data are in dashed lines [18
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5.3 VACUUM PROPERTIES OF TiZrV NEG COATINGS

5.3.1 TiZrV pumping speeds and sticking probabilities fordifferent gases

The main parameter for the evaluation of the vacuyuoperties of a NEG alloy is its
pumping speed for the gases that could be foutdH¥ systems, i.e. B CO, CQ, N,, H,O
and Q.

As already said, due to their adsorbing mechaniasedb on chemisorption, NEG coatings are
not able to pump noble gases (He, Ne, Ar, Kr, X®&). Rurthermore, NEG coatings provide a
negligible pumping speed also for hydrocarbons,civhare usually present in vacuum
systems (particularly CH, due to their high dissociation energies at metatfaces.
However, heavy hydrocarbons can be adsorbed atitfi@ce of a getter at room temperature
by physisorption [6].

NEG pumping speeds are often reported in termstiokisg probability o, which is
comprised in the rang@<a<1 and is defined as the probability for a partidebe adsorbed
by a surface per individual collision with it [19The pumping speefl of a NEG surfacé,

characterised by a sticking probabilitycan be expressed as:
S=aA d

wherec/4 is the mean molecular velocity of the gas [20].

Pumping speed for gas molecules at the entran@ NMEG-coated chamber can also be
described by the conductance of the chamber’s @gentultiplied by a pumping probability
%CP, also referred to as capture probability, whichet&ls on the sticking factor:

S = CAP %CP

o
®

o
Y
T

0.4

02 /

0.001 0.01 0.1 1
Sticking Factor

Pumping Probability

Figure 21 — Variation of the capture probability for H, as a function of the sticking factor; these datara

valid only for chambers with L/r>20 [21].

48



The relationship between capture probability amckistg factor (Figure 21) is influenced by
the geometry of the chamber, namely by the ratitsdéngth and aperture radiugr.

Table 12 — Maximum sticking probability for different gases on a TiZrV film at room temperature,

depending on the surface morphology [22].

H, | CO N,
Smooth NEG surface| 8:10° | 0.7 | 1.510°
Rough NEG surface | 310° | 0.9 | 3-10°

Table 12 reports some values of the maximum stickactors of H, CO and M on a TiZrV
coating at room temperature [22]; if the surfaceoisgh and porous, the sticking probability
is enhanced due to the multiple collisions giventhry impinging molecules on the surface
and inside the pores.

Other measurements of the sticking factors for ViREG coatings found values ranging
between6-10° and5-10 for H, and betwee®.4 and0.8 for CO [23], thus aligned with the
values of Table 12. Sticking factor for @dstead has been reported to correspond to that fo
CO [16].

Further measurements of; I8ticking factor have been conducted in the framkvas this
thesis work and will be presented in the followaigpters.

The maximum sticking factor at room temperature@bl; was also estimated, resulting to be

equal tol0° and thus negligible with respect to active gagée$. |

5.3.2 NEG pumping and saturation mechanism

A model for gas molecules pumped by a ZrAl NEG rwphas been developgth], taking
into account the following assumptions:

— molecules are adsorbed as a whole onto defined@asosites;

— each site may accommodate only one molecule

— the adsorption on one site is independent of tresgrce of other molecules on

neighbouring sites;

— no desorption takes place.
These are valid for all the gases pumped by NE® wie exception of & which is not
chemisorbed and can diffuse also at room temperatur

For a flat surface, according to Langmuir’'s adsorpisotherm, it is possible to assume that:
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5=50(1—Q%)

where$S is the initial pumping speed ari is the gas quantity needed to full saturate the
NEG. This equation, i5(Q)is plotted linearly, represents a straight lingeiigecting the
vertical axis aB=% and the horizontal one @=Q,.

Experimental measurements however show that, iripity of Qo, the lower part of the

curve is not straight but is bended and decreases stowly (Figure 22).

S[ls'm-1]

\
N, Qo

N arorr Y

510 102 15 107

Figure 22 — Linear plot of CO pumping speed per unilength as a function of the gas sorbed quantity
[16].

The origin of this mismatch between the model drereal behaviour of the NEG coating
has to be found in the surface roughness and pymisthe film; a new model, which takes
into account the adsorption inside the pores, nas been developed.

In order to simplify the formulation, the outer fage of the NEG coating has been assumed
perfectly flat. In addition, the irregular patteshvoids distributed in the material’s volume is
represented by a certain number of cylindrical spidhose aperture’s diameter is fixed and
whose length is equal to the film’s thickness. Heasity of surface adsorption sites is the
same for both the outer and inner surfaces andsitoieen obtained by extrapolating the first
part of the curve in Figure 22.

Under these assumptions, the saturation proceBEG is the following: at the beginning
gas molecules are absorbed either on the outesutédce or inside the voids. When a certain
amount of gas have been pumped, the adsorption goessentially only inside the voids

and therefore pumping speed becomes limited byctimeluctance of the void’s length that
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molecules must cover in order to find still freesaption sites. In this part of the curve the

dependenc&(Q)is the following:
Sx Q!

due to the fact that the conductance is inversebpqrtional to the void’s length. In a
logarithmic plot, this dependence describes a pngppeed decreasing following a straight
line with an angular coefficient equal 4t only in the final part of the curve, when complet
saturation is reached, pumping speed decreasesrapdéy.

It is thus assumed that the pumping speed of a MitiGh surface for a given gas is the sum
of two contributions, i.e. the pumping speed of dléer flat surfac&::

_ B Q
Sp = apAr C[l Qo(l—AV/A)]

and the pumping speed provided by the voids’ ser&gcwhich depends on the type of gas

and for N is equal to:

S, = ayn? 12.5D3
l+1.3D

whereay andag are the sticking factors inside and outside thiesroespectivelyAr is the

area of the flat surface&; is the conductance at the aperture of the vdigisis the gas

quantity needed for full saturatiofy is the area of the aperturé,is the density of voids per

unit area of NEGD is the diameter of the cylindrical voids anid the depth until which the

voids are already saturated.

Sis'm™)

S@) = 5 (Q) + 5.0}

QlTorrim']

Figure 23 — Comparison between calculated and exgarentally measured (+) pumping speed curves. The

two contributions of outer surface and voids to thdotal calculated pumping speed are also showed [[L6
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Figure 23 compares calculated and experimeé(@)curves for CO, showing that the above-
described model fits in well with the adsorptionamanism of this gas.

However for N the agreement between calculated and experimeuntales is not so
satisfying. This is due to the fact that polyatormolecules usually undergo dissociation
before being chemisorbed; each sorbed moleculepoeza number of adsorption sites which
is at least equal to its number of atoms. CO ctuis8 an exception because it is
characterised by single-site adsorption althoughgoa diatomic molecule.

For polyatomic molecules, Langmuir’s adsorptiorthgom becomes:

5=50<1—Q%)p

wherep corresponds to the number of free sites clos@atb ether needed for the adsorption
of one molecule; in this case, the adsorption gudibya is thus reduced with respect to the
case of single-site adsorption.

In the case of Nhowever, the best agreement is obtained assupsi@@Figure 24).

Figure 24 — Comparison of the calculated and meased (+) S(Q) curves for N,, showing that the best

agreement is obtained whemp=6[16].

The lowerQo for N, with respect to CO is a consequence of the langetber of free sites
needed for the adsorption of a single MNolecule. The lower sticking factor values fof N
also explain why this gas leads to a faster saturatf a NEG coating.

Finally, in contrast with CO and other gases whacd adsorbed by NEG, the decrease of
pumping speed for Has the pumped gas quantity increases is muchemaat depends on
the gas injection rate. This is due to the fact Hyacan diffuse also at room temperature, thus
its pumping speed is defined by the equilibriumwesn two different and competing
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processes, i.e. the molecular adsorption on the Nitace and the diffusion into the NEG
bulk.
Figure 25 compares pumping speed curves for G@nd H, which are characterised by the

different behaviours and adsorption mechanismsttiae been presented in this paragraph.
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Figure 25 —S(Q)for CO, N, and H,. 1981 and 1979 refers to two different groups of easurementsS(Q)
for H, depends on the gas rate of injection: 1) 2:B0° Torr -I-s*m™, 2) 510° Torr -I-s>m™, 3) 510*
Torr -l-s*m™, 1981) 510* Torr -I-s-m™ [16].

5.3.3 Ultimate pressure

Ideally, the ultimate pressure achievable in a Ni6Gted vacuum system would be limited
only by the outgassing of gas molecules that atepunmped by the NEG, namely ¢ldnd
Kr, which is commonly used as discharge gas in NEE@osition processes; also hydrogen

dissociation pressure would play a role in the meitgation of the ultimate pressure.
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Figure 26 — Partial pressures' evolution measured kile heating an activated NEG-coated chamber

(internal diameter 58 mm) [21].
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However, it has been shown that, in real situatiatiimate pressure limitations in TiZrV
NEG-coated vacuum chambers are due only to theassittyg of the gauges employed and to
the NEG pumping speed available at the gaugestipogR1] [22].

The degassing from the NEG-coated walls of a vacehamber has been calculated by
measuring the variation of the partial pressuredifferent gases as a function of the
temperature during vacuum activation and by extedpg these so-obtained degassing
curves down to room temperature (Figure 26). Taltes well below the resolution of any

vacuum gauge.

5.3.4 NEG desorption and secondary electron yields

As already mentioned in Chapter 2, the inner serfachigh-energy particle accelerators are
bombarded by electrons, photons and ions duringhlgeeration, causing the desorption of a
significant quantity of gas molecules. A lower dggion yield for a vacuum activated NEG
surface becomes thus a crucial requirement foséktextion of a proper NEG material.
Electron desorption yields of TiZrV coatings haweb measured for Hand CO [22]; the
result is that they are at least 10 times lowerganmed to those for stainless steel. Concerning
CH,, this difference is even more enhanced, i.e.a#t|200 times lower. Similar results have
been obtained for photon induced desorption.

Also secondary electron yield (SEY) has to be as & possible; it can be reduced by
removing the oxide layer, as in the case of indudegbrption yields. At equal electron dose,
the SEY of a vacuum activated TiZrV film has beeuarfd to be lower than that of traditional

structural materials.

5.4 COATING PROCESS

The first NEG strips produced by SAES getters, Whiere installed in the LEP facilities,
were made by sintering of the metallic powdershefdesired alloying elements.

Nowadays, all the TiZrV NEG coated vacuum chambersthe LHC are produced by
magnetron sputtering.

Sputtering is ideally suited for this applicatiginis simple and applicable to a wide range of
materials and alloys, the stoichiometry of whicpriéserves. Moreover, it allows uniform and
distributed coating of long, narrow vacuum chamizerd can produce the desired alloys or

compounds by using composite cathodes.
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5.4.1 NEG deposition

The procedure for NEG deposition by magnetron sputy on the inner surface of
cylindrical vacuum chambers has been optimisedutiitathe years and several researches
have been focused on this topic [22] [24].

The substrate materials are chemically treatedreefmating; an inadequate surface treatment
leads to NEG film deterioration and, in the worsse, peel-off.

Figure 27 — Twisted metallic wires used as cathode the NEG deposition process.

The cathode consists of a wire of the chosen matalalloy can be obtained by twisting
together wires of different materials (Figure 2The alloy composition can be varied by
changing the number of wires for a given elemert by modifying their diameters: the
wider is a wire, the larger will be the percentafenaterial deposited in the coating coming
from that wire. The deposition rate of a given matealso depends on its sputtering yield:
data concerning the ion-induced sputtering yieldsmf monoatomic solids have been
collected for various ion-target combinations agcfions of the incident ion energy [25].

Figure 28 — Positioning of the intertwisted cathodinside the vacuum chambers to be coated.
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The required magnetic field is produced by an ewesolenoid, coaxial to the chamber to be
coated. The employment of a magnetic field allolwe bbtainment of higher electron
ionisation efficiency with respect to normal sprittg, due to the fact that the electron path is
made longer by the applied magnetic field.

The adopted magnetron sputtering configurationwaldhe discharge gas pressure to be
reduced and consequently to limit the energy lostergone by the sputtered atoms via gas
scattering. Since excessive energy loss may endditigeadhesion, this configuration is
mandatory whenever the cathode to wall distandarge &5 cm). On the other hand, the
magnetron configuration is also necessary if tutfegery small diameter<R0 mn) have to

be coated, because in this case the applied magdredtl is needed to increase the ionising
path of the electrons and sustain the sputterischdirge.

A noble gas is employed as discharge gas: krypapreferred to argon because it is less
prone to be trapped into the film during the depmsi process and thus its subsequent
degassing is lower [26]. This is due to the faett ir has an atomic weight higher than the
cathode material's one. Furthermore, following the signal allows air leaks possibly
appearing during coating to be immediately detected

Film properties, as for instance the coating s@femughness, strongly depend on coating
parameters, i.e. magnetic field, cathode voltage discharge gas pressure. lon current
density varies depending on the cathode wire’s diam The geometry and dimensions of
the sample to be coated are also very importaniyelb as its temperature during the
deposition process: the higher is the temperattitheosample during deposition, the larger
will be the resulting film surface roughness, le@dio increased pumping performances but
also to an accelerated ageing.

However, full process optimisation provides resuliBd for a given material only and it is a
time consuming activity. Benvenugt al. [27] reported the following values for the non-
optimised coating process of the internal walls56f cmlong cylindrical stainless steel
samples, with an internal diameter equall@cm a magnetic field oF100 G a cathode
voltage of—500 V(sample at ground potential) and a discharge gesspre equal t8-10°
Torr. During deposition the cathode, consisting df mmthick wire of the chosen material,
reached a temperature o6fl300 °Cand the sample was kept 200 °C the obtained
deposition rates were of the orderlof/s with a final film thickness of abodt5,m.
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5.4.2 NEG characterisation

During NEG activation under UHV conditions, the geyn surface content is progressively
reduced and surface pumping is restored. Theréfatlte surface elemental analysis by means
of Auger spectroscopy and pumping speed measursmam@® adequate solutions for
monitoring the activation process [27].

Secondary electron microscopy (SEM) and X-ray ddfion (XRD) may also be exploited
for the evaluation of NEG morphology and crystalirstructure, respectively. The
composition of the coating instead can be estimateX-ray photoelectron spectroscopy

(XPS) and energy dispersive X-ray (EDX) analyses.

