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Abstract

In order to optimize the performance of a high-energy particle collider such as the
Large Hadron Collider (LHC) and its high-luminosity upgrade (HL-LHC), a thorough
understanding of all the phenomena that can act as a luminosity degradation mechanism
is required. A major concern for the transverse single-particle beam dynamics is the
presence of noise, a mechanism that can impact the long term stability of the circulating
particles. From the plethora of noise sources that are present in the accelerator, this thesis
investigates the impact of a modulation in the strengths of the dipole and quadrupole
magnets of the lattice due to power converter noise. In the presence of non-linearities,
depending on the spectral components of the noise and the nature of the source, such
a mechanism can increase the diffusion of the particles in the distribution through the
excitation of additional resonances in the vicinity of the ones driven by the lattice non-
linearities. As this effect can have severe implications on the beam performance, it is
important to understand and control the noise mechanisms that have been observed in
the LHC and that are anticipated in the HL-LHC era. To this end, this thesis presents
the investigation of the 50 Hz harmonics that have been observed in the beam spectrum
since the beginning of the LHC operation. Based on several observations and dedicated
experiments, the source of this perturbation is identified and its impact on the beam
performance is quantified with single-particle tracking simulations. For the HL-LHC, the
reduction of the beam size in the interaction points of the high luminosity experiments will
lead to an increase of the maximum [-functions in the quadrupoles of the inner triplet.
The expected increase of the sensitivity to noise, combined with the new hardware that
is currently implemented, justifies the need to investigate the impact of tune modulation
effects on the beam performance. The modulation that may arise from the power supply
ripples in the high S-function regimes will be combined with the tune modulation that
intrinsically emerges from the coupling of the transverse and longitudinal plane for off-
momentum particles through chromaticity. The aim of the thesis is to determine whether

tune modulation effects will pose a limitation in the luminosity production of the HL-LHC.
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ITepirndm

O Meydhoc Emtayuvtic Adpoviwv (LHC) ohoxhfpwoe pe emtuyia to Selvtepo xbxho
Aettoupylog Tou énetta amd Tela yedvia tetpaudtwy (2015-2018), emituyydvoviag TewToQavels
Tée ohoxnpouévne gotewétnrac (160 th™1) xou evépyelag xévipou pdlac (13 TeV). T
Tar EMOPEVA 800 YEOVIA TROBAETOVTOL EXTETUUEVES TPOTOTOLCELS UE OXOTO TNV TPOETOLUA-
olo Tou emToyLVTA Yl T YeAovTix Tou avaPdiuon ot emitoyuvt Tdninig PotevotnTog
(HL-LHC). Avuth n avoBdduon e Tdmiic Potewvdtnrag otoyelel otny enitevdn pag dveu
TEONYOUREVOL OAOXANPWUEVTC YwTevdThTac Twv 250 fh~1 avd étoc.

H Bektiotonoinon tng amd800mg ToU EMTOUUVTY amoutel, ToUedAANAAL, TNV XATUVONOT) OAWY
TWV UNYOVICUOY TOU UTOE0oUY Vo GUVTEAEGOUY OTN Pelwor 1) utoBdduiorn Tng TS TNS Po-
TEWOTNTAS.

‘Evog unyavioudc mou umopel vo emneedoet Ty eYxdpota xivnomn Tov cwuaTdlwy Tne
OEOUNG TEWTOVIRY, 0ONYWOVTOG OE YAUOTIXEC TROYIES Xl XUT EMEXTACY) OE AMWAEIEG TEWTO-
viwy, elvor tor ouvoueva YopiBou ot BuVAULIXY TWY PORTIOUEVLY COUTOIWY. Aviusoa oTig
TohhamAég Tnyég YopUBou mou uTdpyouy e Evay ETLTAYLUVTH, 1 ToeoVo SLdaxTopLxY| SLoTelfn
ETUXEVTIPOVETAL OTIC ETUTTWOELS UPUOVIXMY OLTURAY (Y OTNY TAOT) TWV TYWOV TROPOdOCIS TV
HOY VATIXWY OLTOAMY X0l TETRATOAMY, EVOL QUVOUEVO TOU 0ONYEL GE BLORPPWCT) CUYVOTNTAS
TOu poryvnTxol mediou. AvdAoyo UE TIC CUYVOTNTES XAl TO TAATOC TWV PUCUATIXWDY CUVL-
oTwowV Tou VYopLPou, Tou e€UPTOVTNL aNo To EBOC TOL PAYVATH %ot Tov TOTO NG TNYNC
TPOPOBOCIC, Ol EMTTWOE, OTNY EYXJECLN XVNoT TWV COUATIOIWY TN Béoung moxilouy.
O Yo6puBog amd TIC TNYES TEOPOBOCIG, OE GUVOUUCUO UE TO UN-YQROUULXS Hory VTLxd Tedio
TOU EMTAYLYTA, Tou elte elvan amopalTnTA Yo TOV EAEYYO TNG YPWHUATIXOTNTAS XL TNV O-
Tocfecn TNg cLAROYXTE XvoNg TwV cwuaTdiwy eite aroppéouv and tn ohyxpouoT Twv dLo
OECUMY, UTopel var aLENOEL T1) OLEYUOT TNG XUTAVOUNE TWV COUATIOWY, UECW TNS ERPAVIONG
%0l OLEYEPOTNS TWV ETUTAEOV GUYVOTHTWY CUVTOVIOUOU TEQX Amd TIC TRPOBAETOUEVEG AOYW TNG
UNFYROUUXOTNTOC TV el uépoug woryvnTixay mediov. H Omoapén evog tétolou gavouévou
elvow WLantépme xplown yia T Blatipnon Tou cuvolxol yedvou Lwhc Tng déoune. H nopoloa
€pELVA TTUPOLGIALEL T UEAETN AUTOV TV QPOUUVOUEVKY TEWTA OTOL OITOAA, €Val PUVOUEVL TTOU
€yel mopatnendel 6TOV EMTAYLVTY, XAl OTN CUVEYELX OTo TETEATOAY, éva eldog YoplBou mou
elvou Wiadtepa xplowo o tov emtayuvty Tdming Pwtevdtnroag.

Ano v évapdn tne Aettoupyiog Tou emToyLVTY, apuovixéc Twv 50 Hz €youv nopatneniet
0T0 Qdoua TNG OEoUng UE dyvwoTr TeoéAeuct). E@dcov moMAATAES PUOUATIXEC CUVIOTWOES

Beloxovtow 6Tny eyyUTNTO TNE BNTortpovinfc cuyvOTNTAS, 1) ToEoucio Toug Utopel vor TEpLTAEEEL



epiindn

TN HETENOT TNS CUYVOTNTOC TNG OECUNG XKoL EVOEYOUEVKC VAL OB YH|OEL GE AMWOAELEC TEWTOVIWV.
H Suoxohia autod tou medlou €yxettal TeoTa, 6To Vo amodely el OTL oL oLy VOTNTES AUTES Elvan
oLCEVYUEVES UE TN GEOUT Xal DEV ATOPPEOUY WC AMOTEAECUA GOINIITOS GTA OPY AUV UETENONG
XL OTY) GUVEYEL, OTOV EVIOTOUO NG TNYNAC TNS Stotoporyng. XTto Lyfua 1 mopouvoidleton
N €€éMEn Tou Qdopatog TNg pag 6éoung oTo opWloVTIo ETUMEDO Xou OTN UEYLOTN EVERYELD,
e TNV EVopdn TwV cuyxpoloenmy. Ot apuovixég 6To Qdoua lvol eupavel oe GAa ToL GTAdLYL
e Aettovpyiag Tou emTayLVTH. O YeWUATIXOC XWOWAS ATEXOVICEL T QACUATIX TUXVOTNTA
woyVog. Idwitepa onuovTind clvar T0 YeYOVOS OTL O UECT) TOU YEOVIXOU BLAGTAUATOS, OTOU
yivetar 1 ahhoy) g eyxdpotag cuyvotnTag (Ladpn Saxexopuévn yeauuy), oL GUYVOTNTES
TV appovix@y dev petofdhhovton. H mopoatienon auty anodewxviet 6Tl o YopuBoc mnydlet

4 Z 4 7 7 7 7 7 7
amo €va HimoAo %o Oyl AOYw BLUTARAY (Y GTO TEDD EVOC TETEATOAOU.

Fill 7056, BIH

f (kHz)

01:43 01:44 01:45
UTC time (hh:mm)

Eyfuo 1: H ypovixr eZ€MEN Tou gdopatoc Tng 6éoune oto opllévtio eninedo. O ypwuatindg
21O amewovILel TN @aopatx Tuxvotnta toyboc. H odhayt| tng Bntatpovixic cuyvotntag

ToEoVCIAleTon UE Tr) UadpT) SLOXEXOUUEVT) YEOWUT.

Méow petprioenv udminc derypatoindioc tov Yéocwv twv couatdinwy avd otpopr, 10
pdopo Tne déoune emexteiveton péypl vhniéc ouyvotntes (10 kHz). To gpdopa mapovoidleton
oT0 Lyfua 2 xou extelveton €m¢ to 100 nm oe tAdtoc. Ao To pdoua diaxpivovton 500 Teployég
OTO YWPEO TWV CUYVOTATWY OTOL opUOVIXES elvon eugaveic.  Apynd TOMATAES OPUOVIXES
wwv 50 Hz napouvoidlovtar éwe xau 3.6 Hz (umhe meproyy)), wa meploy) mou o€ authv
UEAETT) ATOXAAELTAL TO GUUTAE YU YOUNAWY CUYVOTATOVY. LT CUVEYELL, GANO €V GUUTAE YU
oppovIXGY extelveTon YOpw and to 7-8 kHz (xitpvn meployr), 1o omolo xaheiton olumieyua
VPNAGY GUYVOTATWY.

H axpPric tonodesta tou cuumiéypatog vmAody cuyvotAtwy eivan 1 meploy? frey — fx
omou frey, fx elvon 1 cuyvéTNTA TEPLOTEPOPNC GTOV EMTAYUVTH XaL 1) BNTaTEOVIXT]) CUYVOTNTA,
avtiotoya. To cuunépaoua autéd TpoxiTTEL amd o Ly fua 3 (ndve) Tou tapouctdlel To Gdoua
Ayo mpwv (Umhe ypopurn) xou YeTd (poden ypoppn) Ty ohhoryh T Bntatpovixfc cuyvotnTag.
O xdieteg ypaupéc avunpoonneouy to tolanidoto twv 50 Hz. Alvovtoc éugaon otnv
TEPLOYY) TV GUUTAEYUATOS UPNAGY cuYVOTATWY (xdTw) yiveton avTAnmtd 6Tt xar oTic 500
TEPLTTOOELS TROXELTL VLot YOpUB0 TEOoERYOUEVO amd EVal BITOAO, EPOCOV Ol YRAUUUES CUUTETTOUY

ue ta mohhamAdolo Twv 50 Hz. Qotdco, 10 #€vTeo Tou GUUTAEYHATOC UPNAGDY CUYVOTHTWY

il
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Eyfuo2: To gdoua tng 6éoung 0to opllovTio ETUMESO XATd TN SLdEXEL TwV cLYXEoLvoEwy. To

CUUTAEYHOL TV OPUOVIXOV YUUNAGY (UTAE) xou UPMAGY cuyvoThTLY (xitevo) anexoviletat.

eCopTdTon amd TN BNTaTEOVIXY] GUYVOTNTA.
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Eyfua 3: To gdopa tne déopunc oto opldvtio eninedo mpty (UTAE ypoyun) xou YeTd (o=
Oen Yeouh) Ty ahkayt) Tne Bntatpovixfc cuyvotntog Y 0pog cuyvothtwy wéyel 10 kHz
(aptotepd) xou YOpw and to cUUmAeyud LYNAOY cuyvothtey (8edid). Ot xddeteg ypauués

amewxoviouy ta ToAamAdoto twyv 50 Hz.

O opuovixég oto @doua g 0Eoung Oev elvol Eva GPIAUN TWV CUCTNUITWY UETENONS.
[ToMamhéc TapatnEHoelS AmodEXVOOLY W TEOXELTAL Y10l LY VOTNTESC TOU LTELGERYOVTAL OTNV
xivnon Ty couoatdiwy g 6éoung. To cuunépacua auTd YiVETOL XATAVONTO UE TOV UTOAOYL-
oud e e€ENENG TNe @dong tou YopUou. Xuyxexpiuéva, vtoloyiletou 1 @don tou Yoplfou
oo TELRUUATIXES UETPNOELS UETAEY 800 ONuEinY Topathenong O Wixpr) Ao oo XAl 1) T
ouTH ouyxplveton e TN Bnrotpovixn QdoT), wla TapdueTeog Tou xadopiletal amd TNV onTX).
To Eyfua 4 tapovoidlel T péon T tng gactxic eZEMENS HETAED TwV BU0 XOVTIVKDY ToToVe-
OOV OTOV TOUEN TOU ETLTOYUVTY| YOl TIC TLO CNUAVTIXES APUOVIXES XL TWV VO CUUTAEYUATWY,
1 YEUUUT OQIAUOTOC UTOBNAGOVEL Wiot TUTLXT amOXALom xou 1) 0pllOVTLOL YeuuUT ametxoviCel
Bntatpoviny| @don. e xdde mepintmon, eVIOg ToU GPIAUATOSC TNG oVEAUCNS, Ol YACELS TOU
YopVfou cuuminTouy Ue TN BnTaTEovixy, Ui ToEaTHENoY N onolo atodexviel 6Tt 0 YopuBog
elvor ouleuypévog pe T déoun.

YN ouvéyew, pe Bdorn To TEWUUOTiXG OEdOoPEVA TTOU CUAREYINXOY, OL EPEUVEC ETXE-
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Yyfuo 4 H e&éhén tne gdong tou Yoplfou yia TiC 0pUOVIXES TOU GUUTAEYUOTOS YOUNADY
(umhe) xou VPOV (xitpvo) cuyvothtwy X g Prntatpovixrc cuyvotntag (Yxpel opllovtio

Yoouur).

vipwinxay ot dimoha we Ty Tng dtatapoyric. O emitayuvthc amoteheitar and oxte) Touelc
UE OXTO TNYES Loy VoG oL TEOWodoTOLY 154 dimola avd Topéa cuvVdedepéva o oelpd. H tdon
TPOY NG TEPLAOUBAVEL EVaL EVERYO PIATEO Yo TNV eCAOVEVNOTN TV OPUOVIXDY TNV TNYY| TEO-
podoaioc. Me €dind nelpduota, 0 xde QIATPo evepyomolinxe xou amevepyOoTolAUNXeE, Uia
dladixacior mou enneéace TNV eEEMEN TOU TAATOUC TV opUoVIX®Y TN Béounc. Ot Slaxpl-
Téc aMoYEC OTO QAoUOL TNG BECUNG XAUTA TN BIBEXELN AUTWY TV TELRAUATOV eupovileTal 0To
Yy 5 (méve) xadde xan 1 xatdotaon v eilteny Yo To Bl Ypovixd didotnua (xdtw).
Avty) n tepapotiny Sladixacior amEdEEE OTL OL UPUOVIXEC TOU GUUTAEYUOTOS YAUUNADY GUYVO-
THTOV eivon To amotéleopa YoplBou Tou Tydlel xou and TS OXTW TNYES TE0POdOGTAS Xou XAt
EMEXTOOY METAOIOETOL 08 OAa BimoAa Tou emtayuvTr. ‘Ocov apopd TNV TNYY TOU GUUTAEY-
HOTOC LYNAGY GUYVOTATOV, TEROUATIXES TORATNEHOELS Oelyvouv twe 1 TNyT elvon enlong To
olmola aAAG emimpocUeTa LTdEYEL Xt 1 aAANAETBpacT Tou YoplBou Ue Evay UNyavioud Tou
TEOEPYETAL amd TN SEoun.

Ov emmtooeic Tou YoplfBou a1 BLeyUoT TWY CWUATIOIWY XL GTNY ATWAELNL TEWTOVIWY
EQELVATOL UE TPOCOUOLOCELS. 2TO Ly fua 6 TopouoldlovTon Ol GUYVOTNTES XL Ol UEYIXES GUV-
VAAEC TV COUATIONDY UE TO YPWHUATIXO XOOIXA VO AVTIGTOLYEL OTN) OLdYUOT TWV CWHUATOIY.
H mpdytn yehétn agopd twv Meydho Emtoyuvts ASpoviwy Ue TopauéTpoug Tou avTio Tolyo-
Ov o1 Aettoupyia Tou emtoyuvth To 2018 ywelc vo cuuteptlopBdvovtar gorvoueva YoplBou
(Eyua 60). To didrypoppo CUVTOVIOUOL OMEXOVILETOL OTO YMORO TV CUYVOTHTLDV (YXEL Y-
un). XTn cuvéyeta, cUUTERLAUBAVETAL TO PAOUN TOU GUUTAEYUATOS Younhav (Eyfua 63”) xou
udmiayv (EyhAue 6Y") cuyvothtwy xar TEAXE, xou To cuvolxd gdopa (Lyfua 657). Ot dio-
Taporyéc ota Bimoha 0dNYolv oTNY EUPEVION ETTAEOY GUYVOTATWY CUVTOVIOUOU (HodpES Xou
UTAe yoouuéc) oe oTtalepéc oUYVOTNTES (OEC UE TN CUYVOTNTA TWV OPUOVIXGOY Tou Bploxo-
VIO OTNY EYYUTNTO TNG BNTATEOVIXAC CUYVOTATAS, 00NYOVTIS GTNY alENom TNE Sldyuong Twv
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COUATLOIWY.
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To pdoya Gopifou, 6Tw UTOAOYIGTNXE OO TIC TELRAUUUTIXES UETENOELS, 00MYEl ot adinon
OTIC AMWAEIES TEWTOVIWY Xot 6T Yelwon Tou ypovou Lwnhg. Xto Lyhua 7 nopouctdleTton 1
e€€NEN g éviaomg TN Béoung yia TNy xdie mepintworn. H adénon tne andiclac tpwtoviwy
ogetheton xvplwg oto cUUTAEYUA LYNAOY cuyvoTitwy (xitewvn Yeouun).
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109 otpogpéc ywplc VépuBo (paen Yeopur), CUUTERLAUBEVOVTIC TO CUUTAEYUS TV YouN-
AV (Umhe ypouun) H udnhédv cuyvothtoy (xitpvn yYeouun) xou tepthauBdvovtac xat g 500
Teployéc (xOxxvn ypeouun).

INo tov emtayuvth Tdhmiic Potevotnrog, n yelwon tou yeyédoug g dEoung ot e-
ployéc alnhenidpaong Twv melpopdtwy VmMAhe potevotntog, ATLAS xoaw CMS, odnyel oc
aOENON TOV YEYICTWY CUVIRTACEWY-[ OTA TETRATOAN TNG ECWTERIXNG TEITAETAS, TTOU TOREYEL
v tehxn) ectloon tne déoung oto onuelo tng xpovonc. (2¢ ex ToUTOL, avauéveTal qUET-
uévn evonoinota oe pouvouevo Yoplfou ce auTEC TIC TEpLoYEC Tou emtoyuvtr. H Sodppwon
OTIC TINYES TEOPOBOGING TV TETPATOANY UTOREL VoL 0ONYNOEL GE BLUORPWOT, GUYVOTNTIS OTH|
Brrateovixy xivnomn twv cwpatdiwy. H Sioaudppwon auth cuvbudleton pe T Sldppwon
ouyvotntag mou TNydlel and TN oVlEVEN TOU EYXAECLOU oL Bl XOUS ETUTEBOL PECW TNG
yewpatxotnrag. To 800 autd @avoueva aLEavouy Tov dapLiUd TV CLUYVOTHTWY GUVTOVIOUOU
070 Odypaupa. dotdc0, ot avtileon pe Ta 6imoAa, 1) OLUOEPLCT) CLYVOTNTAS 00N YEL OE ETL-
TAEOV GUYVOTNTEC GUVTOVIGHOU GE AMOGTUOT) Ao TIC XVPLEG CUYVOTNTES (oM Ue TN ouyvoTNTA
OLUOPPOONG. 2TO Ly 8 QolvovTol Ol GUYVOTNTES Xl Ol APYIXES CUVITXES TWV CWUATLOMWY
OTNY XUTAVOUT| HE TO YPOWUATIXO O vor amewovilel to puiud Sudyvone. H Swouodppwon
oLYVOTNTOC ONUoVEYEL Evary unyovioud dudyuone mou e€opTdton and T cuyvoTnTa. Xe avtive-
on ue o Yopufo ota Bimoha, TO PUVOUEVO aUTO EMNEEdlEL TNV ATO00CY TNC GEoUNG oXoUN
XL AV 1) CLUYVOTNTA SloopYwang Bev Beloxeton oty eyydTNTY TNG PNTATEOVIXTC CUYVOTNTOC.
Emouévee, ouyxexpuéveg cuyvoTnTog UTopolV Vo TROXUAECOLY UEYUADTERT) OLAYLOT| XAl X
T EMEXTAON) TEQIGOOTERES AMMAELES TEWTOVIWY AVIAOYO UE TI BNTATEOVIXES CUYVOTNTES, To
UMY Eouixd TEDia GTOV ETULTOYLVTY Xt TNV ToToVes(ol TV EMTAEOV GUYVOTHTWY GUVTOVLOUOU.

[Tpoxewévou va xadopiotel €dv Tar PoVOUEVA SLOEPWONE CLUYVOTNTAS YUTOPOUY VO GU-

VIEAEGOLY OT1| UElON TNG PWTEWVOTATAS TOU ETUTUYLUVTY, TEOCOUOUDOELS TEOYHATOTO00OV T
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Chapter 1

Introduction

The Standard Model (SM) is the theory of the elementary particles of matter and their
interaction through four fundamental forces: strong, weak, electromagnetic and gravita-
tional [1-4]. Although the SM has demonstrated a very good agreement with experimental
observations, it does not provide a unified theory of all the fundamental interactions. Ob-
servations such as the matter-antimatter asymmetry, neutrino oscillations between flavors,
the accelerating expansion of the universe and gravitational effects, possibly indicating the
existence of dark energy and dark matter, are phenomena which cannot be explained by
the SM.

Founded in 1954, the aim of the European Organization for Nuclear Research (CERN)
is to investigate some of these fundamental physics phenomena, through high energy par-
ticle collisions [5]. The Large Hadron Collider (LHC) is the largest collider in the world,
with a circumference of 26.658 km, dedicated to studies in high energy particle physics.
Installed in the tunnel built for the Large Electron-Positron collider (LEP) at 100 me-
ters underground [6], the accelerator became operational in 2008, designed to reach an
unprecedented energy of 7 TeV per beam and a peak luminosity of 1 x 103* cm =251
Two counter-rotating beams, consisting either of protons or lead ions, are circulating in
two separated rings and, once accelerated, are brought to collision at the locations of the
four experiments: ATLAS (A Toroidal LHC ApparatuS) [7], CMS (the Compact Muon
Solenoid) [8], ALICE (A Large Ion Collider Experiment) [9] and LHCb (study of physics
in B-meson decays at LHC) [10]. During collisions, the particles scatter inelastically, a pro-
cess that leads to the production of secondary particles. By collecting and reconstructing
these events, the main goal is to validate the SM theories and potentially discover particles
beyond the SM.

During the first proton run (2010-2012), while operating at a beam energy of 3.5 and
4 TeV, the LHC reached many milestones such as the discovery of a massive 125 GeV
boson, predicted in 1964 by Peter Higgs, Francois Englert and Robert Brout, the Higgs
boson [11-16]. After the Long Shutdown (LS1), the accelerator restarted with an energy
of 6.5 TeV per beam for the whole duration of the second run (2015-2018) to potentially

enable the creation of new particles. Apart from the increase of the center-of-mass energy,
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Chapter 1. Introduction

extensive modifications of the machine configuration took place across the years aiming to
increase the luminosity, a parameter which defines the rate of collisions in the detectors
[17]. After the successful completion of the second run in 2018, the LHC has reached the
LS2, dedicated to the maintenance, the consolidation and the preparation for the third run
and the upgrade to the High Luminosity LHC (HL-LHC).

The systematic monitoring of the accelerator’s performance across the two runs has re-
vealed that the proton losses exceed the expected intensity decay that intrinsically emerges
from the collisions of the two beams. In addition, a growth of the Root Mean Square (RMS)
beam size has been reported, which cannot be explained by the current models [18-20].
These observations reveal the existence of mechanisms that enhance the diffusion of the
particles, eventually leading to an emittance growth and a reduction of the beam intensity,
thus impacting the luminosity.

One issue of major concern for past, current and future particle accelerators is the
presence of external noise [21-32]. Noise can arise from several sources such as fluctuations
in the current of the magnets in the accelerator’s lattice, vibrations of the ground and
random kicks induced by the transverse feedback system. Depending on their spectral
components and the nature of the source, these effects can perturb the beam motion and
eventually prove detrimental for the beam lifetime. In particular, in the presence of non-
linearities, noise can act as an additional diffusion mechanism for particles at the tails,
as well as the core of the distribution. Subsequently, the potential impact on the beam
performance both for LHC and its future upgrade must be investigated.

The scope of this thesis is to study the beam dynamics in the presence of external
noise with a spectral density that consists of distinct frequency components. Such a noise
spectrum can be injected on the beam due to the variations in the current of the magnets’
power converters and it is particularly important as it can potentially result in the excita-
tion of additional resonances. Depending on the type of the power converter, well-defined
frequencies or multiple harmonics can appear on the beam spectrum and, depending on
the type of the magnet, the repercussions on the transverse motion vary. The aim of the
thesis is twofold. First, to examine harmonic dipolar field errors, a study which was driven
by experimental observations during the LHC operation. Second, to address mechanisms
that cause a modulation on the betatron tunes, usually originating from perturbations in
the current of the quadrupoles in the lattice, an effect which will be particularly important
for HL-LHC.