5.5 VACUUM ACTIVATION OF NEG COATINGS

When exposed to air, NEG surfaces become satueatddose their pumping capability.
Therefore after having been installed in a vacuystesn, NEG coated components must be
vacuum activated, in order to create a surfacerlapde to adsorb gas molecules and to
ensure UHV conditions during operation.

This process is also needed in order to restoreuh®ing properties of previously activated
NEG coatings that have been subsequently partaltptally saturated by residual gases in
vacuum systems.

The activation is obtained by keeping the NEG abatemponents at an appropriate
temperature for a given time and it is usually perfed in combination with the bakeout of
the vacuum system.

Vacuum activation allows the adsorbed gas moledolekffuse from a NEG surface into the
bulk, leading to the generation of new free surfadgorbing sites. The increased temperature
dissolves the oxide layer that was formed at theGNdtirface and restores the pumping
properties of the material. The activation tempeet, is the lowest temperature at which a
NEG has to be heated to become fully activated @egends on the NEG alloy to be
activated and on the duration of the activatiorcpss. After having been vacuum activated, a
NEG coating guarantees also low desorption andnskecy electron yields.

TiZrV NEG coatings employed in the room temperatuseuum sectors of the LHC become
fully activated at relatively low temperatures,oaling to use copper vacuum chambers for

the beam pipes.

57



The bakeout and vacuum activation process commaadpted for the NEG coated beam

pipes of the LHC is shown in Figure 29. Heatinkgs, collars and tapes are used to provide
the heating, depending on the component’s shapeoandemperature requirements. A

programmable bakeout controller regulates the hgaparameters for each heater, i.e.
heating rate i°C/h], maximum temperature {iC] and duration of the temperature plateau
in[h].

Stainless Steel NEG Chambers
Temp 250°C 'ﬁzmp 230°C
: B
E— NEG Chambers Stainless Stecl
| 'I‘cmp 120°C T Temp = 150°C
NEG Chambers
A Temp = 180°C

Standard NEG Commissioning

Figure 29 — Bakeout and vacuum activation cycle dhe TiZrV NEG coated beam pipes [2].

During the first part of the process, all the uiedacomponents (stainless steel bellows and
instrumentation) are baked fad4 hat250 °Cand350 °C respectively. During this step, the
NEG coated vacuum chambers are keft2&t °G in order to avoid the adsorption of water
coming from the degassing of the other componértts. pressure rise reach a maximum
when the NEG coating is at 120 °C and it is donaddty the thermal outgassing of the NEG

coated chambers, while the contribution of the ottoenponents is negligible (Figure 30.a).
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Figure 30 — Pressure variations during: a) bakeoutb) NEG vacuum activation [2].
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The second part of the process instead leads teaitieum activation of the TiZrV coating:
this is made possible by heating the NEG coatedwacchambers and by keeping them at
230 °Cfor 24 h The non-coated bellows and the instrumentatistead are cooled and kept
at150 °Cand180 °G respectively.

Pressure is still dominated by the outgassing & MEG coating and increases until
temperature reachd80 °C Afterward pressure starts to decrease becaudeEfestarts to
be activated, thus becoming able to pump the ratmghs (Figure 30.b).

The NEG coating should be activated?80 °Cbecause a lower temperature could cause the
formation of a non-uniform oxygen concentrationfieoalong the thickness of the material,
resulting in a faster degradation of the pumpingrédver, a temperature higher t260 °C

is needed to dissolve into the bulk the carbon doggbon the NEG surface [2].

5.6 FACTORS AFFECTING NEG PERFORMANCES

The performance of a given NEG is characterisedsbyeral factors, i.e. activation
temperature, sticking probability, surface capaaityg ultimate achievable pressure.

Film properties depend strongly on coating pararsete

5.6.1 NEG alloy composition

Different samples have been produced and testeatdar to study the influence of the
composition of TiZrV alloys on the activation tenngieire of the getter coating [23].

For each of them, the activation process takingephahile increasing the temperature has
been monitored by Auger Electron Spectroscopy (AESg results show that coatings with
a composition characterised by a relatively lowcbntent exhibit the lowest activation
temperatures.

Furthermore, a large range of compositions withi @ohcentration lower than abod5%
allows to obtain a nanometric grain size and a ¢astle layer dissolution during vacuum

activation [22].

5.6.2 Surface roughness and film structure

Surface roughness plays an important role in tHmitlen of the molecular sticking factor:
as a matter of fact, rough surfaces have a lang#ace area, resulting in a larger number of

adsorption sites per unit area and thus in an a&ser@ surface gas capacity.
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Moreover, pumping speed and capture probabilityaofough and porous surface are
enhanced due to the multiple collisions given &/ ithpinging molecules on it and inside the
surface pores.

Figure 31 shows the typical trend of TiZrV pumpisgeed for CO as a function of the
absorbed gas quantity for two NEG coatings, oneasmand the other rough; the smooth

surface provides a total pumping capacity for CQcths lower by almost two orders of

magnitude.
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Figure 31 — Variation of pumping speed for CO as &unction of the pumped quantity of gas for a TiZrV

smooth film (squares) and for a very rough coatindcircles) [23].

Also the film microstructure determines importaatiations in the characteristics of a NEG
alloy: low activation temperatures are presumakldyised by a large density of grain
boundaries, which facilitates the diffusion of ogypgmolecules from the surface into the
bulk. To increase the density of grain boundaried thus their contribution to atomic
diffusion, small grain size is an advantage.

Transport along grain boundaries is enhanced asanhborphous or nanocrystal surface

structures [23].

5.6.3 Bakeout and vacuum activation temperature

The influence of the bakeout and vacuum activateomperature on the ultimate pressure was
measured for NEG coated chambers of different diareg21]. The higher is the heating
temperature, the lower the ultimate pressure medsur the vacuum system afte4 h of

bakeout (Figure 32).
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Figure 32 — Ultimate pressures measured in NEG coadl chambers of different diameters afte24 h

bakeout, as functions of the heating temperature [d.

Moreover, the heating temperature influences ale pumping performances and the
sticking factors for different gases of TiZrV coggs [18]. For both H2 and CO, the higher is
the heating temperature, the higher the resultiicgisg probability at the end of the vacuum
activation of the NEG coating. However, heatin¢eatperatures higher th&s0 °Cseems to
result in a slight decrease of the NEG stickingdator CO.

5.6.4 Nature of the substrate and substrate coating tempature

The roughness of a coating may depend also on dh&enof the substrate and on the
sputtering parameters, namely on the substratéenga@&imperature.

TiZrV films have been deposited under similar ctiods on different substrates giving
interesting results [23]; aluminium and berylliumoguced a particular TiZrV “cauliflower”
structure characterized by an appreciable roughndste stainless steel and copper led to
the formation of a very smooth NEG surface (Fig2Bg

Also the substrate coating temperature plays aroitapt role in the determination of the
vacuum properties of NEG coatings: a variationhid parameter during the film deposition
significantly affects activation temperature, pungpspeed and gas surface capacity of the
material [24].

Several oxygen-free copper disks were coated &rdift deposition temperatures, ranging
from 100 °Cto 350 °Cin steps 060 °C before being coated, the samples were chemically
surface treated and for all of them the same aeeamgl maximum surface roughness were
obtained (respectivelyR,=0.08 um and R=0.59 xm). The composition of the deposited

coating was the same for all the samples as wélieaslm thickness, that was equalzam.
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The evaluation of morphology and crystalline stuoetof the coated disks was performed by
SEM and XRD analyses, respectively.

Figure 33 — Influence of the nature of the (smoothgubstrate on the morfology of TiZrV coatings: a)
copper, b) stainless steel, c) aluminium and d) bgltium. Pictures were obtained by scanning electron

microscopy; each of them represents a sample ared®um x 3 um [23].

The analysis pointed out that variations of théssuate temperature strongly affect the
coating morphology: up t@00 °C the films are compact and smooth, while above this
temperature it is possible to obtain a progresgivebre columnar and granular structure,
leading to higher surface roughness and porosity thns to an increase in surface gas
capacity and sticking probability.

On the other hand, higher heating temperaturesegrered in order to perform the activation
of samples coated 860 °C while substrate coating temperatures lower @@ °Chave a
limited influence on the activation process; thesild be due to the formation at temperatures
equal to or higher thaB50 °Cof a secondary phase characterized by a larger gize and
thus by a lower density of grain boundaries. Thengtion of this secondary phase, which
shows a grain size of aboft11 nm is highlighted by X-ray diffraction analysis artdis
proved by the appearance of a corresponding petileispectra for films deposited at high
substrate temperatures; A£300 °Cinstead, the average grain size is less fham

Similar results can be obtained also using stasrdésel substrates.
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5.6.5 Ageing due to activation-air venting cycles

The activation of a saturated NEG-coated film isieeed by diffusing the oxygen present in
the passivation layer inside the bulk of the gettaterial.

Due to the limited thickness of a NEG coating, thiscess leads to an increase of oxygen
concentration inside the material and, after aagerumber of activation-saturation cycles, it
can give as a result a non-negligible deterioratibNEG performances in terms of pumping
speed and pumping capacity.

C. Benvenutiet al. investigated the influence of these cycles onNE& sticking factor for
H, by repeatedly activating and ventingpaum thick TiZrV film; the first activation was
performed a00 °Cbut the activation temperature had to be progrebsincreased after
every saturation in order to balance the graduededese of the sticking factor.

This study showed that after 26 cycles the filmedetation could be counteracted only by
increasing the activation temperature u@B&® °C in this case, the Hsticking factor lost
only 30% of its initial value [23].

The decrease of the,hsticking factor thus seems to depend on the hgdgmperature
during activation; for activation cycles performfied 24 hat 200 °C the sticking probability
has been found to decrease more or less as theseéngéthe number of venting-activation
cycles [22]. The same study showed that activatperéormed aB00 °Creduce of a factor
of two the H sticking factor after about 30 cycles, thus sulisaly confirming the first
above-mentioned study.

As a matter of fact, heating at lower temperata@ss not allow a uniform diffusion of the
absorbed oxygen atoms inside the film, leadinght formation of a concentration profile
with the maximum close to the surface and thus laming the degradation of the NEG
pumping properties due to the ageing.

Films characterized by a higher surface roughnedsparosity absorb more oxygen during
air venting, leading to an increased deterioratbthe NEG performances as a function of
the number cycles.

In addition, these measurements seemed to demianshat the ageing process can be
reduced by venting under a controlled dry air afphese.

A possible solution to the problem of ageing for ®GIHilms could come from the
employment of noble metals, which do not underg® fttrmation of a stable passivation
layer on their surface and which are able to releals the pumped gas by heating, thus
resulting in a practically unlimited life. Palladmuthin film coatings, in particular, have low
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binding energies for Hand CO but, on the other hand, they have a vagly Hissociation
pressure for Bland they provide a negligible pumping fog Bhd CQ; platinum coatings
also seem to have similar characteristics [28].

Another possible solution which has been investigiaight be the deposition of Pd or PdAg
coatings on a pre-deposited NEG film. In this casecould be efficiently pumped by the
noble metals and then it could migrate throughfitise layer to the NEG film, where it could
be stored with a negligible dissociation presstia. these purposes, Pd coatings could be
replaced by PdAg ones, which provide a higher diffo of H to the NEG layer.

5.6.6 Discharge gas trapping and degassing

The presence of impurities in the deposited NEQiwgas obviously undesired because it
may strongly affect the getter’'s performances amday lead during vacuum operations to a
degassing of trapped molecules.

In particular, discharge gas molecules impinginghancathode during the sputtering process
may conserve a large fraction of their initial kineenergy when they bounce back, leading
to their possible subsequent implantation in ttavgng film.

The release of discharge noble gases, which arguroped by NEG, could definitively
compromise the maintenance of the required presiegeee inside a vacuum system during
operation.

This seems to be particularly true for dischargeegawith an atomic weight lower than that
of the cathode material; in order to avoid this bbem, the employment of a heavier
discharge gas is preferred. Different materialsehia@en sputtered using different discharge
gases and the amount of gas trapped inside théhfisrbeen measured [23]: the results show
that, for TiZrV deposition, krypton represents dtérechoice instead of argon, which has a
lower atomic weight. An argon content of ab8%00 ppmhas been found, while the value
for krypton is lower by two orders of magnitude;dapendence on the surface film

microstructure has also been pointed out.
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6.TOOLS FOR PRESSURE DISTRIBUTION
ANALYSIS

During the design of complex UHV systems like thed@ it is important to predict the
pressure distribution in different parts of theteys, for a given gas load and for the chosen
pumping configuration. By varying the layout of acuum chamber, as well as its pumping
configuration, it is possible to optimise the syste efficiency and to ensure the required
specifications.

For certain applications, this process can be danply exploiting analytical formulae of gas
dynamics. However, if the accuracy of these formu$atoo scarce or the vacuum system is
too complex, the use of analytical formulationsdiees impossible. In this cases, the Test-
Particle Monte Carlo method is usually used: ietietical principle will be briefly described
in the next paragraph, as well as the functionihfl@LFLOW+, which is a code based on
this method.

Moreover, the estimation of residual gas densityfilgs is indispensable to validate the
design and to confirm the required vacuum stabddagditions and beam lifetime in the UHV
systems of high-energy particle accelerators wheselready said, the circulating beam can
cause and enhance the desorption of gas molecatesltie inner walls.

VASCO code was developed to face this need duhaglesign of the beam vacuum system

of the LHC and it will also be presented in thigpter.

6.1 MOLFLOW+

MOLFLOW+ is a C/C++ code which implements the testticle Monte Carlo method
(TPMC), allowing the analysis under UHV conditiook complex geometries that can be
created using a CAD program [29]. In addition te (RhPMC method, this software also
implements the angular coefficient method (AC), eihhowever has not been used for the
purposes of this thesis.

MOLFLOW+ allows calculating pressure profile, tramssion, adsorption distribution and

effective pumping speed of a given vacuum systemwhich a given amount of gas
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molecules is injected, by dividing its internal fewe into a certain number of finite elements

and by calculating the interactions of the impigggas molecules with everyone of them.

Figure 34 — Typical MOLFLOW+ output, with a texture applied indicating the pressure profile along a

NEG vacuum chamber.

The program can also simulate the presence ofrdiftepumping systems, either localised
(sputter-ion pumps) or distributed (NEG coatind$feG sticking factor, entering molecular
flow, outgassing from a surface, temperature anteoodar mass are among the parameters

that can be set before starting the simulation.

6.1.1 Theoretical basis: the test-particle Monte Carlo m#hod

The TPMC method is an important tool for the catioh and determination of vacuum
parameters in a system where molecular flow camutiare established: it consists in
calculating a large number of molecular trajec®ireorder to get a picture of a rarefied gas
flow. This technique has been widely used for cotimgupumping speeds and sticking
probabilities of vacuum systems with adsorbing svat of cryogenic surfaces and other
pumps.

The virtue of the Monte Carlo method is that, withatively little effort, also extremely
complicated situations may be treated [19] [20]][30his is made possible by some
assumptions that allow to simplify the calculatiomseded for the determination of the
parameters of interest.

The gravitation is neglected and the moleculaettajyies are assumed to be rectilinear.

66



Particles interact solely with the tube walls, #fere the history of a particle as it bounces
down the tube is an event which is statisticaleipendent on the histories of other particles.
Following this assumption, a large number of typjzarticle trajectories can be numerically
generated one by one and the average of these gathbe calculated, thus obtaining an
estimation for the probabilities of various evenBince the trajectories are random, all
decisions, such as the starting positions of thieoutes in the desorbing plane, are governed
by probability laws. In particular, desorption ditiens of particles are uniformly distributed

and follow the cosine law:
1 1 _
p-dw = ;cosﬁ dw = ;cosﬁ-smfp -ddd

wherepdw is the probability that a particle enters withie telementary solid angtler about
6 and ¢, the polar and azimuthal angles with respect ®rtbrmal to the entrance plane
(Figure 35).

An

Figure 35 — Trajectory of a molecule emerging or bag reflected from a surface, in accordance with ta

cosine law [29].

Also reflection is diffuse according to the same,lavhere the angles are, in this case, with
respect to the normal to the tube wall, at the fpoinimpact. Moreover, the angle of
reflection does not depend on the angle of incidenc

For each individual collision of a particle withettadsorbing wall, the probability of being
adsorbed is given by the sticking probabiltyA random sequence of numbers uniformly
distributed in the intervdD,1] is generated. Upon collision with the wall a ramdoumber¥

is obtained and compared to the assigned valgeibt?>s, the particle is reflected from the
wall, otherwise it is considered to have been du=ibiand the calculation for its trajectory is

terminated.
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6.2 VASCO

The Vacuum Stability Code (VASCO) is a multi-gagddedor the estimation of vacuum
stability and gas density profiles in steady stateditions in UHV systems [10] [31].
Although being applicable to general problems rengithe solution of diffusion equations
in geometries with cylindrical symmetry and witlstiibuted sources and pumping, this code
has been conceived for an accelerator performidigonabeam operations, like the LHC. As
a matter of fact, VASCO code has been employedlidate the design of the beam vacuum
system of the LHC, in order to check that the chogeometry, pumping scheme, material
and treatment are able to guarantee vacuum syaliht low residual gas pressure, in
accordance with the required beam lifetime and ¢aozknd noise to the experiments.
The model used for vacuum calculations assumesthieatate of change of molecules per
unit volume depends on:

— molecular diffusion along the chamber, due to presgradient;

— beam-induced dynamic effects, i.e. ion, electrord gohoton-stimulated gas

desorption;
— gas pumping distributed along the pipe (NEG coatmghom temperature sectors or
cryopumping in the magnets working at cryogenicgeratures);

— gas lumped pumping provided by sputter-ion pumps.
The model is based on cylindrical geometries wadial symmetry, thus allowing one-
dimensional approximation along the beam axis: ogimdrical beam pipes are
approximated with cylinders having the same corahm# and each parameter that is

function of the wall surface area is scaled to iake account the real area (Figure 36).

IP VPX VPIB VPIB
- Vi-4.2m
3.7m VA-6.7m VI-3.8m

TAS-2.1m

¢ 45 mm ¢ 58 mm ¢ 80 mm $ 120 mm ¢ 34mm

184 m
=

Figure 36 — Schematic view of the ATLAS vacuum sysi used for VASCO calculations [10].

Moreover, the code implements time invariant patanse meaning that the residual gas
density estimations performed are valid only fapacific moment in time, because some of

these parameters (e.g. desorption yields and NE@hlited pumping) are time-dependent.
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Finally, VASCO is a finite elements code, becausdides the vacuum system in several
elements, each one characterised by a differendfgerameters; boundary conditions must
be properly set in order to ensure the continuitgas density and flux between each pair of
elements (Figure 37). This subdivision in severagments makes VASCO particularly

suitable for residual gas pressure analyses coingevery long vacuum beam pipes, as for
example the LSS of the LHC.

ls. Sk l ls SN%

n, . n Ny, - Dy

; ; >
X X Xy X1 XNt

Figure 37 — Schematic view of a beam pipe with bodary conditions properly set: the sum of flux of
molecules coming from the two sides of one boundamust be equal to the amount of molecules pumped

(S) or generated by a local gas source (g) [31].

6.2.1 Theoretical basis: the multi-gas model

A valid estimation of gas density profiles in th8% of the LHC should consider the presence
of H,, CH,, CO and C@ which are usually the main residual gases presddHV systems.
The multi-gas model takes into account that eashsgacies, once ionised and accelerated to
the wall by the charged beam, can desorb any stiexzies of gas both from the inner walls
of the system and, in case of a cryogenic systeam the condensed gas layer.

Therefore the equations for each gas depend ogaheensities of other species, resulting in
an interdependence of all the equations. A singe+godel, instead, would imply that each
gas species, once ionised, is able to desorb oolgaules of the same species.

The general equation describing the evolution efrttmber of molecules per unit volumg

for a given gag is the following, whereV is the volume of the vacuum chamber per unit
length in[m? anda is the vacuum chamber cross-section arg¢afh:

ang d*ng I b . )
_:a'Dg' 2 +_§ (ni,j+—>g'0-j 'nj)_Sdisng-l'nph'th-}'ne'Fe+Aqg
dat 0x e L

]

where the terms on the right side refer to:
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- Molecular diffusion due to pressure gradieaidy is the specific conductance per unit
length in[m?/s].

— lon-induced cross-desorptiohis the beam current [#\], e is the electron charge in
[C], nij is the ion-induced desorption yield in number aflecules per incident iofi
and O'jb is the ionisation cross-section of the gas-beanticga beam interaction in
[m?F.

— Distributed pumping of NEG coatings or cryopumpfg.

- Photon-induced gas desorptionypn is the gas desorption yield in number of
molecules per incident photaf, is the photon flux to wall per unit lengiim™-s™].

— Electron-induced gas desorptionye is the gas desorption yield in number of
molecules per incident electrafi, is the electron flux to wall per unit lendiin™-s™].

— Thermal outgassingy in [mbar-l/s], A being the surface area per unit lenfgtf.
Moreover, the set of equations that must be sofeedeach gas in order to obtain the
evolution of the number of its molecules per uwitkme can be expressed in a more compact
and convenient matrix form by defining an apprajrset of vectors and matrices.

A more detailed discussion about the equations mpavg the model can be found in the

mentioned references.

6.2.2 VASCO input file

VASCO code is implemented in Matlab. The input fileist be a rectangular matrix without
empty elements and the parameters are insertewer(Figure 38). Each component of the
vacuum system should occupy four columns of theirmate. one for each gas subjected to
analyses (K CH,, CO, CQ).

Some parameters are independent of gas specigsetdiaand length of the chamber,
temperature, electron and photon flux hitting thadlsv

The other parameters depend on the type of gasmntelated to lumped pumps, local gas
sources, sticking probabilities for distributed gung at room temperature (NEG coatings)
or cryogenic temperature, ionisation cross-sectioos, photon and electron-stimulated

desorption yields, thermal outgassing and equilibrpressure at a given temperature.
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Modulo Jura NEG Tm Modulo 55 Jura HEG 7m
3 iz THa to [5a3 HZ CHe o coz iz oHa [Ea] [EE] H2 CHd coz
in_Seament=[ % Z i 3 q
ind= ol % 0 i &0
inl= fmml 300 il i 300 000
indistief={ om0 300 [ 7300 600
i1 4] % 500 500 i 500
in_5= WsliHz) % E 0 [ [ i
Us](CHA) 5 i i ] i
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% 100E-23 T00E-23 [ T00E-23 TO0E-23
% T00E-23 T00E-23 [ 100E-23 i 100E-23
% i ] 0023 i 00E-23 [ i T00E-23 [ 0023
% [ [ [ TO0E-23 [ [ 00E-23 [ [ =] [ [ TO0E-23
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b3 10012 i ] T00E-12 0012 ] i i 002 i
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% [ i 100E-T2 [ T00E-T2 [ [ T00E-1Z [ i T00E-12
in_eta_i=| % | 05416150964 | 0547818964 | 0541818064 | 0.541818964 | 0541618969 | 0.5418%8964 | 0541818954 | 0541916964 | 0541816364 | 054116964 | 0541918364 | 0541918364 | 0541518964 | 0541810564 | 0 54161996 | 0,54 1818364,
v | 0.066121264 | D.054151896 | 0.072242520 | 0108963733 | 0.036121264 | 0.06411506 | 0072242520 | 0106363753 | 0.03612064 | 0054181595 | 0072242628 | 0108363793 | 0006121264 | 0 054191836 | 0.072242528 | 0108363793
% | 0.25254995 | 0.2009707H | 0.76637011d | 0325091378 | 025299685 | 0.2899707M | 0.28097014 | 0.325091376 | 025204065 | 0.208970114 | 0.2699701 | 0.325031376 | 0.25204065 | 026697011 | 026637074 | 0.325091378
% | D:44B5057 | 0144485057 | 0144485057 | 0104485057 | 0144455057 | 0.1944E5057 | 014485057 | 0144485057 | 0.194485057 | 0.M4465057 | 0144485057 | 0.144485057 | 0.144465057 | 0.M4465057 | 0144465057 | 0144485057
b3 00E-05 ] i ] 0003 [ ] 0013 i TO0E-03 ] i ]
% [ T00E-03 [ [ 0 TO0E-03 [ [ T00E-03 [ T00E-13 [ [
% [ [ 100E-03 [ 0 i T00E-13 [ i T00E-03 [ [ 100E-03 i
% i ] i T 00E-03 0 i [ G005 ] i 100603 i ] i .o
v [ .00TT74Tr3 | B4BE-05 | 0.000452065 | 0.000387360| D.00TFidTr3 | BABE-05 | D.0ND452095 | 0000367360 | 0007774173 | B4GE-05 | 0000452055 | 0000387363] 0001774173 | E.4BE-05 | 0.000452005 | 0.000387368
% i [ [ [ i [ [ [ i [ [ [ i [ [
% 0.000% 0000004 | 0000076 | 0.000025 0,000 0000004 | 00000fs | 0000025 | 0000 | 0.00000¢ | 00000 | 0000075 | 0.000% | 0000004 | 0.0000% | 0000025
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% i i
% [ [
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Figure 38 — Example of a typical VASCO input file.
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/.EXPERIMENTAL SETUP

The aim of this work is to study the saturationdebur of NEG coated vacuum chambers,

focusing on the evolution of their pumping chardstes as the saturation of the coating

progresses.

Two different NEG coated vacuum systems were tbese$aturated by means of several

consecutive CO injections and the progressive wrans of transmission, pumping speed and
capture probability for different gases were reedrénd analysed. The first measurements
were conducted on 2 mlong NEG coated vacuum chamber, that allowed siyeaollect

important data thanks to its relatively simple c¢guarfation.

Figure 39 — View of the laboratory at CERN; the28 mlong pilot sector is in the foreground.

The second and more complex system28 anlong NEG coated vacuum pilot sector, which

reproduces the structure of a typical LSS vacuuambeipe described in Chapter 1, thus
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allowing to use the so-obtained experimental redolt the evaluation of the real saturation
levels in the LHC beam pipes.
Both these vacuum systems are installed at CERNeilaboratory and will be exhaustively

described in the following two paragraphs (Figugg. 3
7.1 2mLONG NEG COATED VACUUM CHAMBER
A schematic view of the experimental test benchshewed in Figure 40. The system

comprises a stainless steel Fischer-Mommsen type dath an internal conductance, whose
diameter is equal th cm

Injection line RGA

Conductance

TMP T —> NEG vacuum chamber BAgxp

Q

>

Direction of saturation

BAINJ BAENTRANCE

Figure 40 — Schematic view of the experimental tesench, showing the Fischer-Mommsen dome, 1216

cmlong NEG coated vacuum chamber and all the equipnm for pumping and pressure measurements.

A 216 cmlong cylindrical NEG coated vacuum chamber is emted to the dome; as the
vacuum beam pipes of the LSS in the LHC, this clemid made of OFC copper, its wall
thickness is equal t mmand the diameter of its cross-sectioB iam

The dome is equipped with two hot cathode BayankAl(BA) gauges — respectively before
and after the conductance — and with a RGA (Bal@@vg5422 with a QMA 125 head). A
third BA gauge is situated at the end of the NE&eo vacuum chamber.

In addition to the pumping supplied by the NEG owgta turbomolecular pump (TMP) is
installed on the dome, providing a nominal pumgspged o060 I/sfor Na.

Finally, the injection line is connected to the doby means of a Varian variable leak valve.
In the line, gas bottles of HCO and N are installed. Pumping on the injection line is

provided by another TMP, with the same charactesistf the previous one.
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7.2 28 m LONG NEG COATED VACUUM PILOT SECTOR

The pilot sector is made of four NEG coated OFCuuvat chambers. Each one of these
chambers i¥ mlong, for a total length a8 mNEG coated beam pipe (Figure 41). As for
the smaller vacuum system described in the prepausgraph, each chamber has an internal
diameter equal t8 cmand a wall thickness & mm Beam pipes with the same length and
diameter are commonly employed in the LSS vacuwtoseof the LHC.

The NEG coated chambers are interconnected by simédess steel modules with integrated
stainless steel RF screens (Figure 42): the ceoi@al(1) is28 cmlong, while the other two
(2, 3) arel8 cmlong.

Injection line

Direction of saturation Direction of saturation

& >
< r g

7m NEG @ 7m NEG (—-@-—) 7m NEG @ 7m NEG
Qi) Qi o

I BAcENTRE ‘ ’ RGAcenTRE l

D
I SALEVE

Figure 41 — Schematic view of the 28 m long piloestor, showing the four 7 m long NEG coated vacuum
chambers, the interconnecting stainless steel moadd and all the equipment for pumping and pressure

measurements.