This introductory chapter presents a brief overview of the concepts that are relevant
to the next sections of the thesis, concerning the performance and the evolution of the
LHC. The chapter is divided into five sections. First, section 1.1 describes the CERN
accelerator complex, illustrating the passage of the beam through the chain of accelerators
until it reaches the LHC. Second, in section 1.2 the main components of the LHC lattice
are outlined. Next, in section 1.3 the concept of luminosity is discussed, along with relevant
concepts such as beam-beam effects. An overall description of the challenges encountered

to increase the luminosity and the evolution of the machine configuration across the years
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is presented. Section 1.4 contains a brief description of the planned upgrades for the HL-
LHC that underlines the necessity for a better understanding of all the mechanisms that
can potentially impact the machine performance. Finally, a detailed description of the

objective and the outline of the thesis is drawn in section 1.5.

1.1 The CERN Accelerator Complex

The acceleration of the two beams to multiple TeV is not feasible with a single circular
accelerator. Consequently, the CERN accelerator complex consists of successive particle
accelerators that boost the energy of the particles, before injecting the beam to the next
machine in the sequence. Figure 1.1 illustrates the full scheme of the accelerator chain.
The LHC is the final element in the sequence of acceleration and the latest addition to the
available accelerators [33].

The protons, which are obtained from stripping the electrons of hydrogen atoms through
an electric field, are initially injected with an energy of 100 keV in the linear accelerator
(Linac2). In this stage, the protons are captured in bunches, followed by an acceleration
to 50 MeV. The particles are then transferred through a transfer line in the Proton Syn-
chrotron Booster (PSB), where an energy of 1.4 GeV is reached. The booster is followed by
the Proton Synchrotron (PS), where the beam is accelerated to 25 GeV and the final bunch
structure is established. During the PS cycle, a series of Radio Frequency (RF) manipula-
tions are employed that determine the longitudinal bunch structure, i.e., the bunch length
and spacing. Then, the beam arrives at the Super Proton Synchrotron (SPS), the second
largest machine in the accelerator complex with a 7 km circumference. Finally, trains of
bunches are injected in the LHC with an energy of 450 GeV. After approximately 20 min-
utes, the two beams are accelerated up to 6.5 TeV (7 TeV design energy) and eventually
brought into collision.

Furthermore, there is a chain of acceleration for physics with lead ions. From vaporized
lead, the ions are injected to Linac3 and are then accelerated in the Low Energy Ion Ring
(LEIR), before moving to PS, SPS and eventually to LHC.

1.2 LHC lattice layout

The LHC ring is divided into eight segments, as shown in Fig. 1.2. Fach octant is
composed of an Arc for bending the particles in a circular trajectory, interleaved by eight
Long Straight Sections (LSSs).

Each Arc consists of 154 twin aperture superconducting dipole magnets that are elec-
trically powered in series, while each sector is powered independently. The dipoles are kept
at a cryogenic temperature of 1.9 K and they can provide a magnetic field up to 8.3 T.

Each insertion contains a part equipped with devices dedicated to specific functions,
called Interaction Region (IR), the layout of which depends on the use of the LSS. The

IR is surrounded at each end with a Dispersion Suppressor (DS), to reduce the horizontal
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The CERN accelerator complex
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Figure 1.1: The CERN accelerator complex [34].

dispersion during the transition from the Arc to the LSS.

Apart from the DS, the interaction region of the experimental insertions consists of a
low-£ triplet (Q1, Q2, Q3), a pair of separation/recombination dipoles (D1, D2) and four
matching quadrupole magnets, as shown in Fig. 1.3. The Inner Triplet (IT) quadrupoles
are employed to minimize the S-function at the interaction points (IPs), where the beam
collisions occur and the particle detectors are situated. In this way, the beam size is
minimized at the IPs; leading to the maximization of the interaction rate. The separa-
tion/recombination magnets are responsible for the guidance of the two beams from the
two separated apertures to a common vacuum chamber. In the common aperture, the two
counter-rotating beams are subjected to an opposite force from the quadrupoles of the IT.
To achieve a simultaneous focusing, the optics left and right of the IPs and between the
two beams are anti-symmetrical.

During operation, Beam 1 (blue) and Beam 2 (red) are injected from SPS to LHC
with the injection kickers situated in IP2 and IP8, respectively. The two beams circulate

clockwise and anti-clockwise in separated apertures and they are independently accelerated
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TI2 TI8

Figure 1.2: Schematic layout of the LHC ring [33].
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Figure 1.3: A detailed view of the low-5 insertion in IR1 [33, 35].

with the Radio Frequency (RF) cavities in IR4, which also contains most of the beam
instrumentation. The rest of the insertion regions are dedicated to the collimation system

for momentum and betatron cleaning (IR3 and IR7) and the dump of the beams (IR6) when
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the physics period ends or in case of any failure. The two high luminosity experiments,
ATLAS and CMS, are situated in IP1 and IP5 respectively. The two beams are crossing
vertically in TR1 and horizontally in IR5. The two other experimental insertions, ALICE
and LHCD, are situated in points 2 and 8.

1.3 Luminosity and LHC performance

In particle colliders, the two main figures of merit are the center-of-mass collision
energy and the luminosity. In particular, as the collision energy determines the mass
of the produced particles, rare interactions can be investigated with collisions at higher
energies. To this end, the center-of-mass energy that can be achieved with circular colliders
is orders of magnitude larger than the one of fixed-target experiments [17]. Furthermore,
the luminosity defines the collision rate, i.e., the events observed per time. The following

section presents the most crucial factors of luminosity reduction.

1.3.1 Beam-beam effects

In a particle collider, the beam-beam effect is the result of the interaction between
two counter-rotating beams [36]. When the two charged beams are brought in a small
separation or collide, they are subjected to strong non-linear forces, originating from the
interaction of their electromagnetic fields. Specifically, in a machine with multiple closely
spaced bunches such as the LHC, when the beams share a common beam pipe such as the
experimental areas, the two beams will experience head-on collisions as well as encounters
at large separations called long-range interactions. The two types of interactions between

the bunches of the counter-circulating beams are depicted in Fig. 1.4. For round Gaussian

Figure 1.4: The head-on and long-range beam-beam interactions during the collision of

two counter-rotating beams [36].

beams, the radial kick experienced by a particle from the opposing beam due to the beam-
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beam force can be expressed as:

1”2
Ay 2NTy1 <1 - 62g2>
Y r

where:

N is the number of particles in the bunch,

rp is the classical proton radius,

~ the relativistic Lorentz factor,

o the separation of the particle with respect to the core of the other beam,

r is the radial distance of the particle.

(1.1)

The beam-beam force of Eq. (1.1) as a function of the separation is illustrated in Fig. 1.5. It

must be noted that the linearity of the beam-beam force in head-on encounters, similar to a

quadrupole kick, is gradually replaced by a 1/r dependence for the long-range interactions.
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Figure 1.5: The beam-beam force for a round Gaussian beam as a function of the separation

of the particle from the core of the other beam [37].

Depending on the separation, the beam-beam force can have an important impact on

the motion of the particles, leading to effects such as a tune shift, an amplitude detuning

and a perturbation of the closed orbit. Bunches that experience a weaker beam-beam force

exhibit a different behavior than the nominal bunches, which leads to the need for a bunch

classification. To this end, in the presence of a non-regular filling scheme, bunches next

to the gaps will experience less long-range encounters and are characterized as PACMAN

bunches. This effect is also observed in the case were head-on encounters are missing, the

so-called SUPER PACMAN bunches.
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1.3.2 Instantaneous luminosity
In a particle collider, the number of events per second ‘il—]f is equal to [17]:

dR

—=L-oy (1.2)

where o0y, is the cross section, measured in units of barn (1b = 10724 cm?), that represents
the probability that an event will occur. L is the instantaneous luminosity in units of
cm~2s7!, which describes the ability of a collider to produce the required number of col-

lisions. For Gaussian beams colliding head-on, the instantaneous luminosity is expressed

as:
NiNafN
- NN f N (1.3)
dmozoy,
where:

N7, Ny are the number of particles per bunch for the two beams,

f is the revolution frequency (11.245 kHz in the LHC case),

Np the number of bunches,

o, and o, are the RMS beam sizes in the absence of dispersion for the horizontal and

vertical plane, respectively, equal to o, = 'B;ﬂg", where 8* is the S-function at the IPs,

€, the normalized emittance and ~, 8 the relativistic Lorentz factors.

Crossing angle

The introduction of a crossing angle is essential in order to avoid the long-range beam-
beam encounters described in the previous section when the two beams are in the same
vacuum chamber. The fact that the two beams cross with an angle poses important limi-
tations in the luminosity production, which is expressed through the luminosity reduction

factor S

N1 N> f N,
- NiNofNe (14)
dnoyo;

For a small angle ¢ and a crossing at the horizontal plane z, the luminosity reduction
factor is given by:

Sm— 1 (1.5)

2
Os d)
1+ (29)
with o, the RMS beam size in the longitudinal plane. The concept of the crossing angle ¢
of two bunches in beam 1 (blue) and 2 (red) is depicted in Fig. 1.6.
Beam offset

Another important factor that leads to the reduction of luminosity is the offset between
the two colliding beams. In this case, the two beams do not collide head-on, but one is

displaced relatively to the other in the transverse plane. The beam separation results either
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X=Xcos (/2 —ssin ¢/2

s=—scos /2 +xsin 02

/ 7 s=scos  0/2 +xsin  ¢/2
:\ ~ ' / -2

beam 2 \\\x beam 1

X=-xcos ¢/2—ssin ¢/2

Figure 1.6: The crossing of the two bunches at an angle ¢ [17].

intrinsically by orbit imperfections or intentionally for luminosity control. The combined

effect of the crossing angle and the separation is expressed as:

N1 Ny fN, 2
ﬁ:ws W.er (1.6)
dmojoy
with:
7%((127(;[1)2 . . . :
W =¢e 4oz that expresses the luminosity reduction due to the beam offset with dy

and ds the displacement of the two beams relatively to their reference orbit,

e’x the factor included in the presence of both crossing angle and offset in the same plane
with A = S02) | 09) p_ (dad)ingy2

o2 202

, assuming a crossing in the horizontal plane.

Hourglass effect

In the IR, the evolution of the S-function as a function of the distance s from the

interaction point is equal to:
52

B(s) = 6*+§ (1.7)

where §* is the S-function at the location of the IP. When the two beams are squeezed
to small values of 5* and the bunches are longitudinally long, the S-function will rapidly
vary as a parabolic function. Consequently, the transverse RMS beam size will change over
the length of the bunch. The coupling between the transverse and the longitudinal plane
is called hourglass effect and it leads to a further reduction of luminosity. The hourglass

factor is equal to:

H= ﬁi*e(g:ferfc(ﬁ*) (1.8)
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where erfc=1-erf denotes the complementary error function. The final expression of lumi-

nosity in the presence of crossing angle, offset and hourglass effect is:

2
o NNofNy o B2 (1.9)

k ek
dmojoy

1.3.3 Luminosity lifetime and integrated luminosity

During collisions, the luminosity is not constant due to proton losses originating from
the inelastic scattering of the particles, known as burn-off. The burn-off decay time can

be expressed as [38]:
No

- kLoo
where Ny is the initial bunch intensity, Lo the initial luminosity, o the total cross section
with o =110 mb for an energy of 6.5 TeV and k the number of IPs. When the burn off

is the only mechanism that contributes to the proton losses, the evolution of the beam

T

(1.10)

intensity as a function of time is expressed as:

No

N(t) = m (1.11)
and the luminosity evolution is equal to:
L(t) = (1—1:Ct0/7-)2 (1.12)
The integrated luminosity over a time period T is computed as:
T
Lot = /0 L(t)dt (1.13)

and, once multiplied by the cross section, returns the total number of events observed for
a process p. The integrated luminosity is expressed in units of fb=!. Tt must be noted
that experimental observations indicate that there are additional mechanisms that result

in diffusion processes and eventually to losses beyond burn-off.

1.3.4 Luminosity levelling and anti-leveling

Apart from the physical mechanisms that lead to the degradation of the luminosity
production, one of the main limiting factors of the luminosity increase is the pile-up, i.e.,
the number of simultaneous events that can be distinguished and reconstructed by the
detectors of the experiments. Several modifications of the beam and machine configuration
can lead to the increase of the beam intensity and the minimization of the RMS beam
size, thus maximizing the instantaneous luminosity. However, in this case, the analysis of
the detector data becomes increasingly challenging and for values beyond the maximum
acceptable pile-up, a degradation of the data quality is observed. To this end, the main
goal is to improve the integrated, rather than the instantaneous luminosity, which can be

achieved through the luminosity levelling and anti-leveling.
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During the luminosity levelling, the machine parameters are modified so that the in-
stantaneous luminosity is reduced according to the maximum pile-up defined by the exper-
iments. The simplest method of leveling is achieved through the introduction of an offset
between the two beams, independently in each IP, through a local orbit bump. During
the physics fills, levelling by separation has been mainly employed for ALICE and LHCb,
although it has recently also been applied to ATLAS and CMS.

Furthermore, the anti-leveling techniques aim at increasing the integrated luminos-
ity. During collisions, the intensity decay leads to weaker beam-beam effects over time
and therefore, the luminosity reduction due to the geometric factor can be compensated
throughout the fill. To this end, the crossing angle or/and the g* are gradually reduced,
leading to an increase of the geometric factor and a decrease in the beam size, respectively.
These techniques have been successfully incorporated in operation during the 2017 and

2018 runs and proved beneficial for the integrated luminosity.

1.3.5 LHC operating cycle

During a physics fill, the LHC cycle is organized in several beam modes. Overall, the
bunches are injected into the machine, followed by the energy ramp and are eventually
brought to collision. The operational cycle of the LHC is illustrated for a physics fill in
Fig. 1.7. The figure depicts the various beam modes (dashed vertical lines), the energy
evolution (black line), the beam intensities (blue and red) and the instantaneous luminosity
(orange line).
ramp down ' setup injection stable beams

ramp squeeze

/

£yISuLUI g wreaq
Aysuour T wreaq

time

Figure 1.7: Operational cycle of a typical LHC Fill [39].

During the first phase, Setup, the current of the main dipoles is ramped to the injection
configuration of 450 GeV, the beam dump system is armed in case of failure, while all the
interlocks are reset. For machine protection, prior to the injection of high-intensity batches
in the machine, a single low-intensity bunch (probe) is injected into each ring. Next, the
trains of bunches are injected from SPS to LHC until the designated filling scheme is
achieved. Then, during Ramp, the RF system accelerates the beams, which reach an energy
of 6.5 TeV. In order to constrain the circular trajectory of the particles, the current of the

main dipoles is gradually increased. The duration of this beam mode is approximately 20
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minutes. Once the beam reaches Flat Top, i.e., the maximum energy, the working point
is moved from injection to the collision tunes. During Squeeze, an interchange between
injection and collision optics takes place, while the triplets around the IPs are set to low-3*
operation. During Adjust, the separation orbit bumps collapse, to establish collisions and
all IPs are optimized for luminosity. If requested by the experiments, luminosity leveling
is enabled. Stable beams are declared to signal that data taking can be initiated from
the experiments. After approximately 10-15 h in Stable beams, the beams are extracted
from the LHC dump system. The magnet currents are then ramped down to accept a
new beam from the injectors, which defines the start of a new fill. The Ramp Down lasts
approximately 30 minutes and it is essential to control magnetic hysteresis effects, while a

shortened version of this phase is the Precycle.

1.3.6 LHC performance

During the operational years, the LHC configuration has significantly evolved, leading
to a peak luminosity that exceeded in run II by more than a factor of two its design
luminosity. Figure 1.8 depicts the delivered luminosity in ATLAS and CMS across the
years. In the following section, a brief overview of run I and II is presented and the
various machine and beam configurations are discussed. The evolution of the important

parameters is shown in Table 1.1 and Table 1.2 for run I and II, respectively.

— 70[
L ¢
%* 60—
_g - 2017
g 50
= L
— L
8 40—
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Figure 1.8: Overview of the integrated luminosity per year.

The first operational period of the LHC was very successful and resulted in important
physics discoveries. During the first run, the LHC operated with 3.5 TeV (2010 and 2011)
and 4 TeV (2012) [40]. The beams consisted of bunches with a longitudinal spacing of
150 ns (2010), 75 ns (2011) and 50 ns (2011 and 2012). The * value for ATLAS and CMS
was reduced from 3.5 m (2010) to 1 m (2011) and eventually to 0.6 m (2012).
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Table 1.1: The LHC machine and beam configuration during run I.

‘ RunlI
| 2010 2011 2012
Collision energy (TeV) 3.5 3.5 4
Maximum number of bunches 268 1380 1380
IR1/IR5 integrated luminosity (fb~1) 0.048 5.6 23.3
Intensity start of Stable Beams (10'!) 1.2 1.45 1.6
Half crossing angle IR1/IR5 (urad) 100 120 145
Tunes at collision 64.31,59.32  64.31,59.32 64.31,59.32
Chromaticity 2-3 2-3 2-3/15
IR1/IR5 B* (cm) 350 150/100 60
Beam type 150/50 ns  75/50/25 ns  50/25 ns
Days of physics operation - 160 201
Leveling Offset Offset Offset

In 2015, the machine operated for the first time with an energy of 6.5 TeV per beam
and with the standard 25 ns bunch spacing [41]. To limit electron-cloud effects, the number
of bunches was gradually increased to 2244 per beam. A new high brightness 25 ns beam,
based on the Batch Compression Merging and Splitting (BCMS) scheme, developed in
2016, in combination with the reduction of the crossing angle, allowed to reach a peak
and integrated luminosity of 1.4 x 103* em~2s7! and 40 fb~! respectively [42]. Tn 2017,
a variety of beam flavors were employed to reduce the losses induced by electron cloud
effects: 8bde, i.e., a beam structure of eight bunches spaced with four empty slots and
its high brightness version based on the Batch Compression and Splitting (8b4e-BCS).
Furthermore, a novel optics scheme was employed, the Achromatic and Telescopic Squeeze
(ATS), which allowed for the reduction of 5* from 40 ¢cm to 30 cm in the two high luminosity
experiments [35]. The combination of high brightness beam and the reduction of the beam
size at the interaction points resulted in a peak luminosity of 2.06 x 103 cm2s~! and
due to the limits in the pile-up density of the experiments luminosity leveling by beam
separation was necessary for the high luminosity experiments. At the end of 2017, the
crossing angle anti-leveling was employed by reducing the half crossing angle from 150 to
120 prad. In 2018, the machine operated with 2556 BCMS bunches and the crossing-angle
anti-leveling was incorporated before the §* reduction from 30 ¢m to 25 cm. The 2018
proton run resulted in 65 fb~! of integrated luminosity, signaling the end of the second

run.

1.4 The High-Luminosity LHC

The LHC performance across the years has been continuously improving, both in terms

of beam energy and luminosity. To further increase the collision rate and extend its dis-
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Table 1.2: The LHC machine and beam configuration during run II.

| Run IT
| 2015 2016 2017 2018
Collision energy (TeV) 6.5 6.5 6.5 6.5
Maximum number of bunches 2244 2220 2556/1916,/1868 2556
IR1/IR5 integrated luminosity (fb~1) 4.2 39.7 50.6 66
Intensity start of Stable Beams (10'!) 1.0-1.25 1.0-1.25 1.0-1.25 1.0-1.25
Half crossing angle IR1/IR5 (urad) 145 185/140 150-120 160-130
Tunes at collision 62.31,60.32 62.31,60.32 62.312,60.318 62.312,60.318
Chromaticity 15 15 15 15/8
IR1/IR5 §* (cm) 80 40 40/30 30-27-25
Beam type Standard 25 ns Standard 25 ns/BCMS BCMS/8b4e/BCS BCMS
Days of physics operation 88 146 140 145
Offset,
Offset, g+
Leveling Offset Offset Crossing angle -
anti-leveling Crosi%mg aFgl(a
anti-leveling

covery potential, the LHC will undergo a major upgrade in LS3 (2023-2025). The goal
of the aforementioned upgrade (HL-LHC) is to increase the instantaneous luminosity by
a factor of five beyond its design value and the integrated luminosity by a factor of ten,
aiming at 3000 fb~! over its lifetime [43].

To reach this challenging task, the beam brightness must be increased, by doubling
the beam intensity and minimizing the transverse emittance in the IPs. In view of this
upgrade, various components will be replaced or modified. The main focus lies on the LHC
Injectors Upgrade (LIU), taking place during L.S2, on the replacement of insertion magnets
and the compensation of the geometric reduction factor with Crab Cavities (CCs).

In particular, a 8* equal to 15 cm is envisaged in the baseline scenario, which leads to
a series of limitations. The first limitation arises from the mechanical aperture of the final
focusing quadrupoles in the I'T as such small values of 8* result in a very large S-function
at the location of the triplet. To overcome this challenge, an increase of the aperture can

be achieved with longer and weaker, in terms of gradient, quadrupoles as shown in [35]:

B (1.14)

1
IT X m
where g is the quadrupole gradient. Apart from the aperture limitations that can be
resolved with the installation of new, larger-aperture magnets, additional constraints arise
from chromatic aberrations due to the larger S-functions in the quadrupoles. In this case,
the strengths of the sextupoles for chromaticity correction pose an additional limitation.
These chromatic aberrations can be mitigated with the ATS. A brief overview of the scheme
is the following. A pre squeeze B* is reached with a standard matching procedure that is
achievable in terms of quadrupoles strength and chromaticity correction efficiency. Then,
with an appropriate phase advance, the 8-beat of the adjacent arcs to the low [-insertions

reaches its maximum at the location of the sextupoles, an effect which boosts their efficiency
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in terms of chromaticity correction. Therefore, with the incorporation of the ATS optics
and new triplet magnets, the aforementioned limitations can be mitigated.

Moreover, operating with such small values of 5* will require an increase of the crossing
angle to minimize the long-range beam-beam effects. Then, the geometric luminosity loss
factor becomes important. To overcome this problem, two RF CCs will be installed per
beam and side, which will cause a longitudinal rotation of the beams so that the head-on

collisions are restored.

1.5 Motivation and thesis outline

Based on the experience gained during the two proton runs of the LHC, it is understood
that several single-particle non-linear effects pose limitations on the beam performance. In
particular, one of the mechanisms that can affect the transverse beam size and the rate
of proton losses, thus leading to the degradation of luminosity, is the presence of external
noise. There are several sources of noise that can perturb the transverse beam dynamics.
This thesis focuses on the time variation of the dipolar and quadrupolar strengths, arising
from perturbations in the power converters of the magnets. Specifically, the aspects that

are treated in this thesis are:

e 50 Hz harmonics on the beam spectrum. Since the start of the LHC commissioning,
components at harmonics of the mains frequency (50 Hz) have been observed in the
beam spectrum. As many of these lines reside in the vicinity of the betatron tune,
their presence can complicate the tune measurement and tracking during operation
and potentially lead to beam losses and emittance growth. The difficulty of the sub-
ject resides in proving that these harmonics are the result of a real beam excitation,
rather than an instrumental feature. This thesis provides definitive indications that
this noise effect originates from the beam, through a systematic analysis of the ex-
perimental data during the proton run of 2018. In addition, based in observations
and dedicated experiments, the source of the perturbation is presented. Tracking
simulations are employed to define whether these spectral components are harmful

to the beam performance.

e Tune modulation. Fluctuations in the current of a quadrupole in the lattice result in
a modulation of the normalized focusing strength. Particles traveling turn-by-turn
through a modulated quadrupole experience a modulation of their betatron tune,
with a peak-to-peak variation proportional to the S-function at the location of the
perturbation. In the presence of non-linearities, depending on the modulation fre-
quency and depth, this effect can potentially lead to the excitation of additional
sideband resonances in phase space, with a distance between main and sideband
resonance equal to the modulation frequency. Therefore, depending on the modu-
lation parameters and the working point, in combination with the potential overlap

between resonances, the diffusion of the particles can increase. As there is a sen-
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sitivity of this frequency-dependent mechanism on the S-function, tune modulation
effects are particularly relevant for the HL-LHC. The reduction of the beam size to
a 8* = 15 cm in the IR, as described in the previous section, leads to an increase
of the maximum S-functions in the quadrupoles of the I'T by approximately a factor
of two, compared to the LHC case. To this end, a more important impact of noise
induced by the quadrupoles’ power converters is expected for HL-LHC. The scope of
this thesis is to provide a power supply noise threshold for acceptable performance
in the IT from the transverse beam dynamics point of view. This is achieved by
investigating the impact of several modulation frequencies and amplitudes on Dy-
namic Aperture (DA), lifetime and emittance growth, by employing single-particle
tracking code simulations. In this way, the dangerous regimes in the modulation
parameter space are defined to avoid performance degradation. Another aspect that
is not usually included in the studies for power supply ripples is synchro-betatron
coupling. Specifically, the coupling between the transverse and the longitudinal plane
in the presence of a non-zero chromaticity is expressed as a tune modulation, with
a modulation frequency equal to the synchrotron tune and a depth proportional to
the chromaticity and the momentum deviation. A non-zero chromaticity is needed
for the mitigation of collective instabilities by introducing a dependence on the par-
ticles” momentum. In this thesis, the interplay between power supply ripples and

synchro-betatron coupling is also taken into account.

The present thesis is organized in the following way.

Chapter 2 presents a brief overview of the theoretical principles of the single-particle
beam dynamics in accelerators. A description of the motion of the particles under the in-
fluence of an electromagnetic field is derived through the Hamiltonian formalism. Relevant
concepts of the linear beam optics are discussed, along with the implications of linear mag-
net imperfections on the beam dynamics. A description of the non-linear effects using the
canonical perturbation theory is included that leads to the introduction of the concept of
resonances. Furthermore, the Hamiltonian formalism in the vicinity of a single resonance
is discussed.

Chapter 3 is devoted to the methodology used for the post-processing of the simulation
results. Such tools include algorithms for the precise representation of the particles’ motion
in frequency domain and the determination of the area of stability in phase space, methods
that are later applied in noise simulations. The last section of the chapter describes the
set of tools that have been developed with the purpose of tracking distributions with a
detailed representation of the tails. The scope of this method is to quantify the impact of
noise mainly in terms of beam lifetime.

Chapter 4 focuses on the studies concerning the harmonics of 50 Hz that perturb the
beam spectrum. First, an analytical formalism for the particles motion under the influence
of harmonic dipolar field errors is described. Second, several observations during the proton

run of 2018 are presented, which indicate that these spectral components are the result of
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a real beam excitation, rather than an instrumental artifact. The followed experimental
procedures for the investigation of the source of these spectral components are discussed.
Finally, based on the findings, simulations including this type of noise effect are presented
to determine their impact on the beam performance.

Chapter 5 illustrates the mechanisms underlining the quadrupolar modulation. In
this context, a simple one-turn model is employed, including non-linearities and noise.
Starting from an instantaneous tune determination, which depicts the concept of the tune
modulation, the existence of additional sideband resonances in phase space is demonstrated
for various frequencies and strengths. Then, the projections concerning the impact of tune
modulation effects on the beam performance in HL-LHC is illustrated. The results of
the multi-parametric tracking simulation in the presence of power supply ripples in the
ITs of the high-luminosity experiments are shown. The additional modulation induced
by synchro-betatron coupling is also taken into account. Tolerances based on dynamic
aperture studies are depicted, as well as the impact of different modulation frequencies
and depths on the beam distribution.

Finally, Chapter 6 summarizes the conclusions of the thesis and identifies areas for

further research.
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Chapter 2
Single particle beam dynamics

Single particle dynamics is the mathematical formalism that provides an accurate de-
scription of the motion of charged particles in the presence of external electromagnetic
fields produced by the accelerator components while neglecting collective effects, i.e., ef-
fects that arise from the collective forces generated by the beam such as impedance-driven
instabilities and space charge effects. In relativistic circular accelerators, the acceleration
of the beam is achieved with electric fields, while magnetic fields are used for steering and
focusing the particles.

A lattice that consists of low order field components such as drifts, dipoles and quadru-
poles can be approximated by a linear system. In such a system, the equations of motion
can be derived analytically. In reality, non-linear effects are an important aspect of particle
accelerators, arising either from non-linear magnets to control chromaticity and stabilize
the beam motion or intrinsically from beam-beam effects and magnet imperfections. The
important contribution of non-linearities to the degradation of the beam performance,
through the excitation of resonances, renders the linear formalism insufficient, thus leading
to the development of a set of mathematical tools that can accurately treat these effects.
In this chapter, a brief overview of the single particle beam dynamics is discussed, starting
from the linear approximation and extending to the non-linear formalism as derived in
[44-46], unless stated otherwise.

2.1 Hamiltonian formalism in an electromagnetic field

The aim of circular accelerator is to steer and focus the charged particles in a prescribed
trajectory, known as the closed orbit. The motion of a particle with a charge ¢, a mass m
and a vector velocity v can only be influenced by electric and magnetic fields, as described
by the Lorentz force:

dp

a:F:qE—i—q('uxB), (2.1)

where p is the relativistic kinetic momentum and E, B are the electric and magnetic fields,
respectively. From Eq. (2.1), it can be shown that a change in the kinetic energy of the

particle can only be achieved through the interaction with the electric field, while, in the
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relativistic regime, the magnetic field is employed for deflecting its trajectory. From the
equilibrium of the centrifugal and the Lorentz force, for a magnetic field orthogonal to the

particle’s velocity, the radius of curvature is equal to:

muv

=5 (2.2)

p

From Eq. (2.2), the magnetic rigidity of the charged particle is defined as:

Bp="_. (2.3)
For a particle with charge ¢ = e, Eq. (2.3) transforms into:
Bp [Tm] = 3.3357 p [GeV/c]. (2.4)

During the steering of the particle’s trajectory to the desired orbit, the defiection angle
caused by the dipolar magnetic field is equal to:

0= % (2.5)
p
Equations (2.3) and (2.5) indicate that the bending radius of the particle is inversely
proportional to its momentum, i.e., a more rigid beam will be less affected by the magnetic
field. To this end, for a constant magnetic field, reaching a higher energy requires increasing
the radius of curvature.

The equations of motion as a function of time can be derived from the Lorentz force.
However, a general description of the particle’s motion is achieved with the Hamiltonian
formalism, from which, through the transformation to the curved co-ordinate system, the
equations of motions are parameterized as a function of the path length, rather than the
time.

The total energy E and canonical momentum p of a relativistic particle under the

influence of an electromagnetic field can be expressed as:

E = ymc® +qV, (2.6)
p = Byme + qA, (2.7)
where V' is the electric scalar potential, A the magnetic vector potential, 8 = 7 and

__ 1 . o
V= s the Lorentz factors. Combining Eq. (2.6) and (2.7) yields:

(E—qV)? = (p—qA)? +m?ch. (2.8)

The Hamiltonian for a relativistic particle in a static electromagnetic field is equal to the

total energy of the system and from Eq. (2.8) it is expressed as:

H=c\/(p—qA)? +m2c2 +qV. (2.9)
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NY

Figure 2.1: The curved co-ordinate system [44].

In order to describe the trajectory of a particle in a dipole with a bending radius p in the
horizontal plane, a transformation from the Cartesian (X, Y, Z) to the curved co-ordinates

(%, y, s) is needed, as depicted in Fig. 2.1:

X = (z+ p) cos <Z> —p, (2.10)
Y =y, (2.11)

S

Z = (z + p)sin <p> . (2.12)

The canonical transformation for the momenta (Px, Py, Pz) is derived through a mixed-

variable generating function of the third kind (Appendix A.1):

F=— ((x + p) cos (Z) - p> Px — yPy — (z + p)sin (;) Py. (2.13)

The new momenta (ps, py, ps) are expressed as:

pe = Px cos <Z> + Py sin <Z> , (2.14)

py = Py, (2.15)

pe =Py <1 + Z) cos (Z) — Py <1 + i) sin <Z> . (2.16)
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The expression of the magnetic vector potential on the curved reference trajectory is:

A, = Ax cos <8> — Az sin <s> , (2.17)
p p

A, = Ay, (2.18)
s (s

Ay = Az cos () — Ax sin () ) (2.19)
p p

2
H =c¢ ( Ps qAS) + (pz — qA2)? + (py — qAy)? + m2c? 4 qV. (2.20)

The new Hamiltonian is:

z
1—|—p

Since the machine is periodic in the longitudinal position s, the independent variable in
Eq. (2.20) is changed from time to path length, through the action. The action of a particle
moving in one degree of freedom with ¢ = x and p; = p for a time interval (g, t1) is:
t1
S = pi — H'dt. (2.21)
to

By changing the independent variable of the integration from time to path length:
51 ,dt
S = (—H')— + pds, (2.22)
so ds

the following interchange of variables can be defined:

H — (=ps), t—s. (2.23)

Using Hamilton’s equations (Appendix A.2) with the new set of variables yields:

dt  Jps

& ol (2.24)
dH’ Ops

= (2.25)

Based on Eq. (2.23), the conjugate phase-space co-ordinates with s as the independent

variable are:
(2, p2); (y,py); (¢, —H'). (2.26)
Substituting Eq. (2.8) into Eq. (2.20), taking into account Eq. (2.23):

E —qV)?
H = —ps=— <1 + D \/(CQQ) — (Px — qA2)? — (py — qAy)* — m202—<1 + i) qAs.
(2.27)

Assuming that only transverse fields are present with A, = A, = 0, the vector potential

can be expressed as a power series:
o0

Ay =—BoRe |} W(:@ + iy)"+1] , (2.28)
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mn mn . .
with a,, = B;n! %szf the skew and b,, = ﬁaaﬁy the normal multipole coefficients and By

the main dipolar field strength, which is used as a reference. The magnetic field can be
derived from B =V x A as:

DA, DA,
Bl‘ = T B, = )
dy Yo oz
00 (2.29)
By(x,y) +iBy(z,y) = By > (bn +ian)(z + iy)".
n=0

The value of n defines the order of the multipole. For instance, n = 0 corresponds to a
dipole, n = 1 to a quadrupole and n = 2 to a sextupole. Figure 2.2 illustrates the field in a
normal (left) and skew (right) dipole (top), quadrupole (middle) and sextupole (bottom).
The field in a dipole is uniform, in a quadrupole it increases linearly with the distance from

the center and in the case of a sextupole it increases quadratically.

——
~1 |

Figure 2.2: Pure multipole fields for the dipole (top), the quadrupole (middle) and the
sextupole (bottom) for normal (left) and skew (right) fields [47].
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2.2 Symplecticity and Liouville theorem

Neglecting effects such a synchrotron radiation, acceleration and the interactions be-
tween particles, the evolution of the particles motion between two points in phase space can
be represented with a transfer map. The transfer map M of a dynamical system from an
initial position sg to a position s is a canonical transformation from the original variables
(p,q) to (P,Q). Maps that are obtained as a solution to Hamilton’s equations are called
symplectic, i.e., the following property is satisfied:

MTSM =JtsJ =5, (2.30)

where J is the Jacobian J;; = gXZ and:

0 1
S = <_1 0) : (2.31)

It follows that for a symplectic matrix det M = det J = 1. The product of symplectic
matrices, which represents the evolution of the system between the two positions, is also
symplectic. Liouwille’s theorem states that under symplectic transformation phase-space

volume is preserved:

N N
[[ dpida: = det T ][ dP:dQ;, (2.32)
=1 =1

dw = dS, (2.33)

where w, ) represent the initial and final volume in phase space, respectively and the phase

space density p is conserved:

dp Z dg; Op dpi 9p _ 0. (2.34)

av dt 8qZ dt Op;

Liouville’s theorem is particularly important for accelerators as it implies that a reduction
of the size of the beam through focusing leads to an increase in divergence so that the area

in phase space is preserved.

2.3 Linear beam optics

The dynamics of the motion in accelerator components such as drifts, dipoles and

quadrupoles can be represented by linear approximations. Through the paraxial approx-

21 02 2 2 . . . . .
b ;;C ~a-—" ;lc where a, b, c arbitrary functions, the Hamiltonian in

imation ay/1 —

Eq. (2.27) is expanded to second order in the momenta:

. — AmQ —gA 2
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2
where p = %. From Hamilton’s equations (Appendix A.2):

du OH dp OH
===, g === - 2.36
YT s opy’ Pu™ "4s ou’ (2.36)
with u = (z,y). Combining the Hamiltonian of Eq. (2.35), the Maxwell equation for the
magnetic field and the vector potential of Eq. (2.29) and the expression of the beam rigidity

given in Eq. (2.3), neglecting higher-order terms, the equations of motion are:

B 2
m//_,O‘i;w:_7alpo<1_|_$) ,
p Bp p p

Bpo( 96)2
1 x
y=—==—(1+-),
Bp p p

where pg is the momentum of the reference particle. For a linear lattice, the magnetic field

(2.37)

to first order is:

0B 0B
By =—By+ Txyx = By + Biz, B, = Tmyy = By, (238)

where By is the dipole field and B is the quadrupolar gradient function at the reference
orbit. Expanding Eq. (2.37) to first order and setting 6 = (%) and Ki(s) = Bipaa% =
% yields:

$,,+( 1—6 +Kl(8))x: )
p2(1+46) 1+94 p(1+49)’
"o Kl(s) _
Y <1+6 y=0.

For on-momentum particles (§ = 0), the equations of motion are reduced to the equation

(2.39)

of a harmonic oscillator, called the Hill’s equation:
u” + Ky (s)u =0, (2.40)

where u = (x,y) and K (s) = p—12+K1(s), Ky(s) = —Ki(s). The solutions can be expressed

in the form of a matrix:

u — Cu(s) Su(s) U B "
(Ul>s - (C;(s) S{L(s)> (u’) . = M,(s|s0) (u’) 307 (2.41)

where M is the transfer matrix from the position sg to s. In a drift space of length [, where

no electromagnetic fields are present (K, = 0), the transfer matrix in the relativistic regime

1 1
Marige = <0 1) : (2.42)

From the transfer matrix of the drift, it can be seen that the particle’s offset changes in the

reduces to:

case of a non-vanishing initial slope, while the momentum is unaffected. For a quadrupole

of length [ and a strength K,,, the transfer matrix in the focusing plane is equal to:

1

My — < cos ( msin() ’ (2.43)
—V/ K, sin( cos(
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Chapter 2. Single particle beam dynamics

where ¢ = /K,l. Similarly, in the defocusing plane:

cosh ¢ \/m sinh ¢ (2.44)

V| Ky sinh ¢ cosh ¢

where ( = /|Ky|l. In the thin-lens approrimation, i.e., | — 0 and defining f = hH(l) TR
the focal length:

S Y 245)

For a pure sector dipole of length [ and bending radius p the transfer matrix is:

Mo — cosf  psind (2.46)
F= —%sin@ cosf |’ ’

where 6 = %.
The transfer matrix of a periodic lattice with n elements is derived from the product

of the transfer matrices M; of all the constituent elements in this interval:

M(S) = MnMnfl..MQMl. (247)

2.3.1 Courant-Snyder parameters
The transfer matrix M of the uncoupled transverse motion can be written as:
M = ITcos+ SAsin, (2.48)

where S is defined in Eq. (2.31), I is the identity matrix, ¢ is the phase advance and:

(7«
a=(11). o

with «, 8,7 the Courant-Snyder parameters. Substituting Eq. (2.48) to the symplectic
condition of Eq. (2.30) yields:

1+ a? = B. (2.50)
The transfer matrix can then be expressed as a function of the Courant-Snyder parameters
as:
M= cos +'ozsin1/) ﬁsinz/). . (2.51)
—ysin cosy — asiny
For the stability of the particle’s motion, the following expression must be satisfied:
|Trace(M)]| < 2. (2.52)
The transfer matrix in a linear beam transport line between two positions s; and ss is
equal to:
1/@((:051#4—041 sin 1)) V3182 sin @
M(s1]|s2) = : (2.53)

_ltogan al—ay B _ i
N sin + Jaa cosY /5 (cos ) — agsiny)
where 81, a1,7v1 and [Bo, ag,v9 are the Twiss parameters at the locations s1, so respectively

and ¥ = 1(s2) — 1(s1) is the betatron phase advance between the two locations.
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Chapter 2. Single particle beam dynamics

2.3.2 Action angle variables

In the absence of coupling, the canonical conjugate variables (u,u’) form an ellipse in
phase space with an area equal to 27J,, where J, is called the action variable. The action
is an invariant of motion under symplectic transformation and is equal to:

Ju = %(VUUQ + 2a,uu’ + /Buul2)a (2.54)
where v = (z,y) and (a, 3, y) the Courant-Snyder parameters. Therefore, these parameters
define the geometrical shape of the invariant ellipse. The phase space in the horizontal

plane is depicted in Fig. 2.3.

s Pz
slope = — 1=
2;: slope = —%
1
51 :
I
— > T

Area of the ellipse = 27/,

Figure 2.3: The ellipse in phase space from the canonical conjugate variables in the hori-

zontal plane and the dependence of the geometry on the Courant-Snyder parameters [48].

The angle variable ¢, is defined as:

!/

tan ¢, = —ﬂu% — Q. (2.55)

By employing the following generating function of the first kind with the old variables
(x,y) and the new angle (¢z, ¢,) (Appendix A.1):

2 2

F1(2, Y, buy Q3 8) = —% (tang, + ay) — % (tangy + ay) (2.56)
z Yy

the solutions to Hill’s equations are:

[2Jy , .
u = \/2ByJy cOS Py, U = — i(sm@L + vy, COS Py,). (2.57)
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Chapter 2. Single particle beam dynamics

The new Hamiltonian for a linear lattice in action-angle variables is:

Jr
H(Jy, Jy;s) = =+ 2. 2.58
( ) ) ,833 ,By ( )
Applying Hamilton’s equations yields (Appendix A.2):
d¢, OH
A 2.
ds oJ,’ (2:59)
dJy 0OH
Zvu =0. 2.
s 96, 0 (2.60)

Integrating Eq. (2.59) and substituting with Eq. (2.58) leads to the expression of the

betatron phase advance in a linear machine:

A¢u = ¢u(51) - ¢u(80) = 1 ainS = Hds

=, (2.61)
S0 8Ju S0 Bu

The betatron tune is defined as the number of betatron oscillations per turn:

¢y 1 (% ds

Qu = w2 ), B(s) (2.62)

and from Eq. (2.51), the transfer one-turn matrix is:

M, — (cos (2mQu) + ay sin (2mQy) Pusin (21Qu) > . (2.63)

—Yy 8in (27Qy,) cos (2mQy) — ay sin (27Qy,)

From Eq. (2.60) it follows that J, is a constant of motion. The Hamiltonian for a linear

lattice is integrable, i.e., angle independent. Defining J,, as:

- V2J,
g, = uC0SPu | (2.64)
—/2Jy sin ¢y,
The transformation to Cartesian co-ordinates is:
i =N, ' Ju, (2.65)
v 0
where N1 = ( f: 1 ) is the normalising matriz. From position sg to s; with a
" VBa  VPBu

transfer map R:
s, = M(sols1)us,, (2.66)

(2.67)

o cos sin
Ju = Ny M (so|s1)N; L Ts, = ( Hhu ““)

— Sin Ly, COS iy

where 1 is the phase advance over one turn and the final transfer map corresponds to a
pure rotation. For linear systems, this transformation replaces elliptical motion in phase

space with a circular trajectory.
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Chapter 2. Single particle beam dynamics

Finally, the Hamiltonian in Eq. (2.58) varies with B%(S) and to remove the dependence
on s the following generating function is employed (Appendix A.1):

Fy(¢u, Ju) = <<bu = /O gi - Qu;> J. (2.68)
The new conjugate co-ordinates are expressed as:
Jo=di du=ou- [ T 4au; (2.69)
0 Bu R
and the new Hamiltonian:
H(J,) = %Ju. (2.70)

2.3.3 Emittance

A bunch is composed by a distribution of particles. Therefore, it is necessary to derive
statistical averages over the positions of all particles. The statistical average of 2 from
Eq. (2.57) is equal to:

(2?) = 2B, (Jy cos® ¢.). (2.71)

Assuming that all positions are uncorrelated and that the angle variables are uniformly
distributed:
<x2> = Br€a, (2.72)

where €, is the geometric emittance and it is equal to average of the actions of all the

particles included in the bunch. Similarly:
<xpar> = —Qg€y, (273)

(P3) = Yo (2.74)

The Y-matriz is computed from the previous statistical averages:

o <<<a:2> <xpx>> | (275)

pex)  (P3)

Generally, the geometric emittance is computed as:
eigenvalues(X.S) = +ie,. (2.76)
For the uncoupled horizontal motion, the emittance is equal to:

e = V/(2?)(p2) — (2pa)- (2.77)

The geometric emittance is not an invariant when the energy of the particles changes.

Subsequently, the normalised emittance is defined as:

en = B, (2.78)

where [3,~ are the relativistic factors.
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Chapter 2. Single particle beam dynamics

2.3.4 Dispersion

In the absence of errors, the trajectory that passes through the center of the quadrupoles
defines the design orbit. On-momentum particles with vanishing initial conditions will
remain in the closed orbit z.(s) and return to their initial position after one turn. In the
case of non-zero initial conditions, particles with the reference momentum will undergo
betatron oscillation around the closed orbit z3(s). On the contrary, particles with a small
momentum deviation from the reference particle will travel along different paths in the
accelerator due to the dependence of the bending angle on the particle energy, called
dispersion. These particles will perform betatron oscillations around a different closed
orbit, which is derived from the non-homogeneous differential Eq. (2.39). The solution of
the particle’s motion in the horizontal plane with a momentum deviation  in the presence

of dispersion D, is expressed as:
x(8) = Teo(S) + Da(s)d + x5(s). (2.79)

Figure 2.4 illustrates the concept of closed orbit in the presence of dispersion. In particular,

Ap

xi“‘:(s) =D(s)
p

Figure 2.4: The betatron oscillation and the closed obit in the presence of dispersion [49].

the dispersion function represents the orbit of a particle with § = 1 that satisfies the

equation:
1 1
D + K,(s)D = 5 (2.80)

Due to the periodicity of the lattice, the dispersion function is also periodic. The form of

the transfer function that also takes into account the dispersion is:

i M11 M12 D x
| =M My D2 . (2.81)
0 0 0 1 ) 0
The expression for the dispersion given by:
1 51
D(S) = MQQ(S)/ ;Mn(s’)ds’ — Mn(s)/ ;MQQ(S/)dS’. (2.82)
S0 S0
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Chapter 2. Single particle beam dynamics

For a dipole magnet, Eq. (2.46) yields:

D(s) = p (1 _ cos (i)) | (2.83)

Comparing the revolution period of the on-momentum and off-momentum particles:
AT AC Au 1. Ap

1o ¢ u 7" po

where:

Ty is the revolution period of the reference particle,

C is the circumference of the accelerator,

u is the velocity of the on-momentum particle,

v is the Lorentz factor,

a. is the momentum compaction factor, i.e., the ratio of the relative path length to the

relative difference in momentum,

7 is the phase slip factor equal to:

n:ac—;zvl%—;a (2.85)
where 7 is the transition energy. The increase of the particle’s energy leads to the increase
of its velocity and its path length due to dispersion. Below the transition energy, particles
with larger energy perform a revolution around the ring with a higher frequency. On the
contrary, in the ultra-relativistic regime, the change in the path length dominates over the
increase of the velocity and thus, the revolution frequency decreases. The transition energy
defines the limit of the interplay between velocity and path length and determines whether

off-momentum particles will perform a faster or slower revolution around the ring.
2.3.5 Linear imperfections

Dipolar field error

A particle with vanishing initial conditions injected at the closed orbit will repeat the
same trajectory on every revolution. However, in the presence of a dipolar field error, at
the location of the perturbation, the reference particle will experience a kick 6 and the
closed orbit will be perturb. For the new closed orbit at the location of the error, the

following expression must be satisfied:

/(). (2).6)

where I is the identity matrix and M the transfer matrix described in Eq. (2.63). Equa-
tion (2.86) yields:

(M-I x _ [cos(2mQ:) + asin (27Q;) — 1 Bsin (27Q.) T
o) B —vsin (27Qy) cos (27Q,) — asin (27Q,) — 1) \ 2’ CO-

(2.87)
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Solving Eq. (2.87):

M\CD

xr = % (cot(mQz)) , (1 —acot(mQy)) . (2.88)

Equation (2.88) shows that in the presence of a dipole field error, an integer value of the
tune will lead to an unstable closed orbit and hence, must be avoided. Similarly, a kick at

the location s; will produce an offset at the location sy equal to:

0+/
T9 = ZSm?;gi) cos(y12 — Q) (2.89)

where (31, 82 are the S-functions in the locations si, so respectively and yqo is the phase
advance between the two positions. In the presence of multiple independent dipole field

errors:

Nerror

Q Z VB cos ((ys — yn) — 7Q) . (2.90)

2sm (m

Quadrupolar field error

Assuming a small gradient error of the form:

1 0
Mere(s) = (—AK(s)ds 1) ’ (2.99)

the final transfer matrix takes the form:
M(S) = M(S)Merr(s)a (2.92)

where M is given in Eq. (2.51). The matrix multiplication yields:

M(s) _ COS. ¢ + asing — Ssin qﬁAK(s)'ds B sin (;S. . (2.93)
—ysing — AK(s)ds (cos¢p — asing) cos¢p — asin @
From Eq. (2.52), the phase advance ¢ including the perturbation is equal to:
~ 1
Cos ¢ = cos g — 56 sin pAK (s)ds, (2.94)
which yields:
AK AK
A = Ld CAQ = PAE (2.95)
4
In the presence of distributed gradient errors:
1
AQ = — %BAde. (2.96)
47

Equation (2.96) indicates that the strength of the perturbation arising from a variation in
the current of a quadrupole is proportional to the S function at its location. Therefore, it

is necessary to avoid such effects in high 8 regimes such as the Inner Triplet. Apart from
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the tune shift, quadrupole errors induce changes in the g-function. The §-beating due to

distributed gradient errors Ak is (proof Appendix A.3):

S s+C
Aﬂfzi)) ~ 2sin (127@“) / Bu(s1)Aky(s1) cos [2(yu(s) — yu(s1)) — 27Qu]ds.  (2.97)

From Eq. (2.97) it can be seen that for stable operation the half integer tune must be

avoided.

2.4 Non-linear beam dynamics

2.4.1 Chromaticity

Off-momentum particles are also subjected to a different focusing strength from the
quadrupoles, an effect known as chromaticity. Chromaticity is equivalent to a gradient
error arising from the momentum deviations of the particles. The integrated quadrupole

gradient over a length [ is equal to:

l
q 0B,
K=— ——ds. 2.98
P(] 0 ox i ( )
Differentiating Eq. (2.98) yields:
dK K
ar _ 2 2.
dPy Py (2.99)

A small variation of the reference momentum AP, can be considered as a gradient error
with AK = —K%;O. From Eq. (2.96), the chromaticity is defined as:

AQ
= —. 2.1
= Ap /T (2.100)
and the relative chromaticity:
=¥ (2.101)
Q .