For simplicity, according to the orientation of thiot sector in the laboratory with respect to
Geneva’s surrounding mountains, the two sides @fpilot sector will be indicated as “Jura
side” and “Saleve side”, respectively.

Two additional modules (4, 5), each o2& cmlong, are located at the ends of the pilot
sector; each of them houses a BA gauge;(RAand BAsaeve) and a sputter-ion pump
(IPjura and IRALevE), €ach providing a nominal pumping spee®@f/sfor N,. The module
on Saléve side houses also a RGA, namely RG&e (Balzers QMG422 with a QMA 125
head).

In addition, a third BA gauge (B&ntre) and a second RGA (RGAnTre) are located in the
central module, which is connected to the injectina by an all-metal seal valve. Finally, a
Penning gauge is installed in the central modulé ians used to follow pressure during

bakeout and vacuum activation processes.
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Figure 42 — Layout and picture of a stainless steetodule identical to those located at the ends dfi¢ pilot

sector; the inner RF copper screen and the inserbf the instrumentation are visible.

7.2.1 Injection line of the 28 m long pilot sector

A schematic view of the injection line is visible frigure 43.

Penning

X 1 =2 P ﬁ

Variable leak

valve

Figure 43 — Schematic view of the injection line.

The line is made of three pipes (1, 2, 4) withftiilwing dimensions:
— 40 cmof length andL.6 cmof diameter (1);
— 20 cmof length and.6 cmof diameter (2);

— 10 cmof length and.6 cmof diameter (4).

X

All-metal valve
to pilot sector

Between the last two pipes is located a conductgByewith negligible thickness and

diameter equal to 05 cm

The line is connected to the pilot sector by thevabmentioned all-metal seal valve.

At the other end, a variable leak valve connectshto rest of the injection line, where

pressure is monitored by means of a compact falligagauge and which is in turn connected

to the gas bottles and pumped by a TMP.
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A Penning gauge is located on #@ cmlong pipe, just after the variable leak valve, &rd
used to calculate the gas flow entering into thietpsector according to the following

equation:

Q= CTOT(APIN] - APCENTRE)

where, for every gaugdpP refers to the difference between the measuredgyresiuring the
injection and the initial onePy; is the pressure measured by the Penning gaugheon t
injection line, while Pcentre is measured by the BAntre gauge. Cror is the total
conductance of the injection line, calculated cdesng a series connection of three pipes

with constant cross-section (1, 2, 4) and one ape(B):

1 1 1 1y\1!
CTOT:<_+_+_+_>

Values ofCrorin [I/s] for different gases &0 °Care reported in Table 13.

Table 13 — Conductance of the injection line calcated for different gases ak0 °C

Air [I/s] | Ha[/s] | Nz [l/s] | CO [is]
0.0583 | 0.222] 0.0593 0.0593
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8.RESULTS ANALYSIS

8.1 ACCURACY OF VACUUM GAUGES

The relative uncertainty in the pressure measuresyadithe BA gauges employed at CERN
has been estimated by measuring pressure at the tsam with ten different gauges of the
same type in a vacuum dome where a certain gaswismvnjected.

The results of these calculations for each gaug@latted in the form of Neq. pressure as a
function of the average JNeq. pressure measured by all the gauges (Figyrdt4gl possible

to notice that the average relative uncertaintytifi@se gauges corresponds to approximately
20% of the average measured pressure.

1.0E-06

—SVT1 —SVT2
—SVT3 —SVT 4
—SVTS5 SVT 6
—SVT7 —SVT 8
SVT 9 SVT 10
10507 | AVERAGE

1.0E-08

Pressure N, eq. [mbar]

r| Errors Bar 20% I—-—

1.0E-09
1.0E-09 1.0E-08 1.08-07

Average Pressure N, eq. [mbar]|

Figure 44 — Estimation of the relative uncertaintyin pressure reading of the BA gauges used at CERN.

In addition, a correct estimation of the error negsure readings of a BA gauge should take
into account the fact that the sensibility of tfeige is a non-linear function of pressure and
therefore the uncertainty of a measurement depet&ts on the pressure range under
investigation: the closer is the measurement tdithigs of the gauge’s working range, the
higher is the uncertainty. Moreover, data colleciegressures lower th&10"* mbar are
more subjected to fluctuations due to their progmo the lower functioning limit of the

gauge (Figure 45).
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The obtainment of accurate and precise resultsndispalso on several other factors, such as
the fact that the calibration constants may chamitje time, as well as the prior usage of the

gauge and its cleanliness.

S.00E-11

Pressure N, eq. [mbar|

5.00E-12
10:36:29 10:37:55 10:39:22 10:40:48 10:42:14 10:43:41 10:45:07 10:46:34 10:48:00

Time

Figure 45 — Significant pressure fluctuations are laservable for BA gauges at very low pressures.

Other measurements conducted at CERN in the past seconfirm this error quantification
and add an estimation of the relative uncertaitgg &r other types of vacuum gauges that

have been employed for the purposes of this thesik (Table 14).

Table 14 — List of vacuum gauge, showing their opating pressure ranges and accuracies.

Type of gauge Pressure range Relative uncertaint@4 of the reading)
Pirani passive gauge 1000 —*Idbar =30% (if P<100 mbar)
Compact full range gauge 100 =*1bar =30%
Cold-cathode Penning gaugd 0°— 10 mbar ~30%
Hot-cathode Bayard-Alpert 1 =10% for calibrated gauges,
_ 10"— 107 mbar
gauge with modulator otherwise=30%

All the mentioned influencing factors should be emkinto account when calculating
transmissions, pumping speeds and capture protiedilbecause these quantities are derived

from pressure data and therefore they are charsetidoy a certain uncertainty.
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However, the calculation of the precise relativeartainty for every performed measurement
would has been too hard, due to the several infingnfactors that must be considered, and
therefore it has been omitted in this study.

A percentage relative uncertainty ranging betw2éfo and 50% must be considered for

these quantities.

8.2 2m LONG NEG COATED VACUUM CHAMBER

8.2.1 Working procedure

The saturation of the NEG coated chamber was peddrby means of several injections of
CO. After every CO saturation, two smalj Bhd N injections were also performed, aiming
to measure the variations of transmission, pumppeged and capture probability for each gas
as functions of the NEG saturated length.

Table 15 summarises how transmission, pumping spaddcapture probability have been
calculated, according to the description of theeexpental setup reported in Chapter 7. For a
given gaugeP refers to the difference between the measuredyresiuring the injection
and the initial one.

Table 15 — Expressions for transmission, pumping s@d and capture probability of the2 mlong NEG

coated vacuum chamber.

Units Expression
AP

Transmission [-] Ty = — ENTRANCE

APEND

AP;y; — AP
Pumping speed [IIs] | S= Q —c. .V ENTRANCE
APENTRANCE APENTRANCE

Capture probability | [-] %CP =

CENTRANCE

Q is the entering gas flow ifmbarl/s] and C is the conductance inside the Fischer-
Mommsen type dome. As already explained in Chdhténe conductance of an aperture for
air at20 °Cin [l/s] is calculated as:

C=116-4
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whereA is the area of the aperture’s cross-sectidirinf] . Its values for b, N, and CO have

been derived from this equation and are reportddalrie 16.

Table 16 — Conductances characterising the systemrfH,, N, and CO (the diameter of the internal

conductance in the Fischer-Mommsen type dome iscm

H, N> CO
C [Is] 347 | 93] 93
CENTRANCE [|/S] 2220.3| 593.4| 593.4

Capture probabilitypoCP represents the probability for gas molecules talbsorbed after
having entered the NEG vacuum chamber. As alreadgtioned in Chapter 5, capture
probability increases if the NEG sticking coeffitiencreases (Figure 21) and it is calculated

as:

%CP =
CENTRANCE

where Centrance IS the conductance ifi/s] at the entrance of the NEG coated vacuum
chamber, i.e. its ideal pumping speed. ValueSg@frrancefor different gases have also been
derived from the same equation used@qftaking into account that in this case the diamete
of the cross-section correspond to the diametédne@NEG coated vacuum chamber, which is
equal to8 cm) and are reported in Table 16.

The operating procedure for every gas injection basn the following. Before starting
injecting gas, a first RGA scan has to be donenalag mode, in order to calibrate each
channel of the gas analyser: every channel is sandnitor in time the precise mass
corresponding to the maximum of a mass peak. Famele, aiming at following mas3
(H2), the related channel could be set@9 because the maximum of the hydrogen peak
measured by the RGA is centred at this value.

Meanwhile, the injection line must be cleaned fribra residual gases of previous injections,
in order to ensure the highest possible gas pdrting the injection. This is made possible
by injecting a certain quantity of the needed gds the line and then by pumping it until a
pressure in the lo0’ mbarrange is reached. This operation must be repestizhst3-4

times.

80



Table 17 — Example of H injection performed step by step; data refer to tie same injection of Figure 46.

Step | Ping [mbar] | Pentrance [mbar] | Penp [mbar] | Tr | S [I/s] | %CP
0 2.310™ 2.510" 7.510% - - -

1 2.310° 2.710" 2.510" | 14.1] 240.1| 10.8%
2 3.610° 4510™ 3.810" | 14.2] 242.2| 10.9%
3 5.910° 7.410™ 5.710" | 14.2] 240.9| 10.9%
4 9.310° 1.210° 8.910" |14.1| 237.4| 10.7%
5 1.110° 1.410° 1.1:10"¢ | 13.6| 243.6| 11.0%

Finally, after the RGA has been properly set anel itijection line filled with gas, the
injection can start. Every gas injection is perfedrmin steps by opening little by little the
injection valve. After every step it is necessarymait for pressures to stabilise on the three
gauges around a certain value before opening atp@rnvalve. For every opening step,
pressure measured by every gauge after the stdlahss noted down and thus transmission,
pumping speed and capture probability characteyisirery step can be afterward calculated
(Table 17).
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—+BA injection
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BA end
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o
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Figure 46 — Example of H injection performed step by step.

During the injection, all the ion current data camifrom the RGA and the pressure values
from the BA gauges are collected and displayed byespecially conceived Labview

program, which allows to save all the data inféxmat files (Figure 46).
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The injection ends when a fixed ultimate value @f B reached on the BA gauge close to
the injection line (Table 18).The ultimate pressui@ H, and CO are determined by the fact
that a higher pressure would cause instabilitheihcoming gas flow. The ultimate pressure
for Ny instead is considerably lower because, as alreaglained in Chapter 5, this gas is
able to saturate a NEG surface faster than COtaltlee fact that every atom needld free

adjacent surface sites to be adsorbed. For the szamen, M injections have also been the

shortest (maximumM-5 minutes) and have been performed in only one step.

Table 18 — Ultimate Ry; pressure at the end of every injection for the thee gases of interest.

H, N2 CcoO
1-10® mbar| 1-10° mbar| 510" — 1:10° mbar

8.2.2 Evolution of transmission, pumping speed and captw probability as functions
of the NEG saturated length

Table 19 reports the initial values of transmissjmmmping speed and capture probability for
the three gases of interest. These values haverbeasured when the NEG coating was still
completely activated, after having performed a fulkeout and NEG activation of the
vacuum system.

CO transmission is considerably larger becausé\NtB& sticking coefficient for this gas is
the highest (abou.7) and therefore only a small amount of CO molecubesreach the end
of the vacuum chamber if the NEG is completelyvatéd. The sticking coefficients for,N
and H instead are lower (aboQt1 and5-10°3, respectively), thus their transmissions are also
lower. Capture probability reflects this behavidagcause, as already said, it is directly
proportional to the sticking factor.

Table 19 — Initial values of transmission, pumpingpeed and capture probability, corresponding to a

completely activated NEG coating.

Tr |S[l/s] | %CP
H, | 16.9 | 284.5] 12.9%
N, | 99.8 | 107.4) 18.1%
CO | 231.5| 239.6| 40.5%
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Figure 47 shows the transmission variations farM and CO as the saturation of the NEG
coating progresses: as expected, transmission lkwiscthe inverse of transmission

probability) decreases for all gases as the sailength increases, due to the fact that, if a
larger NEG wall area is saturated, more gas madscare able to reach the end of the

vacuum chamber without being absorbed.

350
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Figure 47 — Transmissions of B N, and CO as functions of the NEG saturated length.

When there is no more NEG activated, i.e. wHerl, the pressure along the vacuum
chamber is constant because there is no more pgmpin

The percentage of lost transmission with respecthéoinitial one is shown in Table 20 for

different saturated lengths. CO transmission seemdecrease more slowly as saturation
progresses, while for4and N it is reduced by approximately half of the initi@lue even if

only one third of the total length is saturated.

Table 20 — Percentage of lost transmission of;HN, and CO as a function of the NEG saturated length.

NEG Saturated length
17 cm| 74 cm| 145 cm| 188 cm
Ho | 20% | 46% 74% 90%
N, [ 10% | 43% 83% 97%
CO| 8% 10% 26% 45%

This behaviour could be explained by the differstitking coefficients and the different
adsorption mechanisms of the NEG coating for tlgeses.
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As already mentioned at the beginning of this paalg, the sticking coefficients for,HN,
and CO are reported to be ab6tt03 0.1 and0.7, respectively. The higher is the sticking
factor, the higher is the transmission for différeaturated lengths, as shown in Figure 47.
NEG coating adsorption mechanism plays a crucial tmo. The transmission curve for CO
gives us important information about the saturapoocess of the NEG coating. Each CO
molecule needs one free site to be adsorbed. Theasan of the NEG vacuum chamber is
progressive and, due to the high CO sticking facdosmall length of activated NEG is
enough to keep the transmission to a constant value

However, this CO saturation front is responsibletfi@ transmission decreases ofatd N:
their pumping speed is inhibited by the CO pre-gatsan. In particular for B molecules,
due to their low sticking coefficient, as the sation front advances, a higher amount of gas
molecules could reach the end of the NEG vacuummbleawithout being adsorbed.

The NEG pumping mechanism for, & different compared to CO and:HN, molecules
require to be adsorbed in many adjacent free sitdsrneath the first surface monolayer. As
the CO saturation front advances, beside the velgthigh sticking factor for By the number

of active sites for the adsorption decreases andjar amount of gas can reach the end of the
NEG vacuum chamber.

Table 21 reports the percentage of lost pumping@dder different saturated lengths. It is
possible to notice that, for all the gases, evepr@pmately one tenth of the initial total
length is sufficient to ensure abd@§% of the initial pumping speed.

Table 21 — Percentage of lost pumping speed ob,H\, and CO as a function of the NEG saturated length.

NEG Saturated length
17 cm| 74 cm| 145 cm| 188 cm
Ho | 17% | 33% 52% 2%
N2 [ 27% | 48% 62% 75%
CO| 42% | 58% 66% 73%

The percentage of lost pumping speed abruptly asae only when even the &€ cmof
still vacuum activated NEG become saturated (Fig@)e
Thanks to the fact that this quantity does not ddp@n the geometry of the vacuum system,

the calculation of the percentage of lost pumpipgesl is very important because it could
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help in estimating the saturated length of the Ni6&ed vacuum beam pipes of the LHC, as
will be widely explained in Chapter 9.

The decrease of capture probability follows the esdrand, due to the fact that its value is
derived from pumping speed.
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Figure 48 — Percentage of lost pumping speed witlespect to the initial one as a function of the NEG

saturated length.

The injections of CO, alternated with those ofdthd N, continued until the whole length of
the NEG coated chamber was saturated.

Figure 49 shows the pressure profiles recordechbythiree BA gauges during the last CO
injection.Pegnp progressively increased until it became equed@rance thus indicating that
the NEG chamber was completely saturated and dignoeide pumping anymore.
Afterwards, by analysing the Labview pressure daféected during every CO injection, it
was possible to calculate the total amount of COenues injected for the complete
saturation of the NEG surface.

Labview records pressure on the three gauges élherg seconds, so that for everyone of

this time intervals it is possible to calculate iheoming gas flowQ in [mbar1™*-s%:

Q=C- (APIN] - APENTRANCE)

The total quantity of ga6s in [mbar™] injected during the time intervétx+3 can be

obtained according to the following equation:

Gr=x+3 = Gr=x + Qr=x+3 * (tx+3 — ty)
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Figure 49 — Pressure evolution in the system durinthe last CO injection.

After having calculate@oa, corresponding to the amount of molecules injechedng the
whole injection, and having converted it Bgm’], the corresponding total amouN. of
injected CO molecules can be obtained as follows:

Gtotal .

Ntotar = Meotar * Na = RT

Ny

Table 22 — Summary of the performed CO injectionsad of the progression of NEG saturation.

Injection | Total injected molecules | Total saturated area [cm:] Total saturated lenght [cm]
1 40210 18.07 0.72
2 £82-10% 3965 158
3 130-10" 58.68 233
1 1.75-10" 7887 314
5 2.20-10" 98.89 393
6 263-10" 118.39 471
7 3.09-10" 139.03 553
8 3.51-10" 157.75 628
9 3.93-10" 176.53 7.02
10 136-10"7 195.92 780
11 6.25-10" 28129 11.19
12 £.00-10" 35982 14.32
13 9.71-10" 436.65 17.37
14 1.14-10%% 51235 2039
15 131-10"® 590.12 2348
16 158108 712.59 2835
17 2.55-10' 1147.72 45.67
18 116108 1871.15 7445
19 6.59-10' 2964.68 117.96
20 £.13-10* 365434 145.40
21 1.05-10%° 4713.08 187.53
22 121-10% 5428 67 216.00
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where My is the total injected amount of CO jmol], R=8.314 Jmol*K™ is the gas
constant andN,=6.022:10” is Avogadro’s number.

By summing theNia contributes of every CO injection, the total amioahinjected CO
necessary to achieve the complete saturation of\6& chamber results to be equal to
1.210"° moleculegTable 22).

Finally, knowing that the internal wall area of tNEG coated chamber is equal5428.67
cnt, it is possible to calculate the number of CO rooles per unit area adsorbed by the
NEG vacuum chamber, which correspond&.210™ molecules/cf

This result is in agreement with the values obthiinem previous measurements [22] [23].

8.2.3 Correlation between pumping speed and conductancd the vacuum chamber

The evolution of pumping speed fop,HN, and CO as a function of the NEG saturated length
was compared to the effective pumping sp&e¢ (Figure 50).

Srr corresponds to the real NEG pumping speed seehebBA gauge at the beginning of
the NEG chamber, scaled with the conductance atasingly longer saturated part of the

chamber separating the gauge by the still activaied

BFF SNEG,O CTUBE

where Cryge is the conductance of the pipe aB¢co is the initial NEG pumping speed

measured before starting the saturation, whentitamber was still completely activated.
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Figure 50 — Comparison between pumping speed andfettive pumping speed for H, N, and CO.
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It is possible to notice that, except for the &t the first points (the latter corresponding to
few cm of NEG saturated), for each g&sr is always lower, indicating that the calculated
scaling with the conductance of the vacuum chambsaturated length underestimates the

measured pumping speed.

8.2.4 Pumping speed variations as seen by the BA gauges

Figure 51 compares the;pumping speed variations as seen by the two gaBigesp and
BAenTrancE lOcated respectively at the end and at the beginof the NEG vacuum
chamber.

When the whole NEG chamber was activated for ttst fime, it was possible to calculate
the degassing flo@pecas2.3-10°mbarl/s of BAenp by considering the value otf, after
NEG activation and the pumping spe&dirranceof the aperture of the NEG chamber.

For every H injection, pumping speed as seen at the end oNtBE& chamber has been
calculated dividingQpecas Which is constant, by the initial pressure vaRggp o on BAenp
before starting injecting #1
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Figure 51 — H, pumping speed as function of the saturated lengtfor the gauges BAntrance and BAgnp.

It is interesting to notice that the pumping speedn by the BA located at the end remains
constant after even more th&@d cmof NEG coated vacuum chamber result saturated.
The same graph also shows that both gauges aractér@sed by the same pumping speed

when the saturated length corresponds to halfeotdtal chamber’s length.
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8.2.5 Comparison between experimental data and MOLFLOW+ snulations

A CAD model of the experimental setup was createdrder to simulate with MOLFLOW+
the effects of the progressive saturation of theGNEhamber. For simplicity reasons, the
model includes only th@16 cmlong NEG coated vacuum chamber, the two elbowsr@vhe
the BAentrance and BAenp gauges are located and the half of the Fischer-Msam dome

downstream of the inner conductance, which is asadjection point (Figure 52).

Conductance

BAEN'I"R;\N(‘E

F

Figure 52 — Orthographic view of the CAD model ofthe 2 mlong NEG coated vacuum system.

Table 23 resumes the five different configuratidimst have been simulated: assuming that
the NEG saturation front progressively moves althvgflow direction, a NEG sticking factor
00, ranging from10°® to 1, has been applied on a gradually more and moriéelinpipe’s
wall area.

A sticking a=0, representing the already saturated coating, Baa n turn assigned to the

more and more large wall area starting from theamce of the NEG vacuum chamber.

Table 23 — Saturated and activated NEG lengths each MOLFLOW+ simulation.

Simulation | Saturated NEG length | Activated NEG length
1 Ocm 216 cm
2 17 cm 199 cm
3 74 cm 142 cm
4 140 cm 76 cm
5 188 cm 28 cm
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For each of these configurations; Hjections were simulated assuming an incoming gas
flow equal t03-10 'mbarl/s and transmission, calculated as the ratio betwikerpressure
values recorded in correspondence okRB#ance and BAenp, was plotted as a function of

The results of these simulations are shown in EidiB: as the saturated length increases,
transmission for the same sticking factor decreadseause more gas molecules are able to
reach the end of the vacuum chamber without belrsgprdbed, showing the same behaviour

observed in the experimental measurements.
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Figure 53 — Simulated H transmission for different saturated lengths as dunction of the NEG sticking

factor 10°<a<1.

It is possible to distinguish three areas:
— for a<0.001transmission tends tbindependently of the NEG saturated length;
— for 0.001<u<0.01 the largest transmission increases occur, evesrall variations
of the sticking factor;
— for ¢>0.1 transmission becomes more or less constant, edlgefor small NEG
saturated lengths.
Figure 54 shows an enlargement of the same platticking factors ranging betwe@&001
and0.01, i.e. the most probable interval for real $iicking factors.
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Figure 54 — Simulated H transmission for different saturated lengths as dunction of the NEG sticking
factor 0.00ka<0.01

Furthermore, the experimental measurements gftrinsmission as a function of the
saturated length have been compared with the sestithese latter simulations. An error of
the 20% was taken into account for the experimental da& td the uncertainty in pressure

measurement of the BA gauges.
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Figure 55 — Measured and simulated Ktransmission as a function of the NEG saturated tegth.

Figure 55 clearly shows that the simulated valwe$eptly match the experimental data if the
NEG sticking factor for Wl is comprised in the range betweBri0® and 6:10°. This

statement is in accordance with the results ofiptesvstudies, which measured a hydrogen
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sticking coefficient of the same order of magnitude a NEG surface with the same

elemental composition [13] [22].

8.3 28 m LONG PILOT SECTOR

8.3.1 Bakeout and NEG vacuum activation of the pilot sectr

In October 2011 a first bakeout and vacuum actwvaprocess was conducted in order to
restore the NEG pumping properties in the pilot@eavhich had been previously vented

with air. Moreover, before starting saturation megaments, the pilot sector underwent a
second complete bakeout and NEG vacuum activatiooeps in January 2012, in order to

ensure the best possible performances of the gpdtiring the study.

In both cases, the bakeout and activation proceuahivgually used for the LSS beam pipes at
room temperature in the LHC was adopted. Tableepbéns the parameters that have been
set during the process for the different componehtke pilot sector.

Table 24 — Heating rate, maximum temperature and dration of every step of the bakeout/vacuum

activation process, depending on the type of compent involved.

BaKkeout| NEG activation | Cooling down
Heating rate [°C/h] 50 50 80
NEG coated vacuum chambers Maximum temperature [°C] 120 230 20
Plateau duration [h] 24 24 24
Heating rate [°C/h] 50 50 50
Stainless steel components Maximum temperature [°C] 250 150 20
Plateau duration [h] 24 24 24
Heating rate [°C/h] 50 50 50
NEG coated vacuum chambers Maximum temperature [°C] 180 250 20
Plateau duration [h] 24 24 24
Heating rate [°C/h] 50 50 50
Stainless steel flanges on NEG coated vacuum chambers |Maximum temperature [°C] 140 140 20
Plateau duration [h] 24 24 24
Heating rate [°C/h] 100 100 50
RGAs and BA gauges Maximum temperature [°C] 350 180 20
Plateau duration [h] 24 24 24

According to the procedure, before starting the N&fBvation step, a degassing of all the
gauges, RGAs and sputter-ion pumps installed onsyiséem was performed, in order to
reduce as much as possible any possible residsas@ace in the pilot sector. During the
entire process, due to the high pressures causédebgegassing of the inner walls, all the
BA gauges were switched off and pressure data weltected by means of the Penning

gauge installed in the central module.
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Figure 56 — Pressure variations recorded during théwo NEG activations performed in the pilot sector.

Figure 56 reports the measured pressure trendglthedNEG activation step for both cases,
corresponding to the heating ramp of the NEG chasnttem 120 °Cto 230 °C The first is
characterised by the pressure peak typical of N&{vadion, which usually appears when a
temperature equal t@80 °Cis reached. This behaviour is due to the fact, thtower
temperatures, pressure is dominated by the outgpsdi the saturated NEG coating and
increases during the heating process1®® °Cthe NEG becomes activated and therefore it
starts to pump the residual,,Hhus lowering pressure into the system until atgalu is

reached when temperature of the NEG chambers redlchenaximum, i.230 °C
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Figure 57 — Variation s of ion currents correspondig to different masses during the first NEG activabn.
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The second bakeout and NEG activation processadsieas performed even if the pilot
sector had already been activated in the previocnasion, without being afterwards exposed
to air. This is clearly demonstrated by the secomde in the plot, which starts 420 °C
from a much lower pressure value (ab@ut0® mbarinstead ofl-10” mbar) and shows no
peak, indicating that the NEG coating is alreadsnping. After having reache230 °C the
pressure plateau roughly corresponds to the otteegrevious activation.

Finally, Figure 57 shows the RGA data collected R@Acentre during the first NEG
activation for several currents corresponding ftetent gases.

The peak of the FHcurve, which is not visible because the maximuhue/ds over range, is
reached as already said when the NEG coatingab@it180 °C It is possible to notice that
not all the gases show the same behaviour: someentsirstart to decrease at lower
temperatures (28 and 44, corresponding to CO ang ré§pectively) and other at higher
ones. In particular, 15 and 16 correspond tq,G¥hich is not pumped by NEG; however, if
H, pressure decreases, the production of @ik to H cracking on metallic surfaces also
starts to decrease. Glfbllows the trend of H 84 is the mass of Kr, which is a noble gas and
therefore is not pumped by NEG. The presence ahKine pilot sector is due to the fact that
this gas is employed in the sputtering depositibnth@ NEG coating; as temperature
increases during NEG activation, the degas of Krdases, reaches a maximum and then
stabilises after a certain time.

Finally, the ultimate lowest pressures measureithe@tend of the second bakeout and NEG
activation are reported for the three BA gaugesitkat along the pilot sector (Table 25).
These values constitute a baseline for the pressueeorded during the saturation
measurements that have been successively performed.

Table 25 — Lowest pressures measured on the threéBjauges at the end of the second bakeout and NEG

activation process.

BACcENTRE BAjurA BAsaLEve

1.310 mbar| 4.7.10? mbar| 3.610? mbar

Apart from pressure, it is also important to asslkeegyas density distributions inside the pilot
sector, considering the NEG coated vacuum chambemspletely activated. A VASCO
simulation of the system was ran and the gas depsiffiles of H, CH;, CO and CQin

[molecules/ni along the pilot sector were calculated (Figure 58)
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Figure 58 — VASCO simulation of gas density profile inside the pilot sector after bakeout and NEG

activation.

The simulation shows that,Hs dominant in correspondence of the stainless stedules,
where also the gauges and the RGAs are locatedieHsity quickly decreases along the
NEG coated chambers. CO and £e present in lower concentration and densitkpéa
these gases are again in correspondence of thelespthe decrease of density in this case is
more prominent due to the high NEG sticking fadtorthese gases.