Therefore, chromaticity is the dependence of the quadrupolar focusing strength on the
particle energy and it leads first to a change of the focal length and eventually to the
variation of the betatron tunes for off-momentum particles.

The natural chromaticity has a large negative value that leads to a considerable tune
shift and its compensation is necessary. This is achieved by installing sextupole magnets
in regimes of non-vanishing dispersion. As the sextupole field gradient scales with the
transverse offset, off-momentum particles with dispersive trajectories experience a stronger
focusing, while the motion of particles with the nominal momentum is unaffected. The
dependence of the focusing on the momentum deviation results in the same focal length
for all particles and hence, the chromatic aberrations are compensated.

It must be underlined that the description of the dynamics in the linear approximation
does not include any chromatic effects since chromaticity is a higher-order effect. In addi-
tion, the incorporation of sextupoles to correct chromatic aberrations introduces non-linear
fields. Subsequently, the limitations of the linear approximation become evident. To this

end, the next section introduces perturbation methods for treating non-linearities.
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Chapter 2. Single particle beam dynamics

2.4.2 Canonical Perturbation Theory

The motion of the particles in the normalized phase space is equivalent to a harmonic
oscillation, with non-linear effects appearing as perturbations. In the case of non-integrable
systems, canonical perturbation theory can be employed in order to treat the perturbative
terms in the Hamiltonian that distort the shape of the phase space. Through a canonical
transformation to new dynamical variables, the dependence of the Hamiltonian on ¢ is
removed up to some order, while higher orders of the perturbation are neglected. As the
approximation is done to the Hamiltonian and not to the solutions of Hamilton’s equations,
symplecticity is preserved. The generating function is then used is order to return to the
original variables. In the presence of non-linearities, a Hamiltonian in IV degrees of freedom
can be expressed as:

H(J,¢;s) = Ho(J;s) + eHi(J, ¢;s), (2.102)

where s is the independent variable, Hy is the un-perturbed integrable Hamiltonian, i.e.,
that does not depend on ¢, € is a small parameter and H; is a function that represents
the perturbation. It must be underlined that Hy can include higher-order terms of J that
represent the tune shift with amplitude. The scope of the perturbation theory is to define
a canonical transformation that removes the dependence of the perturbed Hamiltonian on
the angle ¢ up to first order. By employing a mixed-variable generating function of the

second kind that connects the old ¢ and new J variables:
Fy(J, d;5) = ¢J + €G(J, ¢; 5), (2.103)

where G is a function to be defined. From the rules of the canonical transformation of the
second kind (Appendix A.1):

o - 0G
-~ 0Fy oG
=—F==¢p+ec—. 2.105
¢=_F=btc 3 (2.105)
The new Hamiltonian Hs is:
H2:H+@ :H—&—ea—G. (2.106)
ds ds
Combining Eq. (2.102), (2.104) and (2.106) yields:
- 0G - 0G 0G
— 7. o . 2.1
H Ho(J+€8¢7S)+6H1(J+68¢,¢,8)+688 ( 07)

By expanding the Hamiltonian Hy and H; as shown in Appendix A.4 and re-grouping

based on the order of e:

Hy = Ho(j) + EH‘S('ja (pa 5) + €2H4(j’ ¢7 S) + 0(63)’ (2108)
where: )
H3(J; ¢) = %d?}‘]) + H\(J; ¢ 5) + % and
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Tody o) — L(9G\20°Ho(Jis) | 9G OH1(J, ¢35)
Ha(J;¢i5) = 5(56)° 525 T 66 oF
Hs =0, first order perturbation theory leads to:

Selecting a generating function so that

Hy ~ Hyo(J) + O(é%). (2.109)

By neglecting higher-order terms, the Hamiltonian becomes integrable. Substituting the

expression for H3 in the Hamiltonian, the final expression is:

- 8G OHy(J) - oG
Hy = Ho(J) + — = Hi(J; ¢; —. 2.11
2 o()+a¢ 5.7 + Hi ( ,¢>»5)+55 (2.110)
Imposing a periodic condition for H; and G, the Fourier expansion is:
Hy(J,¢;s) =Y _ Hi(J;s)e™?, (2.111)
G(J,p;5) =Y G(J;5)e™?, (2.112)

where H; and G the Fourier coefficients. Imposing Hs to be equal to zero and substituting

with the Fourier expansion yields:

OHy ~ 0G -

im—G + — = —Hj. 2.113
m + 9s 1 ( )
The periodic solution that eliminates in the first order the dependence on the angle is equal
to:
J,d;s) = g ot T m(e+QG —s—m) F, (] s')d 4
G(J, ¢; T ; . 2.11
(3 5) QSin(ﬁm,Q)/S ¢ 1(J38)ds ( )

As an example, in the presence of a quadrupolar gradient error Ak, the Hamiltonian

in one degree of freedom is:

J, y2

H=2Y_AkZ. 2.115
R 2.115)

By replacing y = /2J, 3, cos ¢y:

J, 1 1
H(Jy, ¢y;s) = Ho(Jy) + Hi(Jy, py; s) = B— — §ﬁnyAk — iﬁnyAk cos(2¢y), (2.116)
Y
which will introduce a tune shift:
1 [5t% 9H, 1 [51tC0 gg’ 1 [stCo
— AO, — — s = — S Akds’. 2.11

@y = Qo + AQy 2 /5 oJy ° 2w [ By 4w /S ByAkds ( 7

Equation (2.117) is equivalent to the tune shift derived in section 2.3.5.

2.4.3 Resonances

The Hamiltonian in Eq. (2.110) can also be expanded as a double Fourier series:
Hi(J, di5) = Y Hun( )M, (2.118)
m,n
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where lEImn the Fourier coefficients of the n,m modes. In this case, the form of the

generating function can be computed from Eq. (2.113):

H;nn(j)ei(md)fns)
mQ —n ’

G(j,qﬁ;s):iz

m,n

(2.119)

The previous result implies that in the vicinity of a resonance, where the denominator ap-
proaches to zero, the perturbation will have a significant impact on the particle trajectories.
At each turn the kick seen by the particles due to the perturbation accumulates, which
leads to a large change in the betatron action. The transformation required to eliminate
the perturbation is large and the approximate integrals of motion cannot be constructed.
In the case of a large perturbation, first order perturbation theory is not sufficient and
higher-order terms cannot be neglected as the effect on the particle motion is more pro-
nounced. In this case, all resonances can be potentially excited and the behavior may

become chaotic. In two degrees of freedom, the resonance conditions is:

with mg, my, n integers and the order of the resonance equal to |my| + |m,|. Lower order
resonances are more critical as the amplitude of the corresponding term in the generating
function decreases with increasing order, as long as the betatron actions are sufficiently
small. For even and odd values of |m,| the resonances are characterized as normal and
skew, respectively. In the presence of synchrotron motion Qs and additional modulation

sources (Jp, the resonance condition is:

My Qy +myQy +msQs + mpQp = n, (2.121)

with mg, my, ms, my, n integers. Figure 2.5 illustrates the resonance diagram as described
in Eq. (2.120) up to the sixth order (left) and in the presence of a tune modulation at @, =
0.053 (right). The solid and dashed lines represent the normal and the skew resonances,
respectively while the red lines represent the resonances which are excited due to the
modulation.

In the vicinity of a single resonance in one degree of freedom, the perturbation will be
dominated by one term and all the non-resonant terms can be neglected. The Hamiltonian

in a ring of circumference C' is then expressed as (Appendix A.5):

H = Ho(J) + (.J) cos(me — 2%”8), (2.122)

with f(J) ~ JP/28P/2 where p is the order of the perturbation as given in Eq. (A.15) , 3
is the S-function at the location of the perturbation and m,n are integers that define the
order of the resonance. In order to eliminate the dependence on the longitudinal position s,

a mixed-variable canonical transformation of the second kind is used from variables (¢, J)

to (4, J): )
m™ms =~

. 2.12
Sy (2.123)

Fy(¢, J;s) = ¢J —
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0.0 02 0.4 0.6 0.8 1.0

Qx (2m)

Figure 2.5: The resonance diagram up to the sixth order (left) and in the presence of a
tune modulation at @, = 0.053 (right).

From the rules for the generating function of the second kind (Appendix A.1):

oFy ~ ~  O0Fy 2mns
_ _ — T _Hp_ 2.124
and the new Hamiltonian is:
- OF, . . . _
H:H—i—g =0J 4+ a(J) + f(J)cos(me), (2.125)

where a(J) are the higher order of the action in the integrable Hamiltonian Hp and ¢ =

2ﬁ(Q — 7). Fized points are defined as the points in the phase space where the dynamical

variables are constant:

a—qzﬁzo and 8—lt,,lrzﬂz (2.126)
0J ds d¢  ds
Replacing Eq. (2.125) to Eq. (2.126) yields:
sin(me) =0 and 6+ a'(J) + f'(J) cosme = 0, (2.127)

where the prime notation indicates differentiation with respect to the action. Fixed points
where the particle motion is elliptical (cosm¢ = —1) or hyperbolic (cosm¢ = 1) are
the stable and unstable fixed points, respectively. The tori that pass through unstable
fixed points define the separatrices, i.e., the limit of stable motion. Around the stable
fixed points, islands of stable motion appear. Particles trapped in an island, will advance
from island to island between successive turns. By keeping the lowest-order terms of the
amplitude detuning and dropping the symbols of the new variables after the canonical

transformation, the Hamiltonian is:
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H=46J+ %an + f(J) cosm#. (2.128)

In the vicinity of the island action J, (0 = 0), the Hamiltonian can be expanded around

the fixed points with the linear transformation:
¢=¢,+0and J=J, + 1. (2.129)
The final one-turn Hamiltonian for an isolated resonance model is found to be [50, 51]:
H= %aﬂ + f(J;) cosm#, (2.130)

where J,. is the amplitude which yields an oscillation frequency at a resonance. For m

turns and substituting f(.J,) with some terms the m-turn Hamiltonian is:

H, = %a[z + MV JTV? cos m. (2.131)

The fact that the Hamiltonian is a constant of motion in the island separatrix leads to the

following expression for the island half width:

HP (9 =7/m,1=0)=HUFP(9=0,1==+AI), (2.132)
Al =2Jm/4 Vf (2.133)

From Eq. (2.130), Hamilton’s equations yield:
0 = mal and I = —m?V,,J™? sinmé), (2.134)

0 4+ am>V,, J™/% sin(mb) = 6 + m(2rQr)? sin(mb) = 0. (2.135)

In the small deviation approximation (sin(mf) ~ m#@), the island tune is equal to:

Qr= %J?“\/avm. (2.136)

In the previous derivations, the impact of a single resonance is considered. In the pres-
ence of multiple resonances, chaotic motion can be observed when the islands originating
from the various resonances start to overlap. The Chirikov overlap criterion states that
stable motion can only be achieved if the island widths are much smaller than the spacing

between the resonance bands [52, 53].
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Chapter 3
Methods of analysis

Tracking simulations are used to investigate the dynamical behavior of the particles in
a lattice with various non-linear fields and errors, where the strong non-linearities cannot
be accurately described using the analytical formalism presented in the previous chap-
ter. By post-processing the tracking results, information regarding the stability of the
particle trajectories can be extracted. Tracking simulations are particularly important for
noise studies as they provide the means to understand and quantify the impact of sev-
eral types of external noise on the beam dynamics. In this thesis, the LHC and HL-LHC
studies, including noise effects, have been conducted using a symplectic 6D tracking code,
SixTrack [54].

The following chapter introduces the methods used for the analysis of the tracking
results and provides a first finsight on their application to noise studies. The aim of these
tools is to extract information concerning important quantities such as the diffusion of
the particles, the strength of the resonances and the beam lifetime. To illustrate their
application, basic examples have been included in this section, although a detailed review
and interpretation of the results is given in the next chapters.

In particular, section 3.1 presents the refined Fourier analysis developed by J. Laskar,
which provides an accurate representation of the particles’ motion in frequency domain.
Based on this algorithm, section 3.2 describes the numerical method that illustrates the
diffusion in a storage ring and allows for a better understanding of the mechanisms that
cause particle losses. Next, section 3.3 is devoted to the determination of the area of
stability through tracking. Finally, the tools developed for tracking distributions with a

detailed representation of the tails of the beam distribution are discussed in section 3.4.

3.1 Numerical Analysis of Fundamental Frequencies

The Numerical Analysis of Fundamental Frequencies (NAFF) was originally developed
for studies concerning the stability of the solar system from J. Laskar [55-57]. This algo-
rithm can also be applied for investigating the stability of a quasi-periodic motion described

by symplectic maps such as the motion of a particle in an accelerator. Specifically, it allows
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for a very precise determination of the betatron frequency, amplitude and phase with an
accuracy that exceeds the capabilities of the Fast Fourier Transform (FFT) and a much
faster convergence. An accurate representation of the particle motion in frequency domain
can reveal important information concerning the excitation of resonances. This is mainly
achieved through the use of a window function and an interpolation. A new implementation
of the algorithm has been written in C++ with a Python interface [58].

The NAFF algorithm provides a quasi-periodic approximation of a complex signal
¥ (t) over a time interval [0,7]. As a first step, the Fast Fourier Transform (FFT) is
computed using as an input the transverse position tracking data or measurements. With
a simple peak-detection algorithm, a first approximation of the location of the main spectral
component f is derived from the Fourier spectrum. Next, the Fourier integral is computed,

which is expressed as:

. 1 [T .
o) = wie) ) = 7 [ o e a) a (31)

where z(t) denotes a window function.

Figure 3.1 illustrates the Fourier integral with a rectangular window (z(¢) = 1) for two
simulated sinusoidal signals that consist of one (red curve) and two frequency components
(black curve), respectively. The Fourier transform assumes that the input finite data set
includes an integer number of periods in the given window length. If this condition is
not satisfied, the endpoints of the signal form discontinuities. The discontinuities of the
truncated signal multiplied by the rectangular window lead to the appearance of side-lobes.
In the presence of multiple frequencies, the side-lobes cause spectral leakage, an effect that

eventually leads to the observed frequency and amplitude displacement. Subsequently, an

20+

[
Lh
L

Fourier Integral
o

0.305 0.310 0.315 0.320 0.325
Frequency

Figure 3.1: The concept of spectral leakage in the Fourier spectrum in the absence of a
window function for a sinusoidal signal consisting of one (red) and two (black) frequency

components.

improvement on the determination of the spectral components can be achieved by including
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a window function [59]. In particular, the window gradually reduces the amplitude of the
signal in the edges of the finite time span to minimize the discontinuities thus, suppressing
the side-lobes. The NAFF code employs the Hann window, which is defined as:

2" (W)2(1 + cos 7t )"
) = O cxmt

(3.2)

where h is the power of the window, allowing to tune the ratio between side-lobe atten-
uation and main-lobe width. By increasing h the side-lobes are significantly reduced at
the expense of a wider main lobe. On the contrary to the accuracy achieved by the FFT
that is equal to 1/N where N is the window length, the accuracy of the NAFF algorithm
scales with 1/N?"*2_ Therefore, in the absence of noise and in the case of well separated
frequency components, higher orders of the window lead to a better tune determination.
On the contrary, in the presence of white noise or multiple frequency components that are
separated by a small number of bins, low order windows should be selected that result in
a sharper frequency peak. Figure 3.2 illustrates the convergence tests for various orders of
the Hann window in the presence of two spectral peaks (left) and in the presence of white
noise in the signal (left) that depicts the beneficial impact of lower order windows in the

aforementioned cases.
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Figure 3.2: The convergence of different orders of the Hann window in the presence of

multiple spectral components (left) and white noise (right).

The NAFF algorithm proceeds to the determination of the refined spectral component
by maximizing the Fourier integral. For the numerical integration, Hardy’s 6-point inte-
gration rule is employed. The refined frequency is then subtracted from the signal and the
search is iterated for additional spectral components. From the second frequency onward,
the new (u;) and previous (u;) components must be orthogonalised before the subtraction.
In order to construct orthonormal basis functions, the modified Gram-Schmidt method is

used:

i—1
ut = u; — Zprojujl(ui) (3.3)
j=1

The procedure is repeated until no relevant spectral components are present in the signal.

Figure 3.3 depicts the tune determination of a distribution of particles, called footprint.
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The tune shift in each case is the result of the different chromaticities, while the negative

polarity octupoles are responsible for the amplitude detuning.

0.3250

0
03225

Qy

0.3200

0.3075 0.3100 0.3125 0.3150

Figure 3.3: The use of the NAFF algorithm for the tune determination of a distribution
of particles for a chromaticity equal to 5 (black), 10 (blue), 15 (red), 20 (green).

3.2 Frequency Map Analysis

The Frequency Map Analysis (FMA) is a powerful tool for the analysis of the beam
dynamics in the presence of non-linearities [60-66]. Based on the NAFF algorithm, it
provides information concerning the diffusion of the particles due the presence of strongly
driven resonances in the vicinity of the working point. Such a tool provides an effective
way to illustrate the irregular motion by identifying the variation of the tunes in time.

A distribution of particles, that is usually covering a polar grid in the configuration
space up to 6 o, is tracked around the accelerator lattice. Most often, the turn-by-turn
position and momenta coordinates are divided into two equal time intervals. The coordi-
nates are then used as an input for the NAFF algorithm and a precise determination of
the tune of each particle in both intervals is achieved. The variation of the tunes during

these two time spans defines the diffusion, which is expressed as:

D=,/(QL- Q22+ (Q} - Q3 (3.4)

where QL, Q2 is the tune of each particle for the first and second interval, respectively,

with u = (x,y).

Figure 3.4 illustrates the concept of the FMA in the LHC lattice in the absence of
synchrotron motion. Each point represents the tune in frequency domain (left) or the initial
position in the configuration space (right) of a single particle. The shape of the footprint
is the result of the interplay between several effects. In a linear machine and the absence
of errors, the tunes of the on-momentum particles coincide with the working point. On
the contrary, in the presence of non-linearities, the tunes depend on the amplitude and the

momentum of the particles. In particular, the non-vanishing chromaticity leads to a tune
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shift from the working point and the presence of non-linear magnets in the lattice such as
sextupoles and octupoles causes an action-dependent detuning. Furthermore, beam-beam
effects have an important contribution to the tune spread observed, an effect which can be
partially mitigated depending on the polarity of the octupoles. Due to the tune spread,
some particles encounter strongly driven resonances (gray) and start to diffuse. Assigning
a color-code to the logarithm of the diffusion allows to illustrate the areas of stable (blue)
and irregular (yellow and red) motion. This allows to identify the dangerous resonances,
to understand the mechanisms of beam losses and to determine the best working point
for machine operation. Contrary to other tools that require tracking for a long amount of
time, FMA is an early indicator of chaotic motion as only a few thousand turns of tracking
are needed.

SD, E=6.5 TeV, Lo =550 A, e, =2.0 pm rad, Nyo=1.25¢el1, p* =30 cm, xing= 160 prad, Q"' =15
(Qx, Qy)=(62.31,60.32), Vgr OFF, 8p/p=23.12¢ -5, 99 angles, 0.1 -6.1 ¢

0.330

-4

0.324

0V /No13or

X
T

L6

Qy (2m)
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OV+
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Figure 3.4: The concept of Frequency Map Analysis for the LHC lattice in 5D.

3.3 Dynamic Aperture

Depending on the strength of the resonances, particles with actions beyond a certain
threshold will not remain confined in phase space for an arbitrary amount of time. The
limit between bounded and chaotic motion defines the Dynamic Aperture (DA). Particles
with initial conditions outside the DA will follow unstable trajectories and will eventually
be lost. Therefore, the DA defines the phase space volume of the initial conditions were
stable motion is observed. To numerically determine the value of DA with SixTrack across
several machine configurations, a distribution of particles is tracked, usually for 10 turns,
that corresponds to approximately 90 s of LHC operation. The DA is then computed
through a direct integration |67, 68|. Defining x(x,ps,y,py) a function that is equal to
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zero and one for unbounded and bounded motion, respectively yields in 4D:

////X(%px,y,py) dz dp, dy dp, (3.5)

where x,y, dx, dy are the initial positions and momenta of the particles in the distribution.

For vanishing initial momenta and with polar coordinates the integral is transformed to:

w/2 oo
/ / rdr da (3.6)
0 0

where 7, o are the radius and angle in the configuration space, respectively. Considering
the last angle of stable motion r(a, N) after NV turns, the volume of stable motion is equal

to:
1 /2
Auw =3 [ e N)Pda (3.7)
0

For K steps at each angle «, the DA is equal to:

1« i
Ta,N = (K Z[T(Oz, N)]2> (3.8)

k=1

Figure 3.5 illustrates an example of DA reduction in the presence of a harmonic dipolar
field error in the horizontal plane at the injection configuration of the LHC. Each point
corresponds to an independent study with the noise parameters defined from the combi-
nation of the amplitude and the frequency of the noise. A color-code is assigned to each
study that represents the minimum value of the computed DA. By scanning several com-
binations of noise kicks and frequencies it is possible to define acceptable limits of noise
for operation. The blue regime indicates that particles up to 6 o survive, while increasing
the amplitude of the noise and depending on the excitation frequency, a reduction of the
DA is observed in the presence of noise.

The reduction of DA is translated into a degradation of the beam lifetime. For a
Gaussian beam distribution the evolution of the beam intensity as a function of the DA is

expressed as [69]:
I(N)
Iy
where NN is the number of turns, D is the DA and Iy represents the initial intensity.

=1 D?N)/2 (3.9)

Equation 3.9 implies that there is a logarithmic scaling between DA and beam lifetime.
Usually, optimizations are needed to reach a minimum target of 5 ¢ DA that has been shown
to correspond experimentally to a burn-off corrected lifetime of around 100 h [70]. To this
end, there are several modifications in the machine configuration that can contribute to
the increase of DA such as tune optimization so that the beam distribution is less affected

by resonances.

3.4 Weighted distributions

Quantifying the impact of non-linearities in terms of losses and emittance growth re-

quires the tracking of 6D matched Gaussian distributions. In particular, if impacted by
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450 GeV, loct=20 A, €, =2.5 um rad, (62.275, 60.295),
Qp =15, I=1.15el1, simulated dipolar kick at ADTKH.D5L4.B1
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Figure 3.5: The minimum dynamic aperture for various dipolar excitation frequencies as

a function of the amplitude of the noise in the horizontal plane at injection for LHC.

a resonance, particles at the tails of the distribution close to the limit of DA diffuse and
will eventually be lost. Therefore, for the aforementioned studies a detailed representation
of the tails of the distribution is needed. To achieve this goal, weighted distributions are
employed. The initial distribution of particles is selected so that it forms a 4D round and
uniform distribution up to 6 ¢ in the transverse plane, while the particles extend up to the
limit of the RF bucket in the longitudinal plane. Then, during the post-processing of the
data, weights are assigned to each particle according to their initial position in the config-
uration space. The weights are based on the probability density function of the simulated

distribution as:

6
w; = H pdf(u;) (3.10)
j=1

where u are the normalized particles’ coordinates in the 6D phase-space. For a Gaussian

distribution with a standard deviation o:

[ 00

1 _ u
V2mo?

€ 20
An additional step is that each weight must be normalized to the sum of the weights of all

|

pdf(u;) = (3.11)

the particles. Based on the probability density function, particles which are at the core of
the distribution will be assigned a larger weight than the ones at the tails and therefore, will
have a more important contribution in the computations for emittance and losses. On the
contrary to a simple Gaussian, the distribution contains an important number of particles
at the tails with a small weight value and thus, a statistically significant representation
of the tails can be achieved. In addition, as the weights are assigned during the post-
processing, they can be modified accordingly to simulate different types of distributions,

without the need to repeat the simulation. Furthermore, a mechanical aperture is defined
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at 5.5 oconim. to simulate the collimators and particles with actions beyond this threshold
are considered lost.

Figure 3.6 illustrates a typical study with weighted distributions in the presence of a
tune modulation for the LHC configuration of 2017. Figure 3.6a shows the impact of an
increasing modulation amplitude on the beam intensity and lifetime. For the computation
of the lifetime an exponential fit is applied. The losses as a function of the modulation
frequency are depicted in Fig. 3.6b and through this method the most dangerous frequencies
can be identified. Finally, Fig. 3.6c depicts the horizontal emittance growth as a result of

the excitation in a frequency close to the betatron tune.
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Figure 3.6: A tracking example that illustrates the use of weighted distributions in the
presence of a tune modulation in the LHC configuration of 2017. The impact of the
modulation depth (a) and frequency (b) are depicted, along with the emittance growth (c)

in the horizontal plane for an excitation close in the vicinity of the betatron tune.
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50 Hz harmonics on the LHC beam

spectrum

4.1 Introduction

In particle accelerators, studies of the beam spectrum can reveal important information
concerning the existence of external noise sources that perturb the motion of the particles.
Noise effects are an important issue for the single-particle beam dynamics in present and
future accelerators. In the presence of non-linearities, depending on the spectral compo-
nents and the nature of the source, noise can act as a diffusion mechanism for the particles
in the beam distribution, through the excitation of additional resonances, an effect that
can prove detrimental to the beam lifetime. This chapter focuses on the investigation of
such a noise mechanism that has been observed in the beam spectrum of the LHC, which
is contaminated by harmonics of 50 Hz [71-74].