CH, is dominant in the NEG coated beam pipes and ribtéilgp is more or less constant
because the sticking factor for this gas is vetieli The density profile of CHis parabolic
due to the pumping provided by the two sputterfpoimps located at the ends of the pilot
sector.

Peaks on the right correspond to Saleve side andlightly higher with respect to Jura side
because, due to the presence of the RGA, highersdaty rates were considered on Saléve
side. The same values of degassing rate were @eadidlso in the centre, where another
RGA is located, but gas densities here are lowertduhe presence of NEG coated chambers

on both sides of the central module.

8.3.2 Working procedure

The saturation of the pilot sector has been comdusimilarly to that of th@ mlong vacuum
chamber, by means of several injections of CO.rAdteery CO saturation, two smalbldnd
N, injections were also performed, aiming to meastme variations of transmission,

pumping speed and capture probability for eachagdanctions of the NEG saturated length.
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In addition, after every saturation a measureméiie degassing from the internal walls of
the pilot sector was also performed. This was np#sible by switching off the two sputter-
ion pumps, every time for a fixed time interval abio 1.5 h

The working procedure for everyone of these measeinés has been analogous to the one
employed for th& mlong vacuum chamber. The pressure data were taflesing again the
same Labview program, whereas the ion current dataing from the two RGAs were
displayed by the software Quadstar32, especiallgceiwed for these devices by the
manufacturer. Before starting measurements, eass oieannel of the RGA has always been
accurately calibrated and the injection line clehnes already mentioned in the previous
paragraphs.

Again, every gas injection was performed in stepsopening little by little the injection
valve, waiting for pressures on the three gaugestdbilise around a certain value before
opening again the valve.

Table 26 summarises how transmission, pumping spaddcapture probability have been
calculated, according to the description of theegixpental setup reported in Chapter 7. Also
in this caseP for a given gauge refers to the difference betwi#enmeasured pressure
during the injection and the initial one.

Table 26 — Transmissions, pumping speed, capture @oability and gas flow during degassing analysis

calculated for the pilot sector.

Units Expression
AP
Transmission Jura-side Tr; = CENTRE
AP]URA
[-]
AP
Transmission Saléve-side Tre = CENTRE
AP.S‘ALEVE
1 APy, — AP,
Pumping speed (half sector]  [I/s] Sij2 = _Gp 1 Crop - —2V CENTRE
APcpnrre 2 APcgEnTRE
- 51/2
Capture probability [] %CP 5 =
CENTRANCE
- AP, v
Degassing flow [mbarl/s] Qpecas = CENAZRE
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Due to the fact that the configuration of @& mlong pilot sector is symmetrical with respect
to the central module in which gases are injecthd, system can be considered as an
assembly of two identical NEG coated beam pipesh eael4 mlong.

For this reason, transmission has been calculatetddth Jura and Saléve sides. Pumping
speed instead is calculated@sg, referring to the pumping speed “seen” by eaclh ¢fathe
pilot sector and obtained fro®,,,, which is half of the total gas flow entering intioe
system (Figure 41). Similarly, also the percentafigeapture probabilityoCPy/, refers to half

of the total length of the pilot sector.

Finally, the degassing flo@pecasObtained during degassing measurements is cadculst
multiplying the pressure incread®centrefor the total volumé/ of the pilot sector, which is
equal t0146.78 | and by dividing it by the switching-off time imtal At of the sputter-ion
pumps, which corresponds$400 s

The ultimate pressure valuPg; in the injection line for every gas injection asported in
Table 27. Their choice is dictated by the same idenstions about instability of the
incoming gas flow at high pressures that have diréeeen exposed in the description of the
2 mlong vacuum chamber. Again, due to the higheratihg capability of N, the injections

of this gas have been performed in only one stépg@maximum4-5 minutes

Table 27 — Ultimate Ry; pressure at the end of every injection in the piliosector for the three gases of

interest.

Ho N, CO
2-.10° mbar| 1-10* mbar| 510* mbar

8.3.3 Influence of CH, degassing of the Penning gauge

After having performed the first injections in tpdot sector, it was clear that the Penning
gauge located on the injection line strongly aBethe possibility to collect reliable
transmission data during injections. As a mattefagt, when R; increases, the Penning
gauge starts to degas a certain amount of, @Hich is not pumped by NEG and therefore
results in a considerable pressure increase ondmath of the pilot sector, where BAa and
BAsaLeve are located.

For these reasons, it was decided to keep the Regauge switched on only during Bind

N> injection and to switch it off during CO injecti®nwhich are much longe2{8 hour$g and

therefore could be more influenced by fdesorption. Only the last two CO injections were
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performed with the Penning gauge on because iretlesasions the influence of ¢H

degassing was negligible.

9086

80% ¥ Penning off

20% H Penning on

6086

5086

40%

| IS,NALEVE’IILSAL EVE

3086

Figure 59 —I 41, measured by RGA eve during two distinct H, injection, one with the Penning gauge on

and the other not, for the same Hflow Q=10° mbari/s.

The above-described effect due to the ,Glegassing of the Penning gauge has been
guantified by calculating the percentage ratioef(lepresenting CkJ and } (representing
H,) measured by RG&, gve during two distinct H injection, one with the Penning gauge
switched off and the other not, performed when WG in the pilot sector was still
completely activated. For the same injection fiQw10°® mbarl/s, when the Penning gauge
is off I35 is only aboutt% of I,, while in the other case this ratio becomes 83#jufie 59).

The influence of CHhlis very strong at the ends of the pilot sectoresehs it is negligible in
the centre, where pressure is dominated by thetegegas flow: for the two same injections,

l15150.04%0f I, if the Penning is off antl% if the gauge is on.

8.3.4 Transmission, pumping speed and capture probabilitywariations as functions of
the NEG saturated length

As already explained, all the CO injections werefgrened with the Penning gauge in the
injection line off, except for the first and thestawo injections. For this reason, it is not
possible to calculate precisely the injected gasvfif the Penning gauge is off and,
consequently, to calculate the actual NEG saturategth for every injection.

The total amount of injected CO molecules and thH&GNsaturated length for every CO
injection were therefore estimated by scaling trexige results of the last two injections and
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by assuming that the number of CO molecules addqgube unit area by the NEG surface is

the same of the@ mlong vacuum chamber, i.2.210" molecules/cfn

8.3.4.1 Hjtransmission

Figure 60 shows the variation o Hansmission as a function of the NEG saturatedttein

the pilot sector for both Jura and Saléve sidess fitossible to notice that g eve remains
more or less constant until abd@ mof NEG coating are saturated, whileyJgra starts to
decrease when abolib mare saturated, indicating that the NEG saturatias not been

perfectly symmetrical in the two halves of the paector.
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Figure 60 — H, transmission of both Jura and Saléve side as a fation of the NEG saturated length.

It is worth remembering that, as already explaimethe previous paragraph, transmission
measurements have been considerably influencedhdyégassing of the Penning gauge.
Figure 61 reports the ratio of the ion curremis and I, (representing CiHand B,
respectively) as a function of the NEG saturatedytle for both RGAentrRe and RGAALEVE,
measured for an injected, Hlow Q=10° mbarl/s: this ratio always remains more or less
constant for the central RGA, whereas it decreaseSaléeve side as the NEG saturation
progresses, confirming thReentreduring injections is dominated by the injected, gasile

the effects of Cl together with those of the progressive NEG séturaare more evident at
the ends of the pilot sector. The first two valoésoth curves are much lower because they

were acquired with the Penning gauge off.
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Figure 61 — Comparison betweet;s/I, measured by RGAsentre and RGAsa eve as a function of the NEG

saturated length, for an injected H flow Q=10° mbarl/s.

Figure 62 shows the evolution of the ion currdatandl;s measured by RGAnTre during

the third (NEG coating still almost completely aated) and the last Hnjections (NEG
coating completely saturated), both performed withPenning gauge on.
E—l]ﬁ—_lun Current [A]

200 250 300

50 100 150

350 400 450 [Cyd]

Figure 62 — Variations of L, and |;5 measured by RGA:enTre during: @) the third H ; injection (1 m of
NEG saturated in total), b) the last H injection (28 mof NEG saturated).
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In both cases, the ratio between the two currentgpproximately the same ahdis much
higher than ;5 even when the NEG saturation is complete.

Figure 63 shows the same evolution relatively ® RGA located on Saléve side: when the
NEG coating is activated, remains constant during the injection becauséhallincoming
H, molecules are adsorbed by themof NEG between the injection valve and R&A:ve.

l15 progressively increases and, at the end of tleetion, CH becomes the dominating gas,
thus influencing transmission that, without thesstge contribution of this gas, would be
much higher. On the other hand, when the NEG cgasirsaturated;s still increases during
the injection butPsa eveis always dominated by the contribution of, Mvhich is no more
adsorbed by NEG and can easily reach the end® gfilibt sector.

E-08 _lon Current [4]
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E-097-- wﬂ\: —15.00
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E-11 jW
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E-144
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E-05 _lon Current [4]
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E-07-
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E-114
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e L L o L e e N R Emmas|
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b)

Figure 63 — Variations of L, and 1,5 measured by RGA eve during: a) the third H , injection (1 mof NEG
saturated in total), b) the last H injection (28 mof NEG saturated).

Hence the ratid;s/l, measured on Saléve side progressively decreaghs &G saturated
length increases, because more and mareskable to reach the ends of the pilot sector
without being adsorbed by the NEG coating (Figute 6
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Figure 64 —I 51, measured by RGA eve as the saturation of the pilot sector progresses.

These considerations could also explain whyttdnsmission seems to increase during the
saturation of the first meters of NEG coating (Fig.CH, partial pressure slightly decreases
and H one remains constant, so that the resulting tresssom is increased. Afterwards, the
progressively increasing amount of Hrriving at the ends of the pilot sector, duehe t
raised NEG saturated length, leads to a steadgdserof transmission.

Moreover, H transmission measurements are affected also bpuhging contribution of
the two sputter-ion pumps Jbka and IRaLeve, Situated at the ends of the pilot sector.

1000

ST TN

H, transmission

10 \
—+—Transmission Saléve \

—+Transmission Saléve_Ips off

; ! 1
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NEG saturated length [m]

Figure 65 — Comparison between Htransmissions measured on Saléve side withdReve on and off.
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These two pumps have been constantly working dwaihgas injections, providing a crucial
pumping capability for Cll In order to quantify their influence, daieve for H, has also
been measured during the last step of every igjectfter having switched off the IP located
on Saleve side; data are available only for a asdrlength higher thatD m(Figure 65).

It is worth underlining that it is much easier tecognise significant differences of
transmission when the IP is turned on. As a maftéact, in this case transmission variations
for NEG saturated length comprised betwdéhm and 20 m are of the order 080-4Q
whereas they become orty3 when the sputter-ion pump is switched off. Thislig to the
fact that, in this latter situation, Gldartial pressure at the ends of the pilot sestoery high

and does not allow to see significant variationklppressure at these positions.

8.3.4.2 CO transmission

Figure 66 shows the variations of CO transmission doth sides of the pilot sector as
functions of the NEG saturated length. In both sasensmission remains constant until
about7 mof the NEG chamber are saturated and then begigatiually decrease.

Compared to the case of,HCO transmission is much higher, starting fromabue of about
310" during the 2% injection (when the NEG coating was almost congiyefictivated),
because all CO injections, except for the firsyehbeen performed with the Penning gauge
on the injection line switched off, leading to aglgible contribution of CH to the total

pressure at the ends of the pilot sector duringrjeetions.

100000 ‘

—+—CO transmission Jura
% r‘\ -#-CO transmission Saléve
10000 s

\a\
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NEG saturated length [m]

Figure 66 — CO transmission of both Jura and Saléveide as a function of the NEG saturated length.
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However, the first CO injection performed with tRenning gauge on is characterised by a
transmission value (which is not plotted in thepimaof about30000on both sides, which is
still considerably higher than the correspondinigahH, transmissions (about00). This is
due to the fact that, as already mentioned for2tmelong vacuum chamber, NEG sticking
factor for CO is much higher than the one feradd thus, when the pilot sector is completely
activated, CO molecules can reach its ends onhkthto the so-calledeaming effect.e. by

travelling along the pilot sector axis without adithg with its walls.

8.3.4.3 Pumping speeds and capture probabilities

Figure 67 shows the measured pumping sggedf Hp, N, and CO for half of the pilot
sector as functions of the NEG saturated lengtmpased with the corresponding effective

pumping speeds, which are calculated analogouslthéocase of th& m long vacuum

chamber.
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Figure 67 — Comparison between pumping speed andfeftive pumping speed for H, N, and CO.

The behaviour is the same already observed forptlegious measurements, WiRrr
(calculated with a simple scaling of conductanceg)erestimating the measured values.
Figure 68 instead reports the trends of capturbability for the three gases, again referring
to half of the pilot sector. The values for eack gee determined by their respective sticking

factors: the higher ig, the higher the capture probability.
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Figure 68 — Percentage of capture probability for H, N, and CO.

8.3.5 Degas analysis

Figure 69 shows the results of the degas analylseslegassing floQpecasin [mbar-l/s] is
derived for both4Pcentre and 4Psaeve and plotted as a function of the NEG saturated
length. As already said, these measurements wedticted by switching off the two sputter-
ion pumps located at the ends of the pilot seatorllf5 h without injecting any gas. Each
value ofQpecaswas calculated at the end of this time interval egpresents the quantity of
residual gas that has been desorbed per unit yntleebinternal walls of the pilot sector while
the IPs were off and only the NEG coating was pungpi

3,06-11

—+Degas Centre f
2,5E-11

-#-Degas Saleve //
2,0E-11
1,56-11 ///

00E+00
o 5 10 15 20 25 30

NEG saturated length [m]

Qprcas [mbar-s)

Figure 69 —Qpegas as a function of the NEG saturated length, calcutad for both APcgntre @nd APsp eve,

1.5 hafter having turned off the two sputter-ion pumps.
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The possible sources of GHire mainly represented by the stainless steehseirdf the
modules, by the copper RF inserts and by the BAygaand RGA filaments. Also the NEG
coated surfaces constitute a possible source ©HHs.

Table 28 shows the calculated values of,@egassing characterising the different materials
of the inner surfaces of the pilot sector. As thrigation progresseQpecasfor the stainless
steel modules and the copper inserts remains aunsthereas the CHlegassing flow of the

saturated NEG is about two orders of magnitudeelatitan the one for the activated NEG.

Table 28 — CH, degassing flow of the inner surfaces of the pilaector.

QDEGAS [m bar-l/s]

Stainless stee| OFC copper | Activated NEG | Saturated NEG
1-10™ 1-10" 110" 910"

In Figure 70 it is possible to see the pressurecames due to CHlegassing for different
NEG saturated lengths, calculated ikyPeq. The contributions of stainless steel modules,
copper inserts and RGA and BA gauges remain cangteone due to the activated NEG
instead decreases because the NEG activated agr@ssively decreases, whereas the NEG

saturated surface increases and thus its pressanebeition also increases.

1E-09

u 0 m NEG saturated =6 m NEG saturated

® 10 m NEG saturated =17 m NEG saturated

1E-10 —

1E-11
1E12 .
1E-13 .

Copper NEG Activated  NEG Saturated

PCH, equivalent [mbar]

Figure 70 — Pressure increases due to Gldegas of different inner surfaces of the pilot s¢ar as functions
of the NEG saturated length.

The difference between the degassing flow measuréae centre of the pilot sector and at

the end of Saléve side, as expected, is neglighle matter of fact, during these analyses no
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gas was injected in the system and the main regiderisr the recorded pressure increases is
CHa, which is not pumped by NEG and therefore canyesach the ends of the pilot sector,
even if the NEG coating is still partially activete

This is confirmed by comparing, for each degasyamlQpecasand the variations of the ion
currentsl, andls registered by RG&eve (Figure 71): the evolution 0Qpecas perfectly

follows that of4ls.
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Figure 71 — Comparison betwee®pecas and 41 for masses 2 and 15 measured by RGA eve.-

Table 29 instead reports the initial and final mnrents for masses 2 and 15 measured by
RGAsa eve during five degas analyses corresponding to éiffeNEG saturated lengths.

When the sputter-ion pumps are dffs always increases of about two orders of magnitude
and CH becomes the dominant residual gas, while the ghaptiessure of K remains
unvaried.

Table 29 — lon currents for masses 2 and 15 measdrby RGAsa eve at the beginning and at the end of

five different degas analyses, corresponding to févdifferent NEG saturated lengths.

Saturated length [m] | I2.starT [A] | I2eno [A] | 115,sTART [A] | I15,enD [A]
0 2.310" | 2310 | 2.810% | 2.710™
3.2 4510 | 4810 | 4.410% | 6.310™
10 4610 | 5.810° | 3.010% | 9.810™
24.4 490" | 6.610° | 4.710" 1.410°
28 2.910° | 4.110° 1.410™ 5.1:10°
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The contribution of K partial pressure becomes more significant onlynthe NEG coated
surfaces are completely saturated, but also indase the largest contribution to pressure
increase in the pilot sector is due to {at¢gassing.

These analyses, however, show that the degasswgdibes not increase very much as the
NEG saturation progresses but always remains nrdes® constant.

The amount ofQpecas is limited, ranging betweed-10'? mbarl/s (when the NEG is
completely activated) an@-10*? mbarl/s (when more thar24 m of the pilot sector are
saturated). These small increases as functioneoN#BG saturated length may be due to the
fact that a saturated NEG surface has a highersdagprate of Cklwith respect to an
activated one. However, these variations are vergllsand only when the pilot sector is

totally saturate@pecasconsiderably increases, with a value of at®&10™ mbarl/s.

8.3.6 Feasibility of MOLFLOW+ simulations

MOLFLOW+ simulation were conducted in order to cddte H transmission on both sides
of the pilot sector as a function of the NEG stngkfactor and of the NEG saturated length.
Due to the length of the pilot sector, running tkisd of simulations becomes extremely
difficult because, especially if NEG is completalstivated, only very few molecules are able
to reach the end of the pilot sector without beadgorbed by the coating. In order to obtain
reliable pressure and thus transmission values th@rsimulations, an adequate number of
molecules should be injected in order to have &cserit amount of molecules reaching the
ends of the system. For the same reason, the nushbgected molecules should increase as
the NEG activated length increases, because themsnthat fewer molecules are able to
reach the ends. On the other hand, this need sasudt very long time for the completion of
every simulation.

For these reasons, it was decided to run simukatsterting from the opposite situation, i.e.
from the situation in which the NEG chamber is aincompletely saturated. In order to
minimise the time needed for each simulation, &egewith 16 CPUs was employed to run
the program.
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Figure 72 — MOLFLOW+ simulations of Tryra as a function of the NEG activated length (lengtheefer
to a single side of the pilot sector, thus each regsents half of the total NEG activated length).

Figure 72 shows the results of these simulationgirk is plotted as a function of the NEG
sticking factor for H for different saturated lengths. The results otgdifor Teaeve are
very similar due to the symmetrical geometry of piiet sector.

The simulations were performed considering an te¢h flow equal to3-107 mbarl/s, as

it was for the case of th2 mlong vacuum chamber. GHlegassing from stainless steel
modules and gauges was omitted for simplicity.

However, in spite of the adopted solutions, theetmeeded for each simulation was still high
and increased as the NEG saturated length decreased

The last performed simulation, correspondingt®.01 and3 m of activated NEG on each

side, took abou0.5 hfor completion.
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9.APPLICATIONS TO THE LHC

The measurements performed on the experimentabéeshes situated at CERN in Building
113 and described in the previous chapter weresggtwn the possibility to find a feasible
method, based on the observation of the NEG pumpinogerties’ variations, for a correct
estimation of NEG saturation levels in the LHC eextwhere this material is extensively
employed.

The tests conducted on tlR8 mlong pilot sector show that the best estimatiorN&G
pumping properties can be obtained by injecting @@ gives more precise transmission
measurements compared tg H

However, CO injections in the room temperaturemeat the LHC must be avoided because
they would saturate the NEG coating, whereas ddes not cause this inconvenient.
Moreover, due to technical, logistical and safefgsons, it is not possible to install injections
lines on the LHC vacuum sector and to store COdmoih the accelerator’s tunnel.

A source of H instead can be obtained simply by heating smalGNfartridge installed
along the LHC, without any need of injections limkie to the fact that the equilibrium
pressure of Blin a system increases as temperature increagesda to Sievert’s law.

On the other hand, degas analyses cannot consditteéasible and practical option for the
estimation of NEG saturated lengths in the LHC heea as already mentioneQpecas
increases very moderately as NEG saturation pregsesnd its values are always very small.
Moreover, even if the sputter ion pumps installedhie LSS room temperature were off, the
Penning gauges located near the sector valves wwaldde a limited (about I/s for each
gauge) pumping speed for GHhus altering the results of degas analyses.

For these reasons,,Hvas chosen as reliable gas and transmission nezasots were
conducted in the LSS room temperature vacuum seeond in CMS NEG coated beam

pipes. The results are exposed in the next parhgrap
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9.1 ESTIMATION OF NEG SATURATION IN THE LSS VACUUM
SECTORS

The LHC started operations in November 2009 andspire increases have been measured
ever since in different areas of the LSS vacuunoseat room temperature.

These pressure variations are caused by beam-ihdlesorption of residual gases during
beam operation. As a matter of fact, with high-nsigy proton beam, stimulated degassing in
the room temperature sectors of the LSS from the MBG-coated components (cold-warm
transitions, collimators, beam monitors) can deteena partial saturation of the NEG coated
vacuum chambers.

Table 30 reports the pressures measured in fotarelft vacuum sectors in February 2009
(ust after NEG vacuum activation) and during teehnical stop in March 2012 (after the
2011 high-intensity proton beam physics run). Adtalwere taken without beam circulating

(static vacuum conditions).

Table 30 — Pressure variations measured in four dérent sectors of the LSS at room temperature.

Pressure [mbar]
Vacuum sector AP [mbar]
February 2009 | March 2012
B5R7.R 1.9101%¢ 1.610° 1.410°
B5L7.R 1.210%¢ 9.6101%¢ 8.410%¢
A5R5.B 2.31041 1.910%¢ 1.7.10%¢
A5L5.R 2. 7101 1.610%¢ 1.310%¢

In particular, NEG conditions in the AS5R5.B vacuw@ctors have been investigated. The
NEG coated beam pipes of this sector have a tetgith of16 mand the major residual gas
source is represented by a collimator, which isated at2 m from the BA gauge that

measured the reported pressure variation (Figure 73

BA

QDEGAS

& >
< rg

7 m NEG chamber 2m NEG | Collimator 7 m NEG chamber

Figure 73 — Schematic view of A5R5.B vacuum sector.
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Due to their analogous geometries, the estimatiegheoNEG saturation level in thismlong
chamber can be compared with the calculations nfadine 2 mlong NEG coated vacuum
chamber and presented in the previous chapter.

The collimator's degassing flo@pecas5.8:10° mbarl/s seen by the gauge can be found

according to the following equation:

QDEGAS = SNEG,2009 ) P2009

whereP,oog IS the pressure measured by the gauge in FebP@&Y andSyec 2005250 I/sis
the initial NEG pumping speed, corresponding todhe measured in tH2mlong vacuum
chamber when the NEG coating was completely aeiat

By assuming that the thermal degasf@igcasiS constant in static vacuum conditions, it is

possible to determine the actual NEG pumping sieegl201730 I/s seen by the BA gauge:
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Figure 74 — VASCO simulation of the pressure profé in the A5R5.B sector, calculated for the entire
NEG coated length activated (February 2009) and for m of NEG coated bema pipes saturated (March
2012).

Finally, by comparing the resulting percentageast lpumping speed with the experimental
data for the2 m long vacuum chamber (Figure 48), it is possibleettimate the NEG
saturated length in the AS5R5.B vacuum sector, wiiadmqual to abol8.5 mon both sides of

the collimator.

112



VASCO simulations of the residual gas density peoiin the same vacuum sector confirm
this result. The so-obtained pressure profilesctvhwere simulated taking into account the
estimated variation of the NEG activated lengtle @r good agreement with the pressure
values measured by the BA gauge installed in tloewa sector (Figure 74).

9.2 NEG QUALIFICATION OF CMS BEAM PIPES

NEG coatings are extensively used in the LSS ofLtH€, which serve as experimental and
utility insertions, in order to maintain the desjgessure during beam operation.

In particular, LSS5 is located in correspondencéhef cavern where the CMS detector is
housed (Figure 75).

Figure 75 — View of the right side of CMS interacthn point, with the NEG coated beam pipe entering th
detector.

During the LHC physics run in 2011, unexpected sues spikes appeared from time to time
at 18.3 mon the right side of CMS interaction point (IR).dome cases, the high background
due to the pressure increase (U@ mbai) did not allow CMS to take data.

During the winter technical stop 2011-2012, X-rmaging of the forward module located at
18.3 mfrom the IP showed a non-conforming RF insert (Fég76). The RF inserts are
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employed along the LHC vacuum beam pipes in oranisure electrical continuity to the
beam in correspondence of bellows or cross-seeatiea variations.

The origin of this non-conformity, overrunning theximum allowed installed length of the
module, is supposed to be due to the Target Abs@beondaries (TAS) module movement

by 17 mmforward the tunnel [32].

b)

Figure 76 — a) Imaging of the non-conforming modulsvith RF insert inside. b) Demounted RF insert.

Following the imaging, the exchange of the RF inseide the module was scheduled. This
operation normally implies an air venting of the GlEoating in the IP, thus consequently
requiring a full bakeout and vacuum activation e ¥acuum chambers located in the CMS
vacuum sector. This approach would have requirecctimplete opening of the detector and
therefore it has been discarded due to time cangtra
In order to avoid this inconvenience, it was dedide exchange the RF insert under a
constant flow of pure neon [33]. This method allowsechanical interventions while
preventing the saturation of the vacuum activat&fsNoating: the vacuum beam pipes are
over-pressurized with a noble gas that is not pumpg NEG, thus avoiding air back
streaming through the beam pipe aperture and satuiet the coating.
The exchange intervention was performed on tfieaf@anuary 2012 following this working
sequence:
— fill the beam pipe with ultra-pure neon with anti@li overpressure &200 mbarabove
atmospheric pressure;
— open the module with the non-conforming RF insentlevflushing ultra-pure neon
through the beam pipes;
— exchange the RF contact and reinstall the module;

— pump down the vacuum sector and perform a pardileebut and NEG reactivation.
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After pumping down fod8 h pressure in the IP was in the° mbar range, confirming that
the NEG vacuum chambers were still activated.

A partial bakeout was afterwards performed becadseng the RF insert exchange, the
forward and TAS NEG coated chambers were compledatyrated, the first due to its
complete exposal to air and the latter due to tinection of pump down. Moreover, a
bakeout was needed for the newly installed RF tnser

After having performed this partial bakeout, theafipressure at room temperature all along
the beam pipes in the CMS interaction point wakélow10*° mbar.

Finally, in order to test the NEG performances aadconfirm the restored pumping
properties of the coating, especially in the CT2G\Né&hamber and in the beryllium central
beam pipe, K transmission measurements along the CMS vacuutorseere conducted
after the RF insert exchange and after the subséqaatial bakeout, respectively. The
results of these measurements were analysed arnghcedwith VASCO simulations.

The source of Kfor this purpose was a NEG cartridge installethi forward module &8
mon the right of the IP (Figure 77).

Figure 77 — NEG cartridge used as kisource for transmission tests along the CMS vacuusgector.

The NEG cartridge was heated at ab4b® °C thus establishing an increased equilibrium
pressure for K according to Sievert’'s law. During this process, whs the gas mainly
desorbed by the already activated NEG cartridgégevihe release of CO, G@nd CH was
four orders of magnitude lower and could come fribra degassing of the stainless steel
housing of the NEG disks. GHnstead, which is not pumped by NEG and theretonad
false the transmission tests, could also resulinftbe cracking of B molecules in the

vacuum gauges.
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9.2.1 CMS vacuum beam pipes

Figure 78 shows in details the CMS vacuum beamspipe the right of the IP, with
highlighted the area subjected to the RF inserthaxge and to the subsequent partial

bakeout. The beam pipe’s structure is symmetricaklysame on the left side of the IP.
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Figure 78 — Detailed view of CMS vacuum beam pipeand of the area subjected to bakeout (right side of

CMS interaction point).