Observations of harmonics of the mains power frequency in the beam spectrum with
a dipolar nature have been reported in the past from several accelerators such as the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) [75,
76], the Tevatron in Fermi National Accelerator Laboratory (FNAL) [31, 32| and SPS
at CERN [28, 77]. In particular, the study conducted at RHIC demonstrated that high
order harmonics (h>100) were visible in several unrelated instruments, as a result of a
real beam excitation, rather than an artifact of the instrumentation system. To explore
the origin of the perturbation, machine parameters such as the betatron tune and the
coupling were modified and the source was identified as a dipolar field error. Through a
set of experiments, a correlation with power converter noise was established and specifically,
with the 12-phase main dipole power supply. During these tests, the phases of the 12-phase
main dipole supply were modified, which led to distinct changes in the amplitude evolution
of the lines. Studies in the SPS also excluded the factor of instrumentation noise and, by
computing the phase evolution of the noise lines between two consecutive bunches, it was
shown that the beam was excited by high order harmonics, mainly affecting the horizontal

plane. It was proven that one source of the perturbation was the main dipoles, by injecting
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an external sinusoidal ripple on their power supply.

A similar mechanism of 50 Hz high order harmonics that perturb the beam spectrum
is present in the LHC. Similarly to the aforementioned studies, the difficulty of the subject
resides first, in proving that the noise lines originate from the beam, rather than spuri-
ously entering the beam path and second, in establishing a correlation with the origin of
the perturbation. First, an analytical formalism of the beam motion in the presence of
a modulated dipolar field error is demonstrated (Section 4.2). Second, the methodology
for the analysis of the bunch-by-bunch positions measurements that are acquired exper-
imentally is depicted (Section 4.3). In the framework of this investigation, a thorough
analysis of observations and dedicated experiments were conducted during the 2018 pro-
ton run. Based on the findings, the key observations that lead to the understanding that
the harmonics are the result of a real beam excitation are presented in Section 4.4. A
potential correlation with noise arising from the power converters of the Main Bends is
investigated through parasitic observations and dedicated experiments. Furthermore, the
impact of controlled dipolar excitations on the beam lifetime, conducted with the trans-
verse damper, is described in Section 4.5, which provides a tool for the validation of the
DA simulations in the presence of noise. The impact of the harmonics on the beam per-
formance in terms of diffusion, DA and lifetime is discussed in the last section (Sec. 4.6),
using on a lumped noise model and a realistic noise spectrum. The LHC spectrum is then
used to make projections for the HL-LHC.

4.2 Analytical formalism of a modulated dipolar field error

In a circular accelerator, the kick related to a modulated dipolar field error ©,, with a

deflection ), and a frequency of @), oscillations per turn can be represented as:

) et
©p(n) 6, cos (2mrQpn)

where n is the turn considered. In the linear approximation, i.e., for a deflection much
smaller than the beam size, considering only the horizontal motion in the normalized phase
space and assuming that the noise source and the observation point are situated in the

same location, the position of a given particle can be expressed as:
TN N
_ Nen s
Xy = ( - ) = > MVN"p, (4.2)
n=—o00
where X is the vector representation of the position and momentum at turn N and M

is the linear rotation with:

MY = ( cos(2r@QN)  sin(27QN) >’ (43)

—sin(2r@QN) cos(2r@QN)
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where () is the machine betatron tune. Combining Eq. (4.1), (4.2) and (4.3) and assuming
that the perturbation is present from N — —oo, it yields:

TN = Yone oo Op(n) sin (2(N —n)7Q)

" (4.4)
Fy = Y0 0,(n) cos (2(N —n)7Q).

Combining Eq. (4.1) and (4.4) and computing the convergence of the series, the closed

form expression of the offset induced by the modulated dipolar kick is:

_ Bpcos(2nNQp)sin (27mQ)
N T (cos (2mQp) — cos(27Q))

In physical coordinates, the maximum offset observed at the position s is equal to:

V/B(s)Bp Opsin (27Q) (4.6)
2 (cos (2mQp) — cos(2mQ)) |’ '

|xmax7N(3)‘ =

where 3, is the S-function at the position of the perturbation. A comparison between
the results of simulations and Eq. (4.6) is performed as a sanity check. A single particle
is tracked in the LHC lattice, in the presence of a dipolar modulation. The amplitude
of the kick is 1 nrad and the frequency varies across the studies. The offset is computed
from the particle’s spectrum for each study and is then compared to the analytical formula.
Figure 4.1 illustrates the offset as a function of the frequency computed analytically (black)
and from simulations (blue) and a very good agreement is found between the two. For a
constant excitation amplitude, a resonant behavior is expected as the frequency approaches

to k- frev = fz, where k is an integer.
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Figure 4.1: The offset as a function of the dipolar excitation frequency with § = 1 nrad

as computed from the closed form (black) and from simulations (blue).
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4.3 Beam spectrum from bunch-by-bunch acquisitions

In the presence of a regular filling scheme, the bunch-by-bunch and turn-by-turn po-
sition measurements from the transverse damper Observation Box (ADTObsBox) [78-80]
can be combined to increase the effective bandwidth of the instrument. Signal averaging
is not only needed to access the high-frequency components of the signal without aliasing,
but also to reduce the noise floor of the spectrum compared to the single bunch case. In
particular, averaging the signals of N; bunches yields a v/N; increase in the signal to noise
ratio, in the presence of random noise with zero mean that is uncorrelated with the signal
[81].

The spectrum of individual bunches and after averaging over all the bunches in the
machine is shown in Fig. 4.2 for the horizontal plane of Beam 1, for a physics fill and
a window length of 4 - 10* turns. The colored lines show the envelope of the spectra of
several individual bunches, which is computed by setting a parametric peak threshold of
2.1073 0. The single bunch noise floor is several orders of magnitude higher than the

50 Hz harmonics and thus, signal averaging is necessary.
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Figure 4.2: The spectral envelope of several individual bunches (colored lines) and the

spectrum after averaging over all the bunches in the machine (black).

The time delay At; of a trailing bunch ¢ with respect to the first bunch in the machine,
considered as the reference, results in a phase angle A¢; = 27w fAt;, where f is the fre-
quency under consideration. Consequently, the dephasing of the signals across the ring is
proportional to the frequency and the longitudinal spacing of the bunches in the machine.
To illustrate this effect, three trains of 48 bunches are considered in simulations with a
dipolar excitation at 3 kHz. The bunch spacing is 25 ns and the trains are equally spaced in

the LHC ring. The complex spectrum is computed for each bunch and the phase evolution
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of the 3 kHz line is extracted. Figure 4.3 depicts the phase evolution of the excitation for
the three trains as a function of the bunch position in the ring. The color code represents
the bunch number and the gray line is the expected phase evolution. The linear phase
evolution of an excitation across the trains in the machine has been experimentally verified

by injecting noise with the transverse damper kicker (see Section 4.5.1).
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Figure 4.3: Phase evolution of the excitation at 3 kHz as a function of the bunch position
for three trains of 48 bunches in the LHC ring. The dashed gray line represents the expected
dephasing.

For frequencies much lower than the sampling frequency (f < frey), the dephasing is
negligible and the bunch-by-bunch data can be directly averaged in time domain. For
frequencies comparable to the revolution frequency, such as the high-frequency cluster, the
dephasing between the bunches cannot be neglected. In this case, simply averaging the
bunch-by-bunch information will lead to an error in the resulting metric. To illustrate this
effect, the first bunches of the three trains are selected. Figure 4.4 illustrates the spectra
for the first bunches (Fig. 4.4a) of the first (black), second (blue) and third (green) train,
respectively, in the presence of a dipolar excitation at 3 kHz. The excitation results in
an offset of 13.9 pum (red dashed line), while the second peak corresponds to the betatron
tune. Then, the complex Fourier coefficients at 3 kHz are computed. Figure 4.4b presents
the phase of the excitation for each bunch (left). For a filling scheme consisting of three
trains located in azimuthally symmetric locations in the ring, the dephasing at 3 kHz is
important. Averaging over the three vectors without correcting for the dephasing will lead
to an error in the offset of the final spectrum. To this end, an algorithm that applies a phase
correction has been implemented. The steps of the method are the following: first, the
complex spectra F;(w) are computed for each bunch, where w = 2w f. Then, a rotation is

applied which is proportional to the time delay At; and the frequencies f of the spectrum.
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The impact of the rotation is depicted in the second plot of Fig. 4.4b. Finally, the average

over all bunches is computed. The procedure is described by the following expression:
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Figure 4.4: (a) Spectrum of the first bunches of the first (black), second (blue) and third
(green) train in the presence of a dipolar excitation at 3 kHz (red dashed line). (b) Phase

of the excitation for the three bunches before (left) and after (right) the correction.
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4.4 Experimental observations

Throughout this study, the main observable is the representation of the beam signal
in frequency domain as computed with the Fast Fourier Transform (FFT). Based on the
Fourier analysis, information concerning the origin of the 50 Hz can be extracted. This
can be achieved by following the evolution of the lines in frequency domain, both in terms
of amplitude and phase, during normal operation, i.e., without any modification in the
beam or machine parameters (Sections 4.4.1 to 4.4.5). In this context, general observa-
tions acquired from various instruments are presented, providing a first insight on the
subject under study. The need for high bandwidth measurements is explained, the dis-
tinct signature of the harmonics in frequency domain is illustrated and definitive proof
of the noise coupling to the betatron motion is presented. Then, the findings are further
extended by observing the response of the harmonics during modifications in the beam or
machine configuration. These modifications refer to changes, first, in the betatron motion
with parameters such as the tune (Section 4.4.6), the phase advance (Section 4.4.7) and
the beam energy (Section 4.4.8), second, in the power converters (Section 4.4.9) and last,

in the settings of the transverse damper (Sections 4.4.10, 4.4.11).

4.4.1 End of Stable Beams

The first step is to illustrate the concept of the 50 Hz lines on the beam spectrum. To
this end, the turn-by-turn data from the High Sensitivity Base-Band measurement system
(HS BBQ) [82, 83] (stored in the CERN Accelerator Logging Service, CALS [84, 85]) are
extracted. For instance, Fig. 4.5 depicts the spectrogram of the horizontal plane of Beam
1 (Fill 7056) for the last few minutes of the fill, extending up to the first few minutes of the
beam dump (red dashed line). The Fourier analysis for each time interval in the horizontal
axis is performed with a window length of 8192 consecutive turns and an overlap of 2048
turns between windows. The frequency range is zoomed close to the Beam 1 horizontal
tune (~3.49 kHz) to observe the 50 Hz harmonics in its proximity. A color code is assigned
to the Power Spectral Density (PSD) to distinguish the main spectral components (yellow
and red) from the noise baseline (blue).

The spectrum clearly shows that a sum of 50 Hz harmonics is present in the beam
signal. The fact that the lines appear as multiples of 50 Hz and not as sidebands around the
betatron tune indicates that the nature of the noise is dipolar. This conclusion will become
more evident in the next sections of this chapter (see Section 4.4.6), where the behavior
of the lines is studied during the trim of the betatron tunes at Flat Top. Furthermore,
the harmonics are visible only in the presence of the beam. All signals acquired after the
end of the fill are dominated by the noise of the instrument. A comparison between the
signals prior and after the dump of the beam provides a first indication that the lines do
not emerge as a result of instrumentation noise. To further support this hypothesis, the
existence of the harmonics in the beam signal is also demonstrated in the next section with

acquisitions from different unrelated beam instruments.
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Figure 4.5: Horizontal HS BBQ spectrogram of Beam 1 at the end of a physics fill (Fill
7056), centered around the 3 kHz frequency. The red dashed line indicates the end of the
fill and the start of the dump of the beam.

4.4.2 Spectra from multiple instruments

In an attempt to further exclude the factor of instrumental or environmental noise, the
presence of these harmonics has been validated from different beam instruments. In this
context, position measurements from multiple pickups, located in different positions in the
LHC ring, are collected. The main observables are the HS BBQ, ADTObsBox, the Diode
Orbit and Oscillation System (DOROS) [86, 87| and the Multi-Band Instability Monitor
(MIM) [88, 89]. Measurements from all the aforementioned instruments are available for
the Machine Development (MD) Fill 7343, dedicated to studies concerning the 50 Hz
harmonics. Figure 4.6 shows the spectra for the HS BBQ (Fig. 4.6a), the ADTObsBox
(Fig. 4.6b), the MIM (Fig. 4.6c) and the DOROS (Fig. 4.6d) for the horizontal plane of
Beam 1, while the vertical gray lines represent the multiples of 50 Hz. As a reference,
the sampling frequency and the number of turns (fs, N) considered for each spectrum is
(frev, 9000), (3 - frey, 65536), (16 - frey, 65536), (frov, 16384), respectively, where fio, =
11.245 kHz.

From the review of the spectra, it is confirmed that this effect is visible across several
unrelated instruments. It should be mentioned that the sampling rate, the window length,
the noise floor and the frequency response of each pickup is different, which justifies the
observed discrepancies between the spectra in terms of resolution. For a consistent com-
parison of the acquisitions, the frequency range is limited to approximately 5.6 kHz, which
is the Nyquist frequency of the turn-by-turn acquisitions, assuming a single observation
point across the machine (fs = fiev) [90]. Additional information concerning the high sam-

pling rate measurements retrieved from the ADTObsBox and MIM are given in the next
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sections.
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Figure 4.6: The horizontal spectrum of Beam 1 at injection energy during the MD Fill
7343 from the (a) HS BBQ, (b) ADTObsBox, (¢) MIM and (d) DOROS. The vertical gray

lines represent the multiples of 50 Hz.

4.4.3 Spectrum at Stable Beams

For this study, it is of interest to investigate the range of 50 Hz harmonics visible in
the beam signal. As mentioned in the previous section, the turn-by-turn acquisitions, such
as the ones from the HS BBQ and DOROS, allow accessing a frequency regime up to
5.6 kHz. If present in the signal, frequency components beyond this limit will be aliased
in the spectrum.

On the contrary, the ADTObsBox and the MIM provide high sampling rate measure-
ments. Specifically, the ADTObsBox instability buffer contains calibrated bunch-by-bunch
position measurements for 65536 turns. Firstly, the fact that a calibrated metric is provided
allows computing the offsets induced on the beam motion from the 50 Hz harmonics, which
is particularly relevant for the next sections of this chapter. Secondly, the bunch-by-bunch
information is needed to study the evolution of the 50 Hz in the cycle and to compute a

high bandwidth spectrum, in the presence of a regular filling scheme. As shown in Sec-
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tion 4.3, the noise floor of the single bunch ADTObsBox spectrum exceeds the amplitude
of the 50 Hz harmonics and therefore, a decrease of the noise baseline is necessary to study
their evolution. To overcome this problem, a method to combine the information from
several bunches has been developed, taking into account the dephasing of the spectrum
(due to the time delay) across the different bunches (Section 4.3). Assuming a regular
filling scheme (equal spacing between bunches), this signal averaging algorithm not only
provides a reduction of the noise floor but also extends the measurable frequency range of
the beam spectrum, while suppressing the aliases and preserving the signal metric. For all
the reasons stated above, the ADTObsBox is the main observable in the next sections. As
far as these studies are concerned, the main limitation of this instrument is that regular
acquisitions were not available in the last LHC physics run. In particular cases where both
consecutive acquisitions and a high bandwidth are required, the MIM measurements are
used, at the expense of non-calibrated offsets. The sampling rate of the MIM is equal to
16 observations per revolution period and consecutive measurements are available for a
limited number of fills in 2018.

The horizontal spectrum of Beam 2 is computed for the physics Fill 7334 during colli-
sions, using the bunch-by-bunch and turn-by-turn acquisitions from the Q7 pickup of the
ADTObsBox. Figure 4.7 illustrates the Fourier analysis, first, for a frequency range up
to 10 kHz (Fig. 4.7a). From the review of the spectrum, two areas of particular interest
are identified. The first regime (blue span) consists of 50 Hz harmonics extending up to
3.6 kHz. The second area (orange span) is a cluster of 50 Hz at 7-8 kHz. In particular, as
will be described in Section 4.4.6, the cluster is centered at the frequency frey — fx, where
fy is the horizontal betatron frequency (~3.15 kHz at injection, ~3.49 kHz at collision).
In the frequency interval between the two clusters, either no harmonics are present in the
signal or their amplitude is below the noise threshold of the instrument. Throughout this
chapter, the two regimes of interest are referred to as the low and high-frequency cluster,
respectively. It must be noted that the lowest order harmonics are excluded from the
analysis as their amplitude is affected by the noise of the instrument. Then, the calibrated
spectrum indicates that the harmonics of the high-frequency cluster are more important

in terms of amplitude.

As the high-frequency cluster is situated at fiey — fx, the question that naturally arises
is whether these frequency components emerge from aliasing. In fact, even in the case of
a physics fill, the sampling rate is only approximately uniform as not all trains are equally
spaced. This error can give rise to the aliasing of the low-frequency cluster around the
revolution frequency. It must be noted however, that the beam revolution frequency is not
a multiple of 50 Hz and therefore, the aliases can be distinguished from the excitations
at 50 Hz. Figure 4.7b presents the spectrum centered around the high-frequency cluster.
The red dashed lines represent the expected position of aliased 50 Hz harmonics (fyey — f50,
where f59 are the harmonics of the low-frequency cluster), while the gray dashed lines
illustrate the multiples of 50 Hz (n - f59, where n is a positive integer). As the spectral

components of the high-frequency cluster coincide with the 50 Hz multiples, it is concluded
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that they are not aliased frequencies. It must be noted however, that the harmonics are

not constantly exact multiples of 50 Hz due to the fact that their frequency evolution is

affected by the stability of the 50 Hz mains of the electrical network as shown in the next

section.
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Figure 4.7: The horizontal spectrum of Beam 2 at top energy for a frequency range up to

10 kHz (a), with the low and high-frequency cluster indicated by the blue and orange span,

respectively, and centered around the high-frequency cluster (b). The red and gray dashed

lines represent the expected position of aliased and physical 50 Hz harmonics, respectively.

4.4.4 Frequency modulation of the harmonics

The time variation of the beam spectrum can reveal important information concerning

the source of the perturbation. Due to the variation of the power grid load, the frequency

The following section is dedicated to

of the mains power supply is not strictly 50 Hz.

the impact of the aforementioned drift on the frequency evolution of the 50 Hz harmonics

o7



Chapter 4. 50 Hz harmonics on the LHC beam spectrum

in order to illustrate their distinct signature in the frequency domain. As stated in the
previous section, consecutive measurements are required for a detailed representation of
the spectrograms and thus, the analysis is based on the MIM and the HS BBQ acquisitions.

The spectrogram of the horizontal position of Beam 1 is computed from the MIM data
for a time interval at Stable Beams in the physics Fill 7256. In Fig. 4.8, the horizontal
axis represents the timestamp of each spectrum with a window length of 16384 turns,
the vertical axis is centered around a value in the low (left panel) and high (right panel)
frequency cluster and a color code is assigned to the PSD. An important finding is that,
although the lines are harmonics of 50 Hz, a time variation of their frequency is observed.
Specifically, all harmonics are affected by a similar frequency modulation, the amplitude
of which is proportional to the order of the harmonic. For this reason, the aforementioned
effect is more pronounced in the harmonics of the high-frequency cluster, an observation

which provides yet another indication that these components are not aliases.
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Figure 4.8: The horizontal spectrogram of Beam 1 in a regime of the low (left panel) and

high (right panel) frequency cluster.

To illustrate quantitatively that the harmonics experience a similar frequency modu-
lation, the amplitude of which scales with the order of the harmonic, an algorithm that
can precisely follow their evolution has been implemented. The steps of the algorithm are
the following: for each measured time interval the amplitude of the Fourier spectrum is
computed. The algorithm focuses on a regime in the vicinity of a single harmonic and, by
employing a maximization routine, an accurate determination of its frequency is achieved
by detecting the local maximum. The algorithm returns the frequency and the amplitude
of the harmonic at each time step. This procedure is repeated for all the time intervals
in the spectrogram. An example of the routine’s result is depicted in Fig. 4.9. The spec-
trogram is centered around the 2.95 kHz line and the black line represents the frequency

determination from the aforementioned method. The agreement between the results of the
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algorithm and the spectrogram proves that the frequency evolution of the harmonic is very

well determined.
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Figure 4.9: The horizontal spectrogram of Beam 1 centered around 2.95 kllz and the
frequency evolution of the harmonic (black curve) as computed from the maximization

algorithm.

Iterating over all the harmonics in the spectrum with the aforementioned algorithm
validates the existence of a similar frequency modulation with an amplitude proportional
to the order of the harmonic. Figure 4.10 shows the frequency evolution of all the harmonics
(black) after individually subtracting the mean value, normalizing with the order of the
harmonic and projecting to the fundamental frequency (50 Hz). The modulation of the
fundamental frequency and its low order harmonics cannot be directly extracted from the
beam spectrum without a more refined analysis due to the limited resolution and hence,
these components have been excluded. The modulation is visible in both beams and
planes, during all beams modes and across several unrelated instruments. The proportional
relationship between the modulation amplitude and the harmonic order, observed both in
the low and high-frequency cluster, suggests that they emerge from a common source (see
Section B.1).

The origin of the modulation is clearly related to the stability of the 50 Hz mains
from the electrical network, which then propagates to all the harmonics. This is validated
by comparing the signals from various uncorrelated signals. First, signals from the eight
independent Direct Current Current Transducers (DCCTs) of the main dipole power con-
verters are collected |91, 92|. The DCCTs measure the converter output current with a
sampling rate of 1 kHz. The sum of 50 Hz harmonics is also observed in their spectra with
a similar frequency modulation. For the analysis of the DCCT signals, the fundamental
harmonic (h=1) is selected. An accurate determination of the modulation directly at 50 Hz

requires a more refined Fourier analysis to overcome the problem of limited resolution. For
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this reason, the implementation of the NAFF. The green curve of Fig. 4.10 presents the
frequency evolution of the 50 Hz line, as observed in the DCCTs. All eight independent
measurements reveal an oscillation which is synchronous in phase and equal in amplitude.
The origin of this common drift, which is observed both in the eight DCCTs and the beam,
is the stability of the 50 Hz mains from the power grid. This conclusion can also be ver-
ified by comparing the drift with unrelated signals acquired from other machines of the
accelerator complex, such as the SPS, where the measured drift was identical to the one

observed in the LHC signals.
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Figure 4.10: The frequency modulation of the harmonics observed in the eight DCCTs

(green) and the ones of the beam spectrum (black).

To further support this conclusion, the beam spectrum is compared to the output
voltage spectrum of the Main Bends power converter installed in sector 1-2. During the
MD Fill 7343, voltage measurements of the power converter were collected every minute
with a sampling rate of 50 kHz. The converter’s spectrum consists of 50 Hz harmonics,
extending up to 10 kHz. Figure 4.11 illustrates the voltage spectrogram for a regime in
the low (left panel) and high (right panel) frequency cluster. Applying a similar analysis
to the one used for the harmonics of the beam yields a similar frequency evolution of the
50 Hz components in the power converter. Figure 4.12 presents the modulation of the
lines in the power converter (blue) and the beam (black) for the same time interval, after
normalizing with the harmonic order. The strong correlation between the two enhances the
hypothesis that the modulation originates from the stability of the mains. It is interesting
to note that, at the end of the MD (6 am Central European Time), a frequency drift above
the usual variation of the 50 Hz is visible in both spectra. To validate that this effect is

reproducible, fills for the same time and different days have been analyzed, yielding similar

60



Chapter 4. 50 Hz harmonics on the LHC beam spectrum

03:50

03:21

UTC time (hh:mm)

Fill 7343, S1 -2 Vpc
02:52 ,
3.45 3.60 7.95 8.10

f (kHz) f (kHz)

Figure 4.11: The voltage spectrum of the power converter of the Main Bends in sector 1-2

for the low (left panel) and high (right panel) frequency ranges.

results. These variations appear to be the result of the changing load of the power grid at

this time of the day.
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Figure 4.12: The frequency modulation of the harmonics observed in the voltage spectrum

of the main dipoles power converter of sector 1-2 (blue) and the ones of the beam spectrum

(black).

The previous findings are not used to establish a correlation between the dipole power

converter in sector 1-2 and the beam. The importance of these observations resides on the
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fact that, if the 50 Hz harmonics are the results of a real beam excitation, their frequency
domain signature points to a specific type of power converter as the noise source. In
particular, the existence of multiple 50 Hz harmonics in combination with the frequency
modulation induced by the mains suggests that the origin of these frequency lines are power
converters that are based on commutated Thyristor Technology. This can be understood
with a frequency analysis of the variation of the magnetic field (B-Train) in two other
machines of the accelerator complex: the PS and the and SPS [93, 94]. In the B-Train
system, a pickup up coil is installed in the aperture of the reference dipole magnets. The
measured signals correspond to the rate of change of the magnetic field. Figure 4.13
shows the spectrogram of the magnetic measurements for the PS (Fig. 4.13a) and SPS
(Fig. 4.13b). The PS spectrum reveals a strong component at 5 kHz, which is the frequency
of some of its Switch-Mode power converters [95]. The switching of this type of power
converter is regulated by a clock. Subsequently, a negligible variation in the frequency
evolution of the line is observed. As the switching frequencies are well defined, they can be
easily identified and no 50 Hz harmonics are present in the signal. On the contrary, in the
SPS case, the power converter is a Silicon Controlled Rectifier (SCR). Hence, the 50 Hz
harmonics are visible on the signal and the stability of the mains has an impact on the
output current of the power converters. For the next sections, when the expected position
of the 50 Hz harmonics is illustrated, the drift of the harmonics due to the modulation is

taken into account.
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Figure 4.13: The spectrum of the B-Train in (a) PS and (b) SPS.

Therefore, if environmental noise is excluded as the origin of the perturbation, the
signature of the 50 Hz harmonics in the beam spectrum suggests that the possible sources
are limited to magnets with SCR power converters. The magnets with such types of power
converters in the LHC are presented in Table 4.1 [91, 96]. To this end, the next sections

focus on determining whether the 50 Hz harmonics are the result of a real beam excitation
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or external noise perturbing the beam signal.

Table 4.1: The SCR power converters in the LHC [91, 96].

Power converter Use
RPTE Main dipoles
RPTF Warm quadrupoles (Q4, Q5)
RPTG Dogleg dipoles (D1, D3, D4, spare)
RPTL Alice compensator
RPTM Septa
RPTI Alice and LHCD dipoles
RPTN LHCb compensator
RPTJ CMS Solenoid
RPTH Alice Solenoid
RPTK RF Klystron

4.4.5 Betatron phase advance from Q7 to Q9

The phase evolution of the 50 Hz harmonics between two locations in the ring can
clarify whether the noise lines are the result of a real beam excitation. To this end, their
phase advance is measured between two closely separated pickups and is then compared to
the betatron phase advance between the same pickups. For the validity of the comparison,
the two observation points must be situated in a relatively close distance, so that the beam
does not encounter a noise perturbation while crossing this path. If the harmonics are the
result of a spurious signal entering the beam then their phase advance is not expected to
correspond to the betatronic one. Furthermore, in general, an arbitrary dephasing between
the low and high-frequency cluster should be observed. On the contrary, in the case of a
real excitation, the noise phase advance must correspond to the betatronic one for all the
harmonics present in the spectrum.

In the context of this investigation, two pickups of the transverse damper, referred to as
Q7 and Q9, are selected for the analysis. At collision energy, the betatron phase advance
between the two observation points is defined by the optics and is approximately equal to
110°. The first step is to compute the complex Fourier spectra for a single pickup and for
each bunch in a physics fill to observe the dephasing of the lines across the full machine.
As reported in the previous sections, with the present noise floor, the evolution of the lines
cannot be determined with a single bunch. For this reason, the average signal is computed
from five consecutive LHC trains, each one of which consists of 48 bunches. Then, the
phase evolution of each harmonic is computed across the machine.

Figure 4.14 depicts the dephasing of a harmonic in the low (Fig. 4.14a) and high-
frequency cluster (Fig. 4.14b) as a function of the train number for Q7 (blue) and Q9
(green). The gray dashed lines illustrate the expected dephasing, which is proportional to
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the frequency and the time delay of the trailing trains from the first train in the machine.
It must be noted that by averaging over a few consecutive trains the signal is sub-sampled
to frev, similarly to the single bunch case. Based on the above, the negative slope of the
7.8 kHz (h=156) shows that the phase evolution of the harmonic was computed through
aliasing. The phase advance of each harmonic is the difference in the phase determination
of the two pickups. In both cases, a correspondence to the betatron phase advance is found,
an observation that clearly proves, for the first time, that the two excitations originate from

the beam.
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Figure 4.14: The phase evolution of the (a) h=59 and (b) h=156 harmonic as a function
of the train number for Q7 (blue) and Q9 (green).

The reproducibility of the previous results must be verified for all the harmonics in
the beam spectrum. It is also important to determine the standard deviation of these

computations, as following the frequency drift of lower-amplitude harmonics can introduce
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uncertainties. To this end, the filling scheme of the physics Fill 7334 is divided in three
groups of consecutive trains. Each group corresponds to approximately one-third of the
total beam. The average value and the standard deviation of the dephasing between Q7
and Q9 are computed from the three groups for all the harmonics above noise level.
Figure 4.15 demonstrates the average phase advance for the harmonics in the low (blue)
and high (orange) frequency cluster and the error bars represent one standard deviation.
The gray dashed line indicates the betatron phase advance. From this observation it is
concluded that, within the uncertainties of the analysis, all harmonics exhibit a phase
advance that is compatible with the betatronic, thus proving that the observations are not
instrumental. Following this conclusion, the next sections focus on identifying the origin
of the perturbation by studying the response of the noise during changes in the beam or

machine parameters, starting from the simplest modification, which is the change of tune.
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Figure 4.15: The average phase advance from Q7 to Q9 for the harmonics in the low (blue)
and high (orange) frequency cluster. The error bars represent one standard deviation and

the gray dashed line illustrates the betatron phase advance.

4.4.6 Change of betatron tune

The conclusions of the previous sections are based on parasitic observations with a static
beam and machine configuration. This section investigates the response of the harmonics
during a simple modification of the betatron motion such as the change of the tune at Flat
Top. As previously mentioned, at this point in the beam cycle, the beam energy reaches
the maximum value of 6.5 TeV and, after a few minutes at top energy, the decimal part
of the horizontal tune is trimmed from approximately 0.28 to 0.31. Figure 4.16 presents
the HS BBQ spectrogram for the horizontal plane of Beam 1 in the physics Fill 7056. The

spectrogram is centered around the betatron tune for the whole duration of Flat Top and
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a color code is assigned to the PSD. The black dashed line represents an approximation
of the horizontal tune evolution. First, one must observe that the frequencies of the lines
are not affected by the tune change. This fact proves that the harmonics are the result
of a dipolar field error rather than a tune modulation. Second, a comparison prior and
after the trim leads to the conclusion that the amplitude of the lines in the vicinity of
the betatron tune is strongly enhanced. This resonant behavior is in agreement with a
dipolar perturbation, with an excitation frequency that approaches the betatron tune (see
Section 4.2).
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Figure 4.16: The horizontal spectrogram of Beam 1 at Flat Top. The black dashed lines

represent an approximation of the injection and the collision tune.

Of particular interest is the impact of the tune change on the high-frequency regime. To
investigate this effect, the high bandwidth spectrum is computed from the ADTObsBox
prior and after the tune trim. Figure 4.17 shows the horizontal spectrum of Beam 2
up to 10 kHz (Fig. 4.17a) at top energy with the injection (blue) and collision (black)
tune. Similarly to the HS BBQ, the closest harmonics to the tune of the low-frequency
cluster are enhanced in terms of amplitude. It must be noted however, that a shift is also
observed at the position of the high-frequency cluster. To further illustrate this effect,
the spectrum is centered around the high-frequency cluster in Fig. 4.17b. Although the
effect is dipolar in both cases (the harmonics coincide with the 50 Hz multiples indicated
with the gray lines), this observation shows that, as stated in Section 4.4.3, the location
of the cluster is at fiev — fx and thus, depends on the tune. The fact that the changes in
the beam configuration affect the amplitude of the noise lines provides further proof that
the harmonics are the result of a real beam excitation. To complement these findings, the
response of the harmonics is studied when another modification is applied to the betatron

motion and specifically, to its phase advance, while the tune is constant.
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Figure 4.17: The horizontal spectrum of Beam 2 prior (blue) and after (black) the tune
change (a) at Flat Top and (b) centered around the high-frequency cluster. The gray
dashed lines represent the multiples of 50 Hz.

4.4.7 Change of phase advance between IP1 and 5

During the MD Fill 6984, the betatron phase advance between the IP 1 and 5 were
modified [97]. This was achieved through the incorporation of a set of optics knobs, which
allow scanning the phase between the two IPs, based on the ATS scheme [35]. In this
case, the knobs lead to a trim in the current of the quadrupole families responsible for the
control of the tune. Throughout these modifications, the betatron tune is constant.

To demonstrate the impact of the knob, Fig. 4.18 illustrates the converter current for
a single quadrupole (red). The evolution of the current corresponds to a change of the
phase advance within a range of £ 20° for the horizontal plane of Beam 1. During this

time interval, the amplitude evolution of the harmonics is computed. Figure 4.18 also
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denotes the response of the h=12 harmonic (black curve). The amplitude evolution of
the lines in the low-frequency cluster is clearly impacted by the variation of the betatron
phase advance, an effect that provides definitive indications that they originate from the
beam. As far as the high-frequency cluster is concerned, no impact is observed in their
amplitude evolution throughout these tests. Following the change of the betatron tune
and phase advance, we explore the evolution of the spectrum across different beams modes

and thereby, different energies and optics.
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Figure 4.18: The amplitude evolution of the 600 Hz lines (black) during the change of
the phase advance between IP1 and IP5. while the tune is kept constant. The red line

represents the current in the quadrupole trims employed for the phase scan.

4.4.8 The spectrum evolution during the LHC cycle

Some of the magnets in Table 4.1 can be excluded as potential noise sources by observing
the evolution of the spectrum across the cycle. For this reason, the horizontal spectrum
of Beam 2 is computed for various beam modes (physics Fill 7033). For the comparison,
we profit from the calibrated metric provided by the ADTObsBox. Figure 4.19 depicts
the spectra, centered around the low (left panel) and high (right panel) frequency clusters.
The beam modes of particular interest are Ramp (Fig. 4.19a and 4.19b) for two values of
the energy, Flat Top prior to the change of tune (Fig. 4.19¢), Squeeze (Fig. 4.19d) and
Stable Beams (Fig. 4.19e and 4.19f) for two steps of the §*-levelling.

First, due to the fact that the 50 Hz harmonics are systematically present in all beam
modes and fills, the power converters of the spare magnets and the septa are excluded.
Second, the amplitude of the noise lines does not significantly attenuate with increasing
beam energy. Considering a non-ramping power converter as the source, a reduction of
the angular deflection and thus, of the amplitude of the noise, should be observed with

increasing beam rigidity. The absence of such an attenuation leads to the conclusion
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Figure 4.19: The horizontal beam spectrum of Beam 2 during Ramp (a,b), Flat Top (c),
Squeeze (d) and Stable Beams (e,f).

that the noise is originating from a ramping power converter. Consequently, all non-
ramping power converters can also be excluded. Through this process of elimination,
the remaining candidates of Table 4.1 are the main dipoles and the warm quadrupoles.
Combining this finding with previous indications of the dipolar nature of the source, the
investigation focuses on the power converters of the Main Bends. The main dipoles have
undoubtedly the highest filling coefficient in the machine and, as previously mentioned, the
studies conducted in other machines have proved that the arc circuit was systematically
the dominant contributor. To verify this assumption, a modification was applied in the

power converters of the main dipoles and the beam response is presented and discussed in

the next section.
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Additionally, reviewing the spectrum at Ramp and Flat top yields a further excitation
of the high-frequency cluster across the two beam modes. A comparison between Flat
top (injection tune) and Squeeze (collision tune) illustrates the dependence of the position
of the high-frequency cluster to the betatron tune, as discussed in the previous sections.
Finally, the 8* reduction from 30 cm to 25 cm at Stable beams does not have an impact on
the amplitude of the harmonics. The increase of the noise floor between the two spectra

is due to the reduction of the beam intensity across the two observations.

4.4.9 Active filters of the main dipole power converters

Based on the previous findings, the pursued investigations focus on the main dipoles
circuit. To establish a correlation between the harmonics of the beam and the ones in the
output of their power converters, a modification in the configuration of the latter is needed.
In this context, an important observation was made when the status of the active filters of
the Main Bends, which are installed for the attenuation of the 50 Hz ripples [91, 98], was
changed. During dedicated MD fills, the eight active filters were disabled sector-by-sector.
The main observable throughout these tests is the amplitude evolution of the harmonics.
First, the impact on one noise line is demonstrated and then the observations are extended
to different beam energies and various harmonics.

Figure 4.20 illustrates the 3D spectrogram for the horizontal plane of Beam 1, as
acquired from the MIM, for the time interval of the tests conducted at injection (Fill 7343).
For a first demonstration, the frequency range is limited around 600 Hz. The projection of
the spectrogram, which illustrates the amplitude evolution of the h=12 harmonic, is shown
with the blue curve. Disabling the eight filters leads to abrupt changes in its amplitude
evolution.

To clearly illustrate these results, the amplitude evolution of the h=12 harmonic is
extracted from the 3D spectrogram. Figure 4.21 (top panel) presents the response of the
600 Hz line in Beam 1 (blue) and 2 (red) for two separate beam modes: a fill at injection
(Fig. 4.21a) and at top energy (Fig. 4.21b). The status of the eight active filters is presented
for the same time span (bottom panel) and a color code is assigned to each sector. The
distinct changes in the amplitude coincide with the disabling of the filter of each sector. As
a last step at injection, the filters were disabled simultaneously, which led to an important
increase in the amplitude of the line.

The observations on the h=12 harmonic provide evidence that all eight power converters
contribute to this effect. The question that arises is whether the most impacted sectors in
terms of noise can be identified. Reviewing the results of Fig. 4.21 yields that the positive
or negative impact of the filter compared to the baseline, which is defined as the amplitude
of the harmonic prior to the test, depends on the sector. For instance, at injection in Beam
1, disabling the Filter of sector 1-2 leads to an increase of the ripple amplitude. Therefore,
the filter, when active, suppresses the harmonic and its impact is characterized as positive.
On the contrary, sector 5-6 has a negative contribution at injection. Then, comparing the

same sector across the two beams reveals a different impact between the two (e.g., sector
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500

Figure 4.20: The horizontal spectrogram of Beam 1 during the tests of the active filters

at injection centered around 600 Hz. The blue lines represent the amplitude evolution of

the spectral components in this regime.

5-6 at injection). This can be possibly attributed to the different phase advance of the two

beams in the ring. Finally, the contribution for the same beam and sector also depends on

the beam energy (e.g., Beam 2, sector 3-4).
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Figure 4.21: The response of the h=12 harmonic (top panel) during the tests with the
active filters for Beam 1 (blue) and Beam 2 (red) (a) at injection and (b) top energy. The

status of the active filters is color-coded with the sector number (bottom panel).

The correlation with the power converters is not only valid for the 600 Hz line, but for

most of the 50 Hz harmonics included in the low-frequency cluster. Figure 4.22 shows the
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amplitude evolution of various harmonics at injection, represented with a different color
code. The abrupt changes in the amplitude when disabling the active filter of each sector
are reproduced for harmonics up to 3.6 kHz. In addition to the observations at 600 Hz,

the contribution of each sector also varies across the harmonics.
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Figure 4.22: The amplitude evolution of the harmonics in the low-frequency cluster (up
to 3.6 kHz) during the tests with the active filters.

To summarize, applying a simple modification in the configuration of the dipole power
converters, such as modifying the status of the active filters, has a direct impact on the
low-frequency cluster harmonics of the beam. These results provide evidence that the
power converters of the main dipoles are at least a major contributor to the harmonics up
to 3.6 kHz observed in the beam spectrum. It is the first time that such a correlation has
been demonstrated in the LHC. Presently, no model exists to predict the impact of the
active filters on the transverse spectra, as a function of the sector, the beam energy and
the order of the harmonic and therefore, a classification of the sectors in terms of noise is
not currently performed.

It must also be underlined that no change in the amplitude evolution of the harmonics in
the high-frequency cluster is reported during these tests. A possible explanation is that, due
to their limited bandwidth, the active filters are not acting in such a high-frequency regime
and thus, no impact in the high-frequency cluster is expected. Figure 4.23 demonstrates
the voltage spectrum of the power converter in one of the LHC sectors, first, when the
active filter is enabled (Fig. 4.23a) and, then, disabled (Fig. 4.23b). In this case, the
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vertical lines represent the multiples of 600 Hz. The comparison of the spectrum prior
and after the modification shows that the active filter is suppressing the harmonics up to
approximately 3 kHz, while it enhances the high order harmonics. Additional observations

concerning the high-frequency cluster are discussed in the next sections.
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Figure 4.23: Voltage spectrum of the power converter of the main dipoles in one of the
LHC arcs (Sector 1-2) with the active filter (a) enabled and (b) disabled. The vertical gray
lines represent the multiples of 600 Hz.

4.4.10 Comparison of beams and planes

A comparison between the spectra of the horizontal and vertical plane provides yet an-
other indication of the dipolar nature of the source. The spectra of both beams and planes
are measured for the physics Fill 7334. As the pickups for the two beams and planes
are located in different positions in the ring, the ADTObsBox calibrated spectra are nor-
malised with the corresponding S-functions. Figure 4.24 demonstrates the spectra for the
horizontal (magenta) and vertical (cyan) plane for Beam 1 (left) and 2 (right). Comparing
the amplitudes of the spectral lines yields that the perturbation is mainly affecting the
horizontal plane, an effect compatible with a dipolar field error. Due to the transverse
coupling of the machine, an attenuated perturbation is also present in the vertical plane.
To demonstrate that this effect results from the coupling, controlled excitations have been
applied in the horizontal plane of Beam 1 using the transverse damper in a dedicated MD
fill (see Section 4.5.1). In this case, although only the horizontal plane was excited, the
oscillation was visible also in the vertical plane.

Furthermore, it must be highlighted that the maximum offset observed in the horizontal
spectrum of Beam 1 is approximately 0.1 gm, which corresponds to 1072 . As shown in the
Section 4.2, assuming a single dipolar perturbation, this value corresponds to a deflection
of 0.09 nrad at a location with 5 = 105 m for an excitation frequency in the vicinity of the
tune. Comparing the equivalent kick with the bending angle of a single dipole in the LHC
(~b mrad) and neglecting additional effects (transverse damper, electron-cloud, transverse

impedance) yields a field stability of 1.8 - 10%, a value which is well within the power
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converter specifications.

le-3
Fill 7334, Stable beams —— Horizontal plane
Vertical plane
0.8 - -
©
N—"
=
o
B 04 - -‘
‘Ill.‘lleJ ['u*l ’l,mlﬂdrn‘j’l‘“ ‘l‘uﬂl.& le\-lnw | L‘NWMJJ‘
0.0 T I I I
0 8

8 0
f (kHz)

Figure 4.24: The spectrum of the horizontal (magenta) and vertical (cyan) plane of Beam

1 (blue) and 2 (red) in Stable Beams, normalized with the corresponding S-functions.

Comparing the spectra of the two beams yields an asymmetry in terms of noise between
Beam 1 and 2. Based on the amplitudes of the spectral components, a more significant
effect is visible in Beam 1. To verify the reproducibility of this observation, the spectra
of both beams and planes are computed for all the proton physics fills of 2018. For each
fill, the maximum offset induced by the 50 Hz harmonics is computed, which corresponds,
in Stable Beams, to a frequency of 7.7 kHz. Figure 4.25 depicts the maximum amplitude
observed in the spectrum as a function of the fill number for the horizontal (magenta) and
vertical (cyan) plane in Beam 1 (blue) and 2 (red). The dashed lines represent the average
offset over all the fills for each plane. These results confirm that the noise is systematically
more pronounced in Beam 1 than Beam 2 by approximately a factor of two in the horizontal
plane. It is particularly interesting to note that the amplitude of the noise is very regular
across the fills, with a single exception in Fill 7035, an observation that is further analyzed

in the next section.

4.4.11 Change of the ADT settings

The fill-by-fill analysis of the spectra reveals an increase of the noise in terms of ampli-
tude in the physics Fill 7035. In this context, an additional parameter that has not been
included in the analysis so far is the activity of the transverse damper and the interplay
with the 50 Hz harmonics. In the nominal LHC cycle, the ADT settings are modified and

74



Chapter 4. 50 Hz harmonics on the LHC beam spectrum

—== BIH, Xy = 146.7 nm === B2H, Xax = 84.3 nm
1.0 4 === BI1V, X =33.6 nm - === B2V, X =50.7 nm
~
g
1 [ ]
A
~
N
= .
o
wv °
0.5 - -
N —
o .
=
° o.'..
E ﬁ 'Hﬁﬂ.
-.. ___-33-'.. __8-}_ _m:____u 2 _ _r
0.0 L 0eOE—— e Ry~ === YR - S0P

7100 —

Figure 4.25: The maximum amplitude of the 50 Hz harmonics for the horizontal (magenta)
and vertical plane (cyan) of Beam 1 (blue) and 2 (red) for all the proton physics fills of
2018.

in particular, the extended ADT bandwidth is changed to standard bandwidth at the end
of Adjust [99, 100]. In the Fill 7035, this modification was not applied and the extended
bandwidth was used at Stable Beams. Figure 4.26 illustrates the horizontal spectrum of
Beam 2 at Stable Beams for the Fill 7033 (Fig. 4.26a) with the standard ADT bandwidth
and for the Fill 7035 (Fig. 4.26b). Comparing the two spectra yields an increase in the am-
plitude of the 50 Hz harmonics in the regime above 3 kHz, which is particularly important
for the high-frequency cluster. This observation indicates that the high-order harmonics
are suppressed by the damper in normal operation. The impact of the ADT settings is
also systematically observed in other beam modes of the machine cycle during which the
bandwidth was modified such as the Adjust.

The importance of this finding resides on the fact that a strong asymmetry is present
between the frequencies of the low and high cluster in terms of amplitude. In particular,
these observations indicate that, in the absence of the damper, the amplitude of the har-
monics in the high-frequency cluster is expected to be further enhanced compared to the
values that have been observed experimentally. In contrast, Fig. 4.23a shows that the noise
in the power converter voltage spectrum attenuates with increasing frequency. Further-
more, high-frequency perturbations such as the high-frequency cluster strongly exceed the
cutoff frequency of the LHC main dipoles due to the shielding effect of the beam screen
[101]. To this end, if the high-frequency cluster is driven by a direct excitation due to power
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Figure 4.26: The horizontal spectrum of Beam 2 at Stable Beams centered around the low
(left panel) and high (right panel) frequency cluster for a fill with (a) the standard (Fill
7033) and (b) extended (Fill 7035) ADT bandwidth.

converter noise, a significant attenuation of its amplitude should be observed compared to

the low-frequency cluster, while experimentally we observed the opposite.

Additionally, it should be mentioned that the increase of the noise by a factor of two
in Fill 7035 did not lead to an increase of losses or emittance growth compared to the rest
of the fills. However, as the duration of the fill was limited to 40 minutes, the impact of

the noise lines on the beam lifetime cannot be excluded.
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4.4.12 Summary of observations and discussion

The beam transverse spectra, as computed from the ADTObsBox bunch-by-bunch ac-
quisitions, reveal the existence of 50 Hz harmonic perturbations in two frequency regimes,
namely the low and high-frequency clusters. Although many similarities have been identi-
fied between the low and high-frequency cluster, the need to distinguish the two regimes
is justified by their different response when modifications in the machine configuration are
applied. Comparing the amplitudes of the noise lines residing in each regime yields that
larger excitation amplitudes are observed on the beam motion due to the high-frequency
cluster. This section summarizes the findings, organizes the observations per cluster, dis-
cusses possible sources and presents the conclusions from the experimental observations.

A summary of the most important findings can be found in Table 4.2.
Table 4.2: The summary of the observations for the low and high frequency cluster..

Low frequency cluster High frequency cluster

Comb of 50 Hz
Frequency modulation from the mains
Phase advance Q7-Q9 compatible with betatronic

Dipolar nature

Mainly in the horizontal plane
Higher amplitude in Beam 1
Impact from IP1/5 phase scan Impact from change of tune

Impact from Active filters Impact from ADT settings

The analysis in frequency domain illustrates a common signature between the two
clusters. Both regimes consist of a set of 50 Hz harmonics, that experience a frequency
modulation induced by the mains. Several observations prove that both regimes are the
result of a real beam excitation. Based on the fact that the harmonics are multiples of 50 Hz
rather than sidebands around the tune, and that the horizontal plane is mainly affected,
it is concluded that the nature of the source is dipolar. The signature of the harmonics in
both regimes is compatible with a ramping SCR power converter. Comparing the spectra
of the two beams shows that a larger impact is systematically observed in Beam 1 across
all proton physics fills in 2018.

For the low-frequency cluster, it is reported that changing the betatron phase advance
between IP1 and 5 had an impact on the amplitude evolution of these harmonics, which
further proves that they are coupled to the beam. A correlation with the power converters
of the main dipoles has been demonstrated. The status of the active filters has an impact
on their amplitude evolution, an effect which proves that all eight sectors contribute to this
effect. The response of the lines depends on the beam energy, the beam that is considered
and the order of the harmonic. A model to quantify the beam response to each sector

cannot be determined at the moment. From these experiments, it is concluded that the
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50 Hz harmonics extending up to 3.6 kllz are the result of a direct excitation due to noise
in the LHC main dipoles.

The amplitude of the beam oscillations in the high-frequency cluster is larger if com-
pared to the low-frequency cluster, hence the importance to identify its origin. If both
clusters emerge from a common source, the question that arises is what is the mechanism
that allows these high-frequency components to excite the beam. In fact, oscillations at
such high frequencies are expected to be significantly attenuated by the shielding effect
of the beam screen in the dipole magnets [101]. A review of the power converter’s spec-
trum in sector 1-2 (Fig. 4.23)reveals that there is a reduction of the noise with increasing
frequency. To this end, the impact of the harmonics above 3.6 kHz was expected to be
negligible compared to the low-frequency cluster. On the contrary, experimental observa-
tions indicate the presence of important spectral components in the frequency regime of
frev — fx. More interestingly, the amplitude increase of the lines when the ADT settings
are modified indicates that, in normal operation, the high-frequency cluster is suppressed
by the damper. This fact underlines that, in the absence of the damper, there is a sig-
nificant asymmetry between the two clusters in terms of amplitude as the high-frequency
cluster is expected to be even further enhanced. Furthermore, an important observation
is that there is a dependence of the cluster’s location on the betatron tune. A resonant
behavior of noise lines around fy and f.., — fx is indeed expected from a direct dipolar
excitation but it does not explain the higher sensitivity observed around fye, — fx compared
to fx. Combining these information suggests that, rather than a direct excitation, the
high-frequency cluster is the result of the interplay between noise from the dipoles and a
mechanism originating from the beam. In particular, the transfer function from the power
converter voltage to the magnetic field seen by the beam indicates that the noise reduces
with increasing frequency however, it does not consider the beam response. Therefore, the
asymmetry between the two clusters can be explained if there is a higher sensitivity of the
beam response in the regime fio, — fy, leading to important offsets from small noise pertur-
bations. For instance, a potential candidate is the interplay of the beam with the machine
transverse impedance, as the first unstable mode is at fiey — fx [102]. Further observations
and experiments are necessary to verify this hypothesis and to identify the exact mecha-
nism that is responsible for the asymmetry between the two regimes. Finally, it should be
mentioned that, regardless of the perturbation source, it has been demonstrated that the
transverse damper can effectively suppress these harmonics. To this end, the capabilities
of the transverse damper can be employed in the future as a mitigation measure against

this noise perturbation, without the need to apply modifications on the power converters.