9.2.2 Transmission test after the RF insert exchange

The first transmission test was perforn#ihafter the RF exchange.
The tests were conducted with the TMP in the vacwattor A1R5.X connected to the
vacuum beam pipe and with just the sputter-ion panp8 mon the left side of the IP
switched on, in order to decrease pressure (stilidated by neon used during the exchange
of the RF insert) and to gain a better sensibility.
Pressure measurements during the test were takethebyollowing gauges, uniformly
distributed along the beam pipes:

- VGPB.183.1R5.X, located in the same vacuum domihe@MNEG cartridge, a8 m

on the right side of the IP;

- VGPB.148.1R5.X, at3 mfrom IP on the right side;

- VGPB.183.1L5.X ail8 mfrom IP on the left side;

- VGPB.148.1L5.X at3 mfrom IP on the left side.
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Figure 79 shows the pressure evolution in the Cl&bpipe during transmission test. The
first pressure increase in the forward module is wuthe degassing of,HCH,;, CO and CQ

from the NEG cartridge when the activation processstarted; the pressure the recovers
quickly and stabilizes to a fix value when the boikterial of the NEG cartridge is heated

and the pressure increase is mostly duest@etording to Sievert’s law.
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Figure 79 — Pressure increase during the Hransmission test after the RF insert exchange.

Table 31 reports the pressure values recorded dogadiiges all along the CMS beam pipes
and the transmission ratios between the gaugeddéatthe same vacuum dome as the NEG
cartridge and each one of the other gauges. lbitwto notice that the farer is the position of
the vacuum gauge with respect to thesdurce, the lower is the recorded pressure inereas
this clearly confirms the presence of a distribygtadhping all along the NEG coated vacuum

beam pipes.

Table 31 — Pressure and transmission ratio duringhte H, transmission test after the RF insert exchange.

Gauge position| Pressure [mbar] | Transmission ratio
18 m right side 6.410° 1

13 m right side 1.210" 53

13 m left side 1.410° 457

18 m left side 1.1:10° 582
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In order to determine the real length of the stitivated NEG vacuum beam pipes, VASCO
simulations were also performed. These simulatwe® conducted by varying the saturated
length of the CT2 chamber: the best fit betweeretterimental data and the distribution for
N2 equivalent is found fot.5 msaturated ove2.3 mof its total length (Figure 80).

The pressure increase registered on the otheroittee beam pipe is due to GHvhich is
not pumped by NEG.

L0004 *510% mbarl/s for H2
——Pressure- N2 eq. *1.10°mbarl/s for CH,
1.00€-05 —PressureH2 eq.

Pressure CH4 eq.
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Figure 80 — VASCO simulation of the pressure profeé along the CMS beam pipes during the H

transmission test after the RF insert exchangel(5 msaturated).

9.2.3 Transmission test after partial bakeout

As already mentioned, a partial bakeout was perdrim order to reactivate the forward,
TAS and CT2 NEG chambers and to bake the newlgliest RF insert.

Table 32 — Pressure and transmission ratio duringhte H, transmission test after the partial bakeout.

Gauge position| Pressure [mbar] | Transmission ratio
18 m right side 5.610" 1

13 m right side 840 667

13 m left side 2,510 2240

18 m left side 1.310™ 4308
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After the bakeout, when all the vacuum chambersvegiain at room temperature, another

H, transmission test was done. During this injectiom TMP was turned off, while all the
sputter-ion pumps were switched on.

1.005-05

Pressure [mbar]
&

1.00E-11

Time [min]

Figure 81 — Pressure increase during the Hransmission test after the partial bakeout.

Figure 81 shows the pressure variation during test:tcompared to the previous
measurements conducted before the bakeout, thessiegaof the heater inside the NEG

cartridge is much lower and it can be detected bglthe gauge located in the same vacuum
dome.
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Figure 82 — VASCO simulation of the pressure profé along the CMS beam pipes during the H
transmission test after the partial bakeout.
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Moreover, the transmission ratios are much highan they were in the previous case, thus
indicating that the bakeout fully reactivated thE®vacuum chambers (Table 32).

VASCO simulations confirm the full activation ofdiNEG coating all along the CMS beam
pipes and indicate that the recorded pressuredaseris again due to GKFigure 82).

In summary, the use of,Hransmission method allowed to estimate the ftiivation of the
NEG coated beam pipes after the partial bakeouttanadssess the quality of the entire
procedure followed for the exchange of the non-oconing RF insert.
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10. CONCLUSIONS

The extensive employment of NEG coated beam pipethe room-temperature vacuum
sectors of the LHC allows to keep and maintainrdwuired UHV conditions during beam
operation, providing a distributed pumping capabitythe residual gases along the length of
these sectors.

However, this pumping capacity could be compromisgdhe progressive partial saturation
of the NEG coated vacuum chambers, which is enlthibgedynamic effects of beam-
stimulated desorption.

The saturation behaviour of two NEG coated vacuystesns has been studied at CERN in
the framework of this thesis work, in order to itishand assess the best methods for the
evaluation of the NEG saturation level in the LHE&xtors where this material is employed.
The first measurements were conducted & @ long NEG coated vacuum chamber and
allowed to describe the variations of transmisspumping and capture probabilities fog,H
N, and CO as functions of the progressively increpbiBG saturated length.

Other measurements were performed 28anlong NEG coated pilot sector, reproducing the
structure of a typical LHC’s room-temperature vaousector.

These measurements confirmed the previously olatatasults, highlighting however the
strong influence that CHlegassing can have, especially on transmissianiathe fact that
this gas is not pumped by NEG. All the future stsdwill have to take into account this
phenomenon, which cannot be eliminated becaugkeaihner walls of a vacuum system and
all the devices for pressure measurements aretpibg€H, sources.

The tests conducted pointed out that, among thsildesmethods for the estimation of NEG
saturation in the LHC (degassing measurements, @@Dsrhission, pumping speed
evaluation), H transmission must be preferred due to the sufficeecision of its results
and to its feasibility in the LHC tunnel.

The H transmission method was therefore applied to edalthe NEG pumping properties
in the LSS and in CMS interaction point, confirmithg effectiveness of this solution and its

reliability.
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Moreover, the performed computer simulations ideatiMOLFLOW+, which is a Monte-
Carlo based code, as an important tool for the iptied of pressure distribution and
transmission variation in NEG coated vacuum systamgunctions of the NEG saturated
area. On the other hand, these simulations shokadd for very long NEG coated vacuum
sectors, MOLFLOW+ simulations a long time to be pteted, especially if the NEG coating
is largely activated.

Finally, H, transmission results for long NEG coated vacuuatose can be easily verified
by simulations made with VASCO, a code based ontirgas method which allows to
estimate residual gas density profiles and to conthe required vacuum stability conditions.
In summary, the work performed will permit to ewatiel the evolution of pressure inside the
LSS NEG coated vacuum chambers and to estimate sh&urated length, allowing to

foreseen future interventions in the LHC.

122



ACKNOWLEDGEMENTS

First of all I would like to thank my supervisor &ERN, Giuseppe Bregliozzi, for his
constant help during these months, for the intergstiorking activities that he proposed to
me and for his useful explanations about NEG amdiwa technology.

| would also like to acknowledge my supervisor alitecnico di Milano, Marco Beghi, who
gave me the opportunity to carry out my thesis watrklCERN and who assisted me in the
fulfilment of the application for this position.

| am also grateful to Vincent Baglin and all théleagues in the VSC-LBV section, for their
help and kindness during the period in which | veatkwith them. A special
acknowledgement goes to Giulia Lanza, for her dsafggestions and elucidations, and to
Gregory Cattenoz and Antonio Marraffa, for theisiakance and for having always aided me
when | needed help during my work in the laboratory

Finally, 1 wish to thank Roberto Kersevan, who leelpne in many occasions and explained
me the functioning of MOLFLOW+, as well as MartomaBacs and Chiara Pasquino, for
their prompt help in solving problems with the saite.

123



BIBLIOGRAPHY

[1]

[2]

[3]

[4]
[5]

[6]

[7]
[8]

[9]

«LHC Design Report - Vol. I: The LHC Main Ring,» N, 2004.

G. Bregliozzi, V. Baglin, S. Blanchard, J. HansehM. Jimenez, K. Weis
«Achievement and evaluation of the beam vacuumopwdnce of the LHC Lor
Straight Sections,» iproceedings of EPAC 200&enoa (Italy).

R. Calder, «lon induced gas desorption problemihénISR,»Vacuum,vol. 24, n. 1C
pp. 437-443, 1974.

"Vacuum Technology Know How", Pfeiffer Vacuum.

D.J. Hucknall, A. Morris, "Vacuum technology calculations in chemistry”, Roy
Society of Chemistry, 2003.

J. Lafferly, "Foundations of vacuum science and technologghn Wiley & Sons, Inc
1998.

D. V. Ragone, "Termodinamica dei materiali”, Casigrice Ambrosiana, 2003.

P. Chiggiato, «Dégazage des solides en ultravidelqges notions de base pour
techniciens du CERN,» 2012.

K. Kanazawa, «Analysis of pumping down procesk,¥ac. Sci. Technol. A, 7 (6)
1989.

[10] G. Bregliozzi, G. Lanza, V. Baglin, J.M. Jimene¥,acuum stability and residual ¢

density estimation for the vacuum chamber upgrddeeoATLAS interaction region t
the Large Hadron Collideracuumyol. Article in press, 2012.

[11] V. Baglin, G. Bregliozzi, J.M. Jimenez, G. Lanz&yrchrotron radiation in the LF

vacuum system,» iRroceedings of IPAC 20185an Sebastian (Spain).

[12] G. Bregliozzi, V. Baglin, P. Chiggiato, P. Cruikstka J.M. Jimenez, G. Lan:

«Observations of electron cloud effects with theQ_iHacuum system,» iRroceeding
of IPAC 2011 San Sebastian (Spain).

[13] C. Benvenuti, J.M. Cazeneuve, P. Chiggiato, F. i@¢oA. Escudeiro Santana,

Johanek, V. Ruzinov, J. Fraxedas, «A novel routextoeme vacua: the navaporabl
getter thin film coatings,¥acuumpn. 53, pp. 219-225, 1999.

124

les



[14] C. Benvenuti, «Norevaporable getters: from pumping strips to thimfitoatings,
CERN.

[15] A. Rossi, «H2 equilibrium pressure with a NEG-cdatacuum chambexs a function ¢

temperature and H2 concentration,» CERN.

[16] C. Benvenuti, F. Francia, «Room-temperature pumpihgracteristics of a Zil
nonevaporable getter for individual gase3,»ac. Sci. Technol. A. 6 (4), Jul/Au
1988.

[17] C. Benvenuti, I=. Decroux, «A linear pump for conductance limitegtuum systems
in Proceedings 7th Intern. Vac. Congr. & 3rd Internor@ Solid SurfacesVienne
(Austria), 1977.

[18] A. Prodromides, "Non-Evaporable Getter Thin Film a@ogs for Vaaum
Applications”, Lausanne: PhD thése No. 2652, FacSktiences de Base, Sectior
Physique, EPFL, 2002.

[19] C.G. Smith, G. Lewin, «Free Molecular Conductante &€ylindrical Tube with Wa
Sorption,»J. Vac. Sci. Technolvpl. 3, n. 3, pp. 92-95, 1966.

[20] O.B. Malyshev, K.J. Middleman, «Test Particle Me@&lo modelling of installatior
for NEG film pumping properties evaluation/acuumn. 83, pp. 976-979, 2009.

[21] C. Benvenuti, A. Escudeiro Santana, V. Ruzinov tiktdite pressures achieved in Tiz
sputter-coated vacuum chambergacuumn. 60, pp. 279-284, 2001.

[22] P. Chiggiato, P. Costa Pinto, «Ti-Zr-V nemaporable getter films: From developrn
to large scale production for the Large Hadron i@etl» Thin Solids Films n. 515, pg
382-388, 2006.

[23] C. Benvenuti, P. Chiggiato, P. Costa Pinto, A. Betw Santana, T. Hedley,
Mongelluzzo, V. Ruzinov, |. Wevers, «Vacuum projgertof TiZrV non-evap@ble
getter films,»Vacuumpn. 60, pp. 57-65, 2001.

[24] C. Benvenuti, P. Chiggiato, P. Costa Pinto, A. Rvoddes, V. Ruzinov, «Influence
the substrate coating temperature on the vacuupepres of Ti-Zr-V nonevaporabl
getter films,»Vacuumn. 71, pp. 307-315, 2003.

[25] Y. Yamamura, H. Tawara, «Energy dependence ohdaced sputtering yields frc
monoatomic solids at normal incidencétomic Data and Nuclear Data Tables, 62
pp. 149-253, 1996.

125



[26] S. Amorosi, M. Anderle, C. Bemwuti, S. Calatroni, J. Carver, P. Chiggiato, Hupst
W. Vollenberg, «Study of the discharge gas trappingng thin-film growth,»vacuum
n. 60, pp. 89-94, 2001.

[27] C. Benvenuti, P. Chiggiato, F. Cicoira, Y. L'AmineNonevaporable getter filnfer
ultrahigh vacuum applications}» Vac. Sci. Technol. A, 16 (1), Jan/Feb 1998.

[28] C. Benvenuti, P. Chiggiato, F. Cicoira, Y. L'Amin® Ruzinov, «Vacuum properties
palladium thin film coatings,¥acuumn. 73, pp. 139-144, 2004.

[29] R. Kersevan, J.-L. Pons, «Introduction to MOLFLOW\ew graphical processing unit-
based Monte Carlo code for simulating moleculawfioand for calculating angu
coefficients in the compute unified device arcHhitee environment,»J. Vac. Sc
Technol. An. 27 (4), Jul/Aug 2009.

[30] X. Tingwei, J.M. Laurent, O. Groebner, «Monte Carlo simulatioritef pressure and
the effective pumping speed in the Large Electasitron collider (LEP),» CERI
1986.

[31] A. Rossi, «WVASCO (VAcuum Stability COde): mulias code to calculate gas der
profile in a UHV system,» CERN, 2004.

[32] G. Bregliozzi, «<NEG qualification of CMS beam pipefter RF fingers insert exchar
during winter technical stop 2011-2012 - EDMS doeutnl183364,» CERN, 2012.

[33] G. Bregliozzi, «Neon venting system for the LSS Ni&&uum beam pipesEDMS
document 1094561,» CERN, 2010.

126