In the context of these studies, a general framework for the analysis of the experimental
data has been developed and presented in the previous sections. These tools include
computing high-bandwidth spectra from bunch-by-bunch acquisitions while preserving the
signal metric and reducing the noise threshold, as well as methods to determine whether a
frequency component in the beam spectrum is the result of a real excitation. The analysis

presented in this study can be used to address other types of noise effects. Following the
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experimental observations, the next sections are dedicated to simulation studies.

4.5 Controlled excitations

To study the impact of dipolar noise at various frequencies and amplitudes, controlled
dipolar excitations were applied with the transverse damper during dedicated MD time in
Run IT [103]. These excitations were conducted at injection energy for two Fills, consisting
of a single bunch and three trains of 48 bunches placed azimuthally symmetric in the LHC
ring, respectively. Such a filling scheme provides a uniform sampling rate for the Fourier
analysis of the ADTObsBox data. The aim of this section is to validate the simulations
with noise and to reproduce some of the effects presented in the previous sections in a

controlled manner.

4.5.1 ADT excitations during MD4147

Figure 4.27 shows the horizontal spectrum of Beam 1 during a controlled excitation
at 2.5 kHz (star-shaped marker) in a Fill that consists of a single bunch. The important
parameters of the excitation such as the frequency and the offset are computed from the
spectrum. Using Eq. 4.6, the equivalent kick at the location of one of the ADT kickers is

determined, assuming an observations point at the location of the Q7 pickup.
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Figure 4.27: A controlled dipolar excitation at 2.5 kHz in the horizontal plane of Beam 1.

Iterating over all the excitations performed in the Fill, the values of the offsets, as well
as the equivalent kicks, as a function of the excitation frequency are depicted in Fig. 4.28
(star-shaped markers). Furthermore, from the ADT parameters, the maximum deflection
is computed which is then used to determine the maximum expected offset through Eq. 4.6.
Both in the estimations of the deflections (left) and the impact on the transverse position

(right), a discrepancy between the two is found by approximately a factor of 100.
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computed from the ADT parameters and the beam spectrum, respectively as a function
of the excitation frequency (left). The offsets as observed in the beam spectrum (star
markers) and as computed from the deflections based on the ADT parameters (square

markers).

4.5.2 Validation of simulations

The impact of the excitations on the beam lifetime is compared against the DA thresh-
olds computed with simulations in the presence of dipolar noise. To this end, simulations
with the single-particle tracking code, SixTrack [54], have been performed. In the simula-
tions, a distribution of particles, forming a polar grid in the configuration space, is tracked
for 10° turns (~90 seconds) in the LHC lattice at injection energy. The polar grid consists
of nine angles and a radius from two to ten o with a step of two o. Furthermore, a horizon-
tal modulated dipolar noise source is included at the location of one of the ADT kickers,
while the observation point is located at the position of the Q7 pickup. The parameters
used in the simulations are presented in Table 4.3. In each study, a different combination
of the excitation frequency and amplitude is selected. In particular, considering a constant
excitation frequency, the value of the kick is increased and the minimum DA is computed
for each case. In this way, a noise amplitude threshold is defined and beyond this limit
a reduction of DA is expected. Figure 4.29 presents the frequency of the excitation as a
function of the deflection. A color code is assigned to the minimum DA to distinguish the
regime where the noise has no significant impact (blue) from the one where a reduction of
DA is expected (red).

Experimentally, some of the excitations lead to a significant reduction of the beam
lifetime. To retrieve the initial deflection applied from the transverse damper, the offset
and the frequency are extracted from the calibrated ADTObsBox beam spectrum. Then,

based on these two parameters, the equivalent kick at the location of one of the ADT
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Table 4.3: The LHC parameters at injection used in the simulations with dipolar noise.

Parameters (unit) Values
Beam energy (GeV) 450
Bunch spacing (ns) 25
Betatron tunes (v, vy) (62.275, 60.295)
Normalised emittance (um rad) 2.5
Chromaticity 15
Octupole current (A) 20
Bunch population (protons) 1.15el11
Horizontal 8 at Q7 (m) 130.9
Horizontal g at kick (m) 272.8
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Figure 4.29: The frequency of the excitation as a function of the deflection. A color code
is assigned to the minimum DA. The star shape markers present the equivalent kicks, as
computed from the beam spectrum, during the controlled ADT excitations. The blue and

red markers indicate whether a reduction of lifetime was or was not observed, respectively.

kickers is computed (see Section 4.5.1). In Fig. 4.29, the star-shaped markers illustrate
the equivalent kicks and a color code is assigned to the markers that allows distinguishing
the excitations that had no impact on lifetime (blue) from those that lead to proton losses
(red). The comparison between experimental observations and the noise threshold defined
by DA simulations yields that a good agreement is found between the two for the majority
of the excitations.

It must be noted however, that the equivalent kick determined from the beam spectrum
for an excitation at 600 Hz exceeds the maximum ADT kick strength (2 prad at injection)

[104, 105]. In particular, an important discrepancy is found between the maximum deflec-
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tions retrieved from the ADT parameters and the ones computed from the beam spectrum
for all the excitation frequencies (see Section 4.5.1). The offsets observed experimentally
when exciting at multiples of 50 Hz are higher than the ones expected by a factor of ap-
proximately 100. Although the origin of this discrepancy has not been identified, this effect
can be possibly attributed to the interplay between the controlled excitations at multiples
of 50 Hz and the pre-existing 50 Hz harmonics that naturally arise in the spectrum due to

power converter noise. Further experiments are required to validate this hypothesis.

Finally, both simulations and experimental observations indicate than an important
impact on losses is observed in the presence of strong dipolar excitations at frequencies
situated beyond the betatron tune spread such as the h=11 harmonic. This effect is due
to the fact that a dipolar modulation, in combination with the non-linear elements of the

LHC lattice, leads to a tune modulation through feed-down effects.

4.5.3 Horizontal and vertical coupling

The controlled excitations can improve the understanding of the role of the coupling
in the presence of noise. Figure 4.30 illustrates the spectrum of the horizontal (magenta)
and vertical (cyan) plane of Beam 1 during an excitation at 600 Hz. At this time interval,
only the horizontal plane was excited, while the excitation is also visible in the vertical
plane. This observation indicates that noise originating from a source that impacts only
the horizontal plane, such as the main dipoles, is expected to also be present in the vertical
plane. In particular, after normalizing the observed offsets with the corresponding S-
functions, the comparison between the two planes yields a factor of 1.6% at injection

energy.

E —— Horizontal plane
Vertical plane
10? 3
e ]
S 10! 5
N~ =
= ]
o ]
10° '
1 wh et b i il M st
107! ‘
7 T T T
0 500 1000 1500
f (Hz)

Figure 4.30: The impact of a horizontal controlled excitation at 600 Hz for the horizontal

(magenta) and vertical (cyan) plane of Beam 1.
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4.5.4 Coupling of Beam 1 and 2

Section 4.4.11 demonstrated that the bunch-by-bunch variations of one of the 50 Hz
harmonics exhibit patterns compatible with beam-beam effects. To further investigate
this observation, an excitation was applied at 600 Hz in the horizontal plane of Beam 1
with multiple trains injected in the machine. Based on the selected filling scheme, the two
beams encounter at IP1 and 5. Figure 4.31 depicts the spectrum of Beam 1 (blue) and 2
(red) for the first bunch of the first train. Although the excitation was applied in Beam 1,

it is also visible in Beam 2, an effect that was not observed during the single-bunch Fill.
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Figure 4.31: The horizontal spectrum of Beam 1 (blue) and 2 (red) during an excitation

at 3 kHz, applied only in Beam 1, with a filling scheme consisting of multiple trains.

As the amplitude of the excitation exceeds the single-bunch noise baseline, the bunch-
by-bunch variations of the injected noise can be computed. Figure 4.32 presents the am-
plitude evolution of the excitation as a function of the bunch position in the ring for Beam
1 (top) and 2 (bottom). The excitation is visible in Beam 2, although only Beam 1 was
excited. The bunch-by-bunch variations observed in Beam 2 indicate that a maximum
impact is observed at the center of the train, an effect that is consistent with the number

of long-range encounters in IP1 and 5.

Furthermore, the amplitude evolution of the injected noise in Beam 1 yields that not
all bunches experience the same offset, an effect that is also reported from the phase
evolution of the noise (Section 4.5.5). The origin of these variations is yet to be identified,
however it must be noted that these patterns are observed only in the presence of significant
offsets. Reducing the amplitude of the injected noise leads to a reduction of the observed

discrepancies between the bunches.
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Figure 4.32: The bunch-by-bunch variations of the excitation at 3 kHz for Beam 1 (top)
and 2 (bottom).

4.5.5 Phase evolution

The analysis method presented in Section 4.3 is based on the assumption that the
dephasing of the bunch-by-bunch spectra is linearly proportional to the frequencies and
the time delay of the trailing bunches compared to the reference i.e., the first bunch in the
machine. Although this hypothesis has been validated with simulations, experimentally,
with the present noise baseline, the bunch-by-bunch phase evolution of the harmonics
cannot be directly computed. On the contrary, in the presence of a strong excitation, the
determination of the bunch-by-bunch phase evolution is feasible as the amplitude of the
noise line exceeds the noise floor of the single bunch spectrum. To this end, the bunch-
by-bunch Fourier spectrum is computed during an excitation at 2.8 kHz in the horizontal
plane of Beam 1, which resulted in an offset of 7.9 um. Figure 4.33 demonstrates the phase
evolution of the excitation across the three trains. A comparison with the expected phase

evolution (gray dashed line) yields that a good agreement is found between experimental
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Figure 4.33: The bunch-by-bunch phase evolution of an excitation at 2.8 kHz and an offset

of 7.9 pm as a function of the position of the trains in the ring. The expected dephasing
is illustrated with the gray dashed line.

observations and predictions.

It must be noted however, that a discrepancy of a few degrees is observed during
excitations that led to significant offsets. For instance, the phase evolution at 3 kHz
is presented in Fig. 4.34 with an average offset of 23.9 pym. The mechanism that leads
to these variations in terms of phase and amplitude (Fig. 4.32 top) is not yet identified.
However, as the maximum excitations observed due to the 50 Hz are approximately 0.1 pm,

this discrepancy is not expected to be an issue during normal operation.
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Figure 4.34: The bunch-by-bunch phase evolution of an excitation at 3 kHz and an offset

of 23.9 pum as a function of the position of the trains in the ring. The expected dephasing
is illustrated with the gray dashed line.
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4.6 Simulations with noise

In the following section, the impact of modulated dipolar excitations on the LHC
beam performance is discussed in terms of DA, diffusion and losses. The simulations are
organized as follows. First, a scan in the noise parameter space (f;, A;) is performed,
where f;., A, represent the frequency and the amplitude of the noise, respectively. The aim
of this study is to define the most dangerous tones of the low and high-frequency cluster,
i.e., the frequencies that, for a constant excitation amplitude, have a maximum impact
on the DA. In this context, the minimum amplitude of the excitation that leads to a
reduction of DA is determined by considering individual tones. In the presence of multiple
harmonics, similarly to the experimental observations, the impact on the beam performance
is expected to be more significant. To this end, the offsets of the largest 50 Hz harmonics
are extracted from the beam spectrum of a physics fill at Stable Beams. In Section 4.4.9,
it was demonstrated that, as far as the low-frequency cluster is concerned, the noise is
distributed in all eight sectors. An accurate representation of the noise propagation across
the chains of the LHC dipoles requires a model of the transfer function as a transmission
line for all the spectral components in the low-frequency cluster, similarly to the studies
performed for the SPS [106]. Furthermore, as the exact mechanism of the high-frequency
cluster is not yet identified, an accurate transfer function is not considered at the moment.
To simplify these studies, a lumped noise model is employed. From the extracted offsets,
the equivalent deflections are computed for a specific position in the LHC ring. In this
way, the contribution of all the dipoles is represented by a single, equivalent kick and the
offsets observed in the LHC spectrum are reproduced in the simulations.

The simulations are then repeated for the HL-LHC case. The need to perform pro-
jections for the HL-LHC is justified by the fact that no modifications are envisaged for
the power converters of the main dipoles. Consequently, based on the source, the 50 Hz
harmonic are expected to also be present in the HL-LHC era. In the following sectiomns,
the HL-LHC studies are based on the noise spectrum acquired experimentally from LHC,
although the foreseen upgrade of the transverse damper system can lead to a more efficient
suppression of the harmonics. The main parameters used in simulations for LHC and HL-
LHC are presented in Table 4.4. The simulated conditions in the HL-LHC case correspond
to the nominal operational scenario at the end of the 5*-levelling, taking place a few hours
after the start of Stable Beams.

4.6.1 Impact of single tones on Dynamic Aperture

Similarly to Section 4.5, the DA simulations are performed for the LHC and HL-LHC
lattice at collision energy. For each study, a different combination of the frequency and the
amplitude of the excitation is selected. For each case, the minimum DA is compared to the
value derived in the absence of noise. Figure 4.35 presents the results of the frequency scan
as a function of the noise-induced offset for LHC (Fig. 4.35a) and HL-LHC (Fig. 4.35b).
The offset is computed using Eq. (4.6) in the Section 4.2. Specifically, the harmonics of
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Table 4.4: The LHC and HL-LHC parameters at Stable beams used in the simulations.

Parameters (unit) LHC HL-LHC
Beam energy (TeV) 6.5 7
Bunch spacing (ns) 25 25
Betatron tunes (v, vy) (62.31, 60.32/62.315) (62.31/62.315, 60.32)
Normalised emittance (um rad) 2.0 2.5
Chromaticity 15 15
Octupole current (A) 550 -300
Bunch population (protons) 1.25e11 1.2ell
IP1/5 Half crossing angle (urad) 160 250
IP1/5 A* (cm) 30 15
Horizontal # lumped noise (m) 105.4 102.3

the low and the high-frequency cluster that reside in the vicinity of fy and f,e, — fx have
been selected for the analysis. A color code is assigned to the reduction of the minimum
DA. From the scan, it is evident that the most dangerous frequencies are the ones that
reside in the proximity of the tune and its alias. For the LHC, an offset threshold of
0.4 pm is defined, while this limit reduces to 0.2 pym for the HL-LHC. For comparison,
the maximum excitation observed experimentally due to the 50 Hz lines is approximately
0.1 pm. The results of the simulations including a realistic noise spectrum with multiple

tones are reviewed in the next section.

4.6.2 Frequency Map Analysis with a realistic noise spectrum

From the spectrum of a physics fill (Fill 7334), the offsets of the 40 largest 50 Hz
harmonics are extracted. The equivalent kick at the location of the Q7 pickup is computed
and used as an input for the noise simulations. Figure 4.36 shows the spectrum from the
experimental observations (black) and the output of the simulations (green) after tracking
a single particle at 0.1 o and at an angle of 45 degrees for the low (left panel) and high
(right panel) frequency cluster. The comparison of the two is a sanity check illustrating the
good agreement between the simulated and the experimental beam spectrum. A similar
agreement (between simulated and expected beam spectrum) is found for the HL-LHC case,
were the equivalent kicks have been recomputed due to a small variation of the S-functions.

The studies have been organized in the following way: first, a study in the absence
of noise is performed which defines the reference conditions. Second, the largest 50 Hz
harmonics of the low-frequency cluster are considered. Then, a separate study is conducted
including only the most important harmonics of the high-frequency cluster. Last, both
regimes are included in the simulations. In the simulations, particles forming a polar grid
in the configuration space from 0.1 to 6.1 o with a step of 1 ¢ and 99 angles are tracked

for 10000 turns in 5D. The turn-by-turn data are divided into two groups containing the

87



Chapter 4. 50 Hz harmonics on the LHC beam spectrum

- 25
2.0
1.5
1.0
0.5

f (Hz)

5.0E+00
3.5E+00
a) 2.4E+00
1.7E+00
1.2E+00
8.1E-01
5.6E-01
3.9E-01
2.7E-01
1.9E-01
1.3E-01
9.2E-02
6.4E-02
4.4E-02
3.1E-02
2.1E-02

X (pm)
DAwmin reduction (o)

3350
3400
3450
3500
3550
3600
7600
7650
7700

7750

7800
7850
7900

5.0E+00
b ) 3.5E+00

2.4E+00
1.7E+00
1.2E+00
8.1E-01
5.6E-01
3.9E-01
2.7E-01
1.9E-01
1.3E-01
9.2E-02
6.4E-02
4.4E-02
3.1E-02
2.1E-02

X (pm)
DAwmin reduction (o)

(=] (=Nl oS O
el S (=)
o <t < v
o o N o

550
7600
7650
7700
7750
7800

~

(Hz)

=
=
\O
o
f

Figure 4.35: A scan of individual frequencies as a function of the offset for (a) LHC and

(b) HL-LHC. A color code is assigned to the reduction of DA compared to the DA in the
absence of noise.
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Figure 4.36: The spectrum for the low (left panel) and high (right panel) frequency clusters
as acquired from the horizontal plane of Beam 1 for the physics Fill 7334 (black) and from

tracking (green).

first and last 2000 turns, respectively. The tune of each particle is computed for each
time interval using the NAFF algorithm. Comparing the variation of the tune of each
particle across the two time spans reveals information concerning its tune diffusion. For
the frequency map, the particle tunes of the second interval are plotted and a color code

is assigned to the logarithm of the tune variations in the horizontal and vertical plane.

Figures 4.37 illustrate the frequency maps for the four studies in the LHC (Fig. 4.37a-
4.37d) and the HL-LHC lattice (Fig. 4.37e-4.37h), respectively. The gray lines denote the
resonances which intrinsically arise from the non-linear fields in the lattice. The second
panel of each figure indicates the initial distribution in the horizontal and vertical x-y
plane, which is color-coded with the diffusion. From the FMAs, it is observed that the
dipolar noise results in an increase of the particles’ diffusion through the excitation of
additional resonances. In contrast to quadrupolar modulations, which lead to the excitation
of sideband resonances, the location of the resonances in the presence of a modulated
dipolar field error is equal to the frequency of the excitation. As the noise is injected in
the horizontal plane, they appear as vertical lines in fixed positions for the low (black) and
high (blue) frequency cluster. For the 50 Hz harmonics in the vicinity of the betatron tune
and its alias, these additional resonances are located inside the beam’s footprint. As shown
in the x-y plane, the existence of such resonances impacts both the core and the tails of
the distribution. These simulations indicate that the main contributor to the increase of
diffusion are the spectral components in the high-frequency cluster. Furthermore, it must

be noted that the simulations do not include effects such as electron-cloud and impedance,
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which have been experimentally observed in the LHC [107]|. These non-linear fields lead to
the excitation of additional resonances, as well, and the interplay between the two effects
can lead to a further degradation of the beam performance than the one predicted in these
simulations. The FMAs are an early indicator of the particle’s stability and the increase of
the diffusion due to noise suggests that a decrease of the beam’s intensity may be observed.

The next section is dedicated to the studies of the beam losses in the presence of noise.

4.6.3 Simulations of the beam losses

Quantifying the impact of the noise and the non-linearities on the beam intensity
evolution requires the tracking of a 6D matched Gaussian distribution. In particular, if
impacted by resonances as demonstrated in the previous section, particles at the tails of
the distribution close to the limit of DA diffuse and will eventually be lost. Therefore, for
these studies, a detailed representation of the tails of the distribution is needed.

To achieve this goal, weighted distributions are employed. The considered initial condi-
tions of the tracked particles form a 4D round and randomly sampled distribution extending
up to 6 o both in the x-y and the xx'(yy’)-plane. In the longitudinal plane, the momen-
tum deviation of the particles is a uniform distribution that extends up to the limit of
the bucket height. To reduce the statistical variations, 90000 particles are tracked in the
LHC and HL-LHC lattice in 6D at collision energy for 10 turns. In the post-processing,
a weight is assigned to each particle according to its initial conditions as computed from
the probability density function (PDF) of a Gaussian distribution. In this way, significant
statistics is achieved both for the core and the tails of the distribution. However, particles
placed at the core of the distribution are assigned a larger weight than the ones at the
tails and therefore, their contribution to the computations for losses is more important.
Furthermore, a mechanical aperture is defined in the post-processing at 5 o and particles
beyond this threshold are considered lost.

Figure 4.38 presents the intensity evolution for the LHC (Fig. 4.38a) and HL-LHC
(Fig. 4.38b) without noise (black), including the 50 Hz harmonics either of the low (blue) or
high (orange) frequency cluster and considering both regimes (red). The results shows that,
for the time span under consideration, the high-frequency cluster is the main contributor in
the increase of losses. These simulations indicate that, based on a lumped transfer function
of the noise, the 50 Hz harmonics lead to a reduction of the beam lifetime, which is already
visible with a tracking equivalent to 90 seconds of operation. Considering the same noise
spectrum for the HL-LHC case shows that a decrease in intensity is also observed. In both
cases, the main contributor of proton losses is the high-frequency cluster.

Figure 4.39 illustrates the intensity evolution in the absence of noise (black), including
the noise spectrum of Beam 1 (blue) and 2 (red). The fact that the noise spectrum of Beam
2 is lower by approximately a factor of two compared to Beam 1 results in an asymmetry
of the intensity evolution between the two beams. In particular, by fitting the exponential
decay of the intensity, a reduction of 23.2% and 6.6% in the lifetime of Beam 1 and 2,

respectively, is observed compared to the reference conditions. This observation indicates
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Figure 4.37: The frequency maps (left panel) and the initial configuration space (right
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spectrum of Beam 1 (blue) and 2 (red).

that, amongst other effects, the noise contributes to the lifetime discrepancy between the

two beams that has been observed experimentally.
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Chapter 5

Tune modulation effects 1in the
HL-LHC

5.1 Introduction

In order to optimize the performance of a high-energy particle collider such as the LHC,
a thorough understanding of all the phenomena that can act as a luminosity degradation
mechanism is required. A major concern for the transverse single-particle beam dynamics is
the presence of noise, a mechanism that can impact the long term stability of the circulating
particles. Noise can arise from various sources such as fluctuations of the magnetic fields,
ground motion and the transverse feedback system. It has been previously reported that
such a mechanism can cause emittance growth [21, 22, 24, 108, particle losses [23, 25| and
eventually prove detrimental to the beam lifetime.

From the plethora of noise sources that are present in the accelerator, this chapter
presents an approach to study the beam performance in the presence of a periodic per-
turbation in the strengths of the lattice magnets. Specifically, the analysis tools presented
in this chapter are employed to investigate the implications of power supply ripple in the
quadrupoles located in the high S-function regions. Ripples in the power supply voltage
are converted into current ripples, depending on the magnet’s impedance, which eventu-
ally leads to magnetic field perturbations through the magnet’s transfer function (vacuum
chamber, beam screen). As a result, these harmonic fluctuations induce a modulation in
the normalized focusing strength of the quadrupoles. Depending on the frequency and
the amplitude of the spectral components, a modulation of the betatron tune can arise
with a modulation depth, i.e., the maximum tune variation from its unperturbed value,
that is proportional to the S-function at the location of the perturbation. If present, this
effect is combined with the tune modulation that intrinsically emerges for off-momentum
particles from the coupling of the longitudinal and transverse plane through chromaticity
[109]. In the presence of non-linearities, tune modulation effects may lead to the excitation
of sideband resonances, that, depending on the modulation frequency, can either overlap,

leading to chaotic trajectories |52, 53|, or reach the tune footprint, thereby acting as an
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additional diffusion mechanism for the particles in the distribution [29]. In the latter case,
the existence of such resonances critically limits the available space in frequency domain
for an optimized, resonance-free working point. Subsequently, it is important to investigate
whether the combination of the tune modulation induced by noise and synchro-betatron

coupling will pose a limitation to the luminosity production of the future LHC upgrade,
the HL-LHC.

Tune modulation effects have been reported in the past from several hadron syn-
chrotrons and colliders. Simulations in the Tevatron, using a linear decoupled rotation
and a weak-strong approximation of the beam-beam kick, showed that a tune modulation
can lead to emittance growth [110]. In particular, the interplay between the resonances
excited by the beam-beam interaction and the tune modulation led to emittance blowup
for a modulation depth and period of 0.01 and 1000 turns, respectively. Additional chaotic
trajectories were observed once the period of the modulation was increased, an effect which
was correlated with the blow-up. In the SPS, the large tune spread observed experimen-
tally was associated with the presence of power supply ripples |26, 28|. During dedicated
experiments, a tune modulation was introduced at various frequencies in the presence of
significant non-linearities. A critical modulation depth threshold below 1072 was defined
for acceptable performance. The combined effect of two modulation frequencies was ex-
perimentally proven to be more severe compared to a single frequency with an equivalent
modulation depth. The presence of two modulation frequencies led to a more rapid lifetime
decrease and to a shift of the chaotic boundary towards lower amplitudes. The increase
of the losses and emittance growth was correlated with the overlap of multiple resonances
[27]. The studies conducted at RHIC investigated the combined effect of synchrotron mo-
tion and power supply ripples on the DA. A linear correlation between the DA reduction
and the synchrotron or gradient modulation depth was identified [111, 112]. By including
in the simulations the voltage tones obtained from experimental observations, in combi-
nation with a modulation depth of 102 from synchro-betatron coupling, a DA reduction
was observed for a variation of 1075 in the quadrupolar current [76]. Furthermore, a tune
modulation was also observed due to the difference in the Radio Frequencies (RF) of the
two beams that led to a variation of the beam crossing location in the Interaction Region
(IR), an effect that was not present once the RF were synchronized [75]. It was reported
that a modulation depth of 1073 had a detrimental impact on the beam lifetime. In HERA,
a threshold of 10~% in the modulation depth was defined from analytical derivations in the
presence of both beam-beam effects and a high-frequency tune modulation, a limit which
was also verified experimentally by injecting external noise [30]. A dependence of the par-
ticles’ diffusion on the modulation frequency was shown. For the first time, a tune ripple
feedback was employed for the compensation of the power supply ripples by injecting an
additional modulation with the same amplitude and an opposite phase [29, 113|. During
these experiments, the use of such a compensation scheme proved to be beneficial for the

beam lifetime.

The upgrade of the LHC to the HL-LHC aims to reach an integrated luminosity of
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250 fb~! per year [114]. To achieve this goal, the LHC will be operating with low beam
emittances, high intensities, an unprecedented * = 15 cm at the Interaction Points (IPs)
of the high luminosity experiments (IP1 and 5), and thus the beams will be subjected to
strong beam-beam interactions. In addition to the incoherent effects, the suppression of
the coherent beam motion requires the operation of the machine in a high chromatic and
octupolar current regime for the mitigation of the collective instabilities. This configuration
results in to significant non-linearities. Furthermore, a key component in the HL-LHC
project is the upgrade of the IRs around IP1 and 5. An important modification concerns
in the inner triplet layout, which provides the final focusing of the beam in the two high-
luminosity experiments. Reducing the beam size at the two IPs results in the increase of
the maximum S-functions at the quadrupoles of the inner triplet, rendering the beam more
sensitive to magnetic field fluctuations at this location. Due to the combined effect of the
significant non-linearities that arise from this configuration and the higher S-functions, a

larger sensitivity to noise effects is anticipated.

The unprecedented high-values of the maximum S-functions at these locations, in com-
bination with the next triplet generation based on NbsSn technology that is currently
being developed, justifies the need to perform a complete analysis on the beam perfor-
mance implications of a modulation in the quadrupole gradients. Therefore, our inves-
tigation focuses on the four quadrupoles, namely Q1, Q3 (MQXFA magnets) and Q2a,
Q2b (MQXFB magnets), circuits which are electrically powered in series. Previous stud-
ies for the HL-LHC have revealed a dependence of the DA reduction on the modulation
frequency and specifically, a more significant effect to noise at 300 Hz and 600 Hz [115]. In
the context of this investigation, the aim of the present chapter is to explain the sensitivity
to power supply ripples at particular frequencies and to quantify their impact with 5D
and 6D single-particle tracking simulations, including beam-beam effects, in terms of tune

diffusion, intensity evolution and DA.

This chapter is organized as follows. In Section 5.2 a simplified formalism with a linear
decoupled rotation, a modulated quadrupole and non-linear elements is employed. Starting
from the characterization of the single-particle spectrum and extending to a distribution
of particles, the impact of the modulation in configuration space and frequency domain is
reported. These observations are then validated with tracking simulations in the HL-LHC
lattice, including noise in the inner triplets of the high luminosity experiments and/or
synchro-betatron coupling in Section 5.3. The results of these studies are compared to the
power converters specifications to determine whether noise in the triplet will be an issue
of concern for the beam performance in the future operation. Further investigation is per-
formed with frequency maps to understand the increased sensitivity to specific modulation
frequencies. Finally, multiple voltage tones are included in the analysis and the expected

impact on diffusion and intensity evolution is evaluated.
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5.2 Modulated simplified map

The effect of a tune modulation in a one-dimensional non-linear Hamiltonian system
has been extensively studied in the past [23, 51, 116]. These studies have shown that,
depending on the modulation tune, @Q,,, and modulation depth, AQ), the impact on the
transverse motion varies. Through an analytical formalism, in the presence of a single
resonance with an island tune Q; and a tune modulation, four regimes of interest were
identified in the tune modulation (Q,, AQ) parameter space [23, 51, 116]. As an example,
Fig. 5.1 illustrates the four regimes in the tune modulation parameter space for the sixth-
order resonance. First, a low amplitude and frequency modulation causes a time variation
of the particles’ actions, without affecting their stability (Amplitude modulation regime).
Second, increasing the frequency leads to the appearance of sideband islands around the
resonance, in a distance equal to the modulation tune. For small depths, the islands occupy
a limited portion of the phase space (Frequency modulation). As the modulation depth
increases, the amplitude of the high-order sidebands becomes significant (Strong sidebands).
The combination of a strong modulation in terms of amplitude and a frequency bhelow a
critical value, results in the overlap of the resonance islands, hence leading to chaotic

motion (Chaos).

The existence of islands in the phase space originating from the strong non-linearities
of the lattice was experimentally demonstrated through observations of persistent signals
in the beam position measurements [31]. Then, by injecting noise that resulted in a tune
modulation, the particles were driven outside of the resonance islands. Based on the beam
response, the existence of the three out of four regimes in the tune modulation parameter
space was experimentally verified [32]. In this context, the present study investigates the
effect of power converters ripples in the voltage-controlled regime, which extends beyond a
critical value of a few Hz [101]. Subsequently, the regimes of interest in the aforementioned
parameter space are the Frequency modulation, Strong sideband and Chaos, where emit-
tance growth and particle losses occur. The Amplitude modulation regime is not discussed

in the present study as it mainly refers to low-frequency noise.

This section focuses on the description of the particles’ motion under the influence of
a modulated quadrupole using a simplified formalism based on a linear decoupled rotation
and non-linear elements. As a starting point, a 2D model is employed to illustrate the
modulation in frequency domain in the absence of non-linearities. The impact of the
three regimes of interest in the tune modulation parameter space is then summarized by
accounting for non-linearities. The transfer map is then extended to 4D to study the
instantaneous variation of the tune footprint and the sideband resonances with frequency

maps.
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Figure 5.1: The four regime in the tune modulation parameter space for a modulation
tune @, and depth AQ with an island tune Q; [23, 51, 116].

5.2.1 Tune modulation in 2D

Instantaneous tune

As a first step, a single particle with a zero initial transverse momentum is tracked in
a lattice that consists of a linear rotation and a modulated quadrupole (without including
non-linearities). A tune modulation is induced by varying the quadrupolar strength turn-
by-turn with a sinusoidal function at a single frequency, rather than directly modulating
the tune in the rotation matrix. The variation of the tune, namely instantaneous tune, as

a function of the turn number n is represented by:

Qinst(n) = Qo + AQ - cos(2rQmn), (5.1)

where Qg is the unperturbed tune in the absence of the modulation, AQ and @, is the
modulation depth and tune, respectively. The rotation is divided into eight segments with
equal values of the betatron phase advance and the position measurements are retrieved
after each segment. This method provides a uniform sampling for the analysis in frequency
domain. In this way, the sampling rate increases by a factor of eight and an accurate tune
determination with a limited number of turns is achieved using the implementation of the
NAFF algorithm. An approximation of the instantaneous tune is computed with a sliding
window of 30 turns in steps of one turn. Such a window length was found to be a good
trade-off between time and frequency resolution for the tune determination.

The two parameters of interest are the modulation depth AQ and tune @Q),,, the ratio

of which defines the modulation index (,,. Figure 5.2 demonstrates the evolution of the

99



Chapter 5. Tune modulation effects in the HL-LHC

instantaneous tune for an increasing value of the modulation depth (Fig. 5.2a), considering
a constant frequency, and for several values of the modulation frequency with a constant
depth (Fig. 5.2b), assuming the LHC revolution frequency (frey = 11.245 kHz). The
gray dashed line represents the unperturbed tune in the absence of a tune modulation.
In particular, in the case of a tune modulation induced by noise in a quadrupole, the
modulation depth is proportional to the S-function at the location of the perturbation
and the maximum variation of the quadrupole normalized strength. Similarly, in the
presence of synchro-betatron coupling, the modulation index depends on the chromaticity,
the momentum deviation of the particle and, in this case, the synchrotron tune is the
modulation frequency [117]. It must be noted however, that for a matched bunch, as all the
particles in the distribution experience the same quadrupolar modulation, this coherent
effect can be measured. On the contrary, due to the different momentum deviations of
the particles in the distribution, synchro-betatron coupling is more difficult to measure

experimentally.

Average single-particle spectrum

To illustrate the importance of the modulation index and its impact on the particle’s
motion, the tracking is extended to 10* turns. During this time span, the variation of
the tune depicted in Fig. 5.2 is averaged over several modulation periods. As in every
frequency modulated signal, considering the betatron motion as the carrier and the noise
as the modulator, the particle’s trajectory is represented in time domain by a sum of co-
sinusoidal signals, weighted by the Bessel functions of the first kind [118]. By integrating
Eq. (5.1), the frequency-domain representation of the betatron motion, after normalizing

by the maximum amplitude, is:

X(@]= Y J(Bn)6(Q — Qo — k- Qu)+
k=—00 (5.2)

§(Q+ Qo+ k- Qm)l,

where (3, = % is the modulation index, J, are the Bessel functions of the first kind

and § is the Dirac function. Consequently, the spectrum consists of infinite harmonics
of the modulation frequency around the betatron frequency with a relative amplitude
that depends on the modulation index. In particular, the k-order Bessel function for
a modulation index f,, determines the amplitude of the k-order sideband, with & = 0
representing the betatron tune. Figure 5.3 presents the Fourier spectrum as computed
with the NAFF algorithm (black) and analytically from Eq. (5.2) (green). In the first
four cases, the modulation depth is constant, while the frequency reduces from 800 Hz
(Fig. 5.3a) to 400 Hz (Fig. 5.3b), 200 Hz (Fig. 5.3c) and 100 Hz (Fig. 5.3d). In each case,
sidebands around the betatron tune (blue) are present in the spectrum at a distance equal
to multiples of the modulation frequency. The distance of the first positive sideband from

the betatron frequency is also depicted (red). Based on the fact that the modulation index
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Figure 5.2: (a) (a) An approximation of the instantaneous tune in the presence of a
modulated quadrupole for f,, = 50 Hz and AQ = 1073 (blue), AQ = 5-1072 (black) and
AQ = 1072 (red). (b) An approximation of the instantaneous tune for AQ = 1072 and
fm = 20 Hz (blue), f,, = 50 Hz (black) and f,, = 100 Hz (red). The horizontal gray line

denotes the unperturbed betatron tune.
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is inversely proportional to the frequency, decreasing the frequency for a constant depth
leads to an increase of the modulation index. Subsequently, higher-order sidebands with
larger amplitudes are visible in the spectrum for lower frequencies.

Then, for a constant modulation frequency at 100 Hz, the modulation depth is in-
creased (Fig. 5.3d to 5.3f). Reviewing the spectra shows that for £, >1.5, due to the
strong modulation, the amplitude of the sidebands exceeds the one of the betatron tune
(Fig. 5.3e) and for specific values of the modulation index the amplitude of the betatron
peak can also be suppressed (Fig. 5.3f). In such cases, using a peak-detection algorithm
that sorts the frequencies by decreasing amplitude, such as NAFF, will return the frequency
determination of the sideband peak rather than the one of the betatron tune. To overcome
this problem, in the presence of a strong modulation, the algorithm’s frequency range of
search should be limited in the vicinity of the betatron tune. This is not always possible
as for small modulation frequencies, the limited resolution does not allow to disentangle
the sideband from the betatron peak. For instance, in the LHC, the modulation induced
by the synchrotron motion (f,, ~20 Hz) to a particle which is placed in the limit of the
bucket height (Ap/p = 27 -107°) and in the presence of a high chromaticity (Q' = 15)
leads to a modulation index which exceeds the critical value of 1.5 (5, = 2.25). For the
purpose of the study presented in this chapter, the tracking is, in this case, performed
either in 4D or 5D, i.e., neglecting the impact of the synchrotron motion or in 6D with a

lower chromaticity and thus, a lower modulation depth.

Tune modulation and non-linearities

Non-linear fields are an important aspect of the accelerator’s lattice, introduced for the
correction of the chromatic aberrations and the action-dependent detuning of the particles.
Of particular interest in this study is the interplay between non-linearities and the tune
modulation. To illustrate this effect, first, an octupolar element is included in the map
and the working point is moved in the vicinity of a horizontal sixth order resonance.
A distribution of particles with linearly increasing horizontal actions is tracked in the
simplified lattice. First, Fig. 5.4a shows the turn-by-turn phase space, which reveals that
several particles are trapped in the resonance islands. Second, a modulated quadrupole
is included, with a combination of noise parameters (Qm,AQ) that correspond to the
Frequency modulation regime. For the Poincaré section, the stroboscopic technique is used,
where the horizontal coordinates are plotted once per modulation period. The phase space
depicted in Fig. 5.4b reveals the existence of sideband islands (red) in the vicinity of the ones
presented in Fig. 5.4a. Finally, the parameters of the modulation in Fig. 5.4c correspond to
the limit of the Strong sideband and Chaos regime. In this case, the simultaneous reduction
of the modulation frequency and increase of the modulation depth results in overlapping
higher-order sidebands (red), thus creating layers of chaotic motion.

Similarly, the action-angle variables are computed for each of the aforementioned cases.
Furthermore, the tune of each particle is computed with the NAFF algorithm in order to

illustrate the position of the sideband islands in frequency domain. Figure 5.5 depicts the
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Figure 5.3: The normalised single-particle spectrum in the presence of a tune modulation
at (a) 800 Hz, (b) 400 Hz, (c) 200 Hz and (d) 100 Hz and AQ = 1.25- 1072 and with (e)
AQ =1.4-1072, (f) AQ = 2.2-1072 at 100 Hz. The green curve indicates the representation

of the particle’s motion with the sum of Dirac functions weighted with the Bessel functions

of the first kind for the various modulation indexes. The betatron frequency (blue) and its

distance from the first positive sideband (red) are also depicted.
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Figure 5.4: The phase space in the presence of non-linearities (a) without a tune modula-
tion, (b) with a tune modulation in the Frequency modulation regime and (c) in the Strong

sidebands/ Chaos regime.
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action-angle variables (left panel) and the tune as a function of the action (right panel).
In the absence of a tune modulation (Fig. 5.5a), the islands correspond to the trapping of
the particles in the sixth-order resonance (vertical gray line). In the Frequency modulation
regime (Fig. 5.5b), the tune determination indicates that the additional resonances are the
first and second-order sideband of the modulation frequency (red vertical lines). The addi-
tional resonances are located in a distance equal to multiples of the modulation frequency.
In the last case (Fig. 5.5¢), the particles are trapped up to the fifth-order sideband of the
modulation frequency and the chaotic motion of the particles is also visible in their tune

determination.

5.2.2 Tune modulation in 4D

Instantaneous tune footprint

The aim of this section is to extend the previous observations to additional degrees of
freedom. In 4D and for a distribution of particles, the tune modulation of each particle
is translated into a time variation of the footprint. To illustrate this effect with tracking,
the initial conditions of the distribution form a polar grid in the configuration space up to
6 o with vanishing initial transverse momenta. The map consists of a linear rotation, an
octupole and a modulated quadrupole. The selected modulation frequency is 20 Hz, which
corresponds to a modulation period of 560 turns in the LHC lattice. Such a frequency has
been selected to simulate the impact of the synchro-betatron coupling for off-momentum
particles in the LHC in the presence of a non-zero chromaticity, as the synchrotron fre-
quency corresponds to approximately 20 Hz. In addition, the linear rotation is divided into
eight segments to simulate the eight arcs of the LHC and the transverse coordinates are
retrieved after each segment. Combining the data from the eight observation points, the
sampling rate increases by a factor of eight compared to the case of a single observation
per revolution. Then, an approximation of the instantaneous footprint is computed with
a window length of 50 turns, which was found to be a good trade-off between time and
frequency resolution for the tune determination of each particle. Figure 5.6 illustrates the
instantaneous footprint for the first (left panel) and second (right panel) half of the modu-
lation period and a step of 10 turns. The sequential color map represents the time evolution
with the start and end of one modulation period shown in black and yellow, respectively.
The maximum excursion of the footprint from its unperturbed position depends on the
selected modulation depth. From the review of the instantaneous footprint, it can be seen
that the particles cross several resonances (gray lines) during the modulation period, even

if the selected working point is in a resonance-free area of the tune space.

Frequency Map Analysis with tune modulation

In Section 5.2.1 it was shown that, in the presence of non-linearities, the variation
of the tune eventually leads to the excitation of sideband islands. Similarly, averaging

the variation of the instantaneous footprint over several modulation periods leads to the
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Figure 5.5: Action-angle variables (left panel) in the presence of non-linearities (a) without

a tune modulation, with a tune modulation (b) in the Frequency modulation regime and

(c) in the Strong-sideband/Chaos regime, next to the tune of each particle as a function

of its action (right panel). The vertical lines represent the nominal (gray) and sideband

(red) resonances.
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Figure 5.6: An approximation of the instantaneous footprint in the presence of a tune
modulation for the first (left panel) and second (right panel) half of the modulation period.
A color code is assigned to the turn number that indicates the first (black) and last (yellow)

turns of one modulation period. The resonance diagram (gray lines) is also depicted.

excitation of sideband resonances in the vicinity of the ones driven by the lattice non-
linearities. In particular, in the presence of a tune modulation with a single modulation
tune Qm = fm/frev, Where f, and frey are the modulation and revolution frequency,

respectively, the resonance diagram is computed as:

k‘Qm+l'Qy+m'Qm:n (5.3)

where k,l,m,n are integers and |k| + |/| is the resonance order, while m is the sideband
order. Figure 5.7 indicates the working point (black star-shaped marker) and the tune
diagram of Eq. (5.3) for three different modulation frequencies: a modulation at 100 Hz
(Fig. 5.7a), 600 Hz (Fig. 5.7b) and 800 Hz (Fig. 5.7c). The gray lines represent the nominal
resonances, while the first-order sideband (m = 1) of the second (blue), third (cyan), fourth
(green), fifth (orange) and sixth (red) order resonance is also depicted (|k| + [I|] < 6).
The solid and dashed lines illustrate the normal and skew resonances, respectively. The
sidebands are always parallel to the main resonances and they are located in a distance
that is proportional to the modulation tune, an effect that is clearly shown in Fig. 5.7a.
As the modulation frequency increases, the sidebands, such as the ones of the second-order
resonance (blue) in Fig. 5.7a, are driven further away from the working point. At the
same time, sidebands of excited resonances that are not in the vicinity of the working
point reach the betatron tune spread, such as the sideband of the third-order resonance
(cyan) in Fig. 5.7b and Fig. 5.7c. Subsequently, depending on the selected working point,

the lattice non-linearities and the modulation frequency, the sidebands of lower or higher-

107



Chapter 5. Tune modulation effects in the HL-LHC

order resonamnces might reach the betatron tune spread and increase the particles’ tune

diffusion.

The existence and the impact of the sideband resonances described in Eq. (5.3) is
validated by computing the tune of each particle from the turn-by-turn data that span over
several modulation periods. As the aim of the present chapter is to study the dynamics of
colliding beams that experience strong beam-beam interactions, a 4D beam-beam element
is also included in the aforementioned one-turn map. The map of the 4D head-on beam-
beam element used in the simulations is decribed in [36], assuming Gaussian and round
beams with an intensity of 1.2 - 10'! protons, a normalized emittance of 2.5 ym rad and a
B-function of 100 m. Including such a non-linearity also allows for a more detailed review
of the footprint as it leads to the excitation of several resonances and increases the betatron
tune spread. The particles are tracked for 10 turns, the transverse position and momenta
are retrieved turn-by-turn and they are then used to perform the Frequency Map Analysis
(FMA) [60, 61, 64, 66]. In particular, the tune of each particle is computed for the first and
last 3000 turns, using the NAFF algorithm. The variation of the transverse tunes between
the two time intervals reveals information concerning its diffusion. Figure 5.8 shows the
tune determination in the second time span (left panel) and the initial configuration space
(right panel), color-coded with the logarithm of the diffusion for four studies: first, in the
absence of a tune modulation, which is used as a reference (Fig. 5.8a), and in the presence
of a tune modulation at 100 Hz (Fig. 5.8b), 600 Hz (Fig. 5.8¢c) and 800 Hz (Fig. 5.8d).
As a reference, the typical values of the diffusion extend from 10~7 (blue) to 1073 (red).
The review of the frequency maps shows that for a tune modulation at 100 Hz (Fig. 5.8b)
the first-order sideband of the second-order resonance (blue) has a clear impact on the
diffusion of the particles. This observation underlines that there is a good agreement
between Eq. (5.3) and the tracking results. Next, the increase of the modulation frequency
at 600 Hz results in an important increase of the tune diffusion due to the first sideband of
the third-order resonance (cyan). Although lower-order resonances are more critical, the
configuration space (second panel) shows that this resonance affects a large portion of the
phase space, an effect that explains the more critical impact compared to the modulation
at 100 Hz. Finally, the same sideband affects the footprint during a modulation at 800 Hz,

but due to the position of the sidebands, a lower impact is observed.

Overall, in the presence of a tune modulation, the impact on the particles’ tune diffusion
depends on the lattice non-linearities, the position of the sidebands, the sideband and
resonance order (lower orders have a more critical impact), the working point and the
actions of the affected particles. If the sidebands reach high amplitude particles rapid losses
are observed in a limited amount of turns. Therefore, tune modulation effects introduce
a frequency-dependent diffusion mechanism, the impact of which significantly depends on
the selected working point and the non-linearities of the lattice. This fact underlines that
some modulation frequencies are more critical for the beam performance than others for
the selected working point. On the contrary to modulated dipolar perturbations, where a

significant impact on the particle’s motion is observed, to first order, when the frequencies

108



Chapter 5. Tune modulation effects in the HL-LHC

== == R N% ~ X
e 4 Y 7/
1 fm = 100 HZ L-T,;@ yﬁﬁé // fm —_ 600 HZ \\v/ ‘\
S = 1
a 5 b === ’ A
) 033 k| D)ooz { T >R
A~ / IWN\Ix ettt W \Y
5 ’ 2R 7 EETRNY
4 // // ANNY 7 ==
S NN 7 AR
/’/ S0 A “ ol ‘\ N &
, ’ /! ’ % Y L3
4 4 ’ 1 ’ RS
> s S S AR > il ‘\ / N
4 ’ ’ ’ \ 7 ’ N
3 L N - A
= \ = \
m ,// e \ m ,/’ “
0.30 mm 2order /7 - \ 0.30 B 2"order 7 '
-1 7/ |} -1 7/
3"order .’ ' 3"order A \
\ Vi \
4horder 4horder L \
\
5thorder 5torder - !
, Il 6"order B 6"order A/
» v » Vi,
T T T T L
0.30 0.33 0.30 0.33
Qx Qx
I’ ~ \/ ‘\
{ [fm =800 Hz |}
N\
) 0334 \
“““““ \
~—— \
7/ ~a
vd S=o
L W N~
"4 ==
'
> //’ <
o =
) m=1
030 B 2"%order
’ 3dorder AN
’ \
4horder R v
/7
)
5Morder s !
v
B 6"order ) \
) Vo
T 4=
0.30

Qx
Figure 5.7:

The tune diagram with the nominal resonances (gray) and the first-order
sideband of the second (blue), third (cyan), fourth (green), fifth (orange) and sixth (red)

order resonance for a tune modulation at (a) 100 Hz, (b) 600 Hz and (c) 800 Hz. The
working point is also illustrated (black). The solid and dashed lines illustrate the normal
and skew resonances, respectively.
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Figure 5.8: The FMAs (left panel) of the simplified model (a) in the absence of noise
and in the presence of a tune modulation with a frequency at (b) 100 Hz, (c) 600 Hz and
(d) 800 Hz, with the initial coordinates in configuration space color-coded with the tune
diffusion (right panel). The gray lines depict the nominal resonances, while the colored
lines illustrate the first sideband of the resonances up to the sixth order.
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Table 5.1: The HL-LHC simulated parameters at the end of the luminosity levelling at top

energy.
Parameters (unit) HL-LHC v1.3 (values)
Beam energy (TeV) 7
Bunch spacing (ns) 25
Bunch length (m) 0.075
Betatron tunes (Qz, Qy) (62.31/62.315, 60.32)
Normalised emittance (um rad) 2.5
Chromaticity 15
Octupole current (A) -300
Bunch population (protons) 1.2ell
IP1/5 Half crossing angle (urad) 250
IP1/5 p* (cm) 15
Crabbing angle (urad) 190

of the spectral components are in the proximity of the betatron tune, power supply ripples
in the quadrupoles can affect the distribution even if the modulation frequency is not in

the vicinity of the working point.

5.3 Tune modulation in the HL-LHC

In the HL-LHC, luminosity levelling techniques are required to achieve a constant
luminosity of 5 x 103 em™2s7!, as envisaged in the nominal scenario [114, 119]. The
luminosity degradation, resulting from the intensity reduction from 2.2 - 10! to 1.2 - 101!
protons per bunch due to the proton-proton collisions, will be compensated by reducing the
beam size at the two high luminosity experiments, CMS and ATLAS, from £*=64 cm to
15 cm with the ATS scheme [35]. In the context of these studies, the machine configuration
at the end of the levelling is the most critical as the increase of the maximum S-functions
in the inner triplet will act as an amplification factor for the noise in the quadrupoles.
Therefore, simulations with power supply ripples in the inner triplet left and right of the
two IPs are conducted for the simulated parameters shown in Table 5.1. As a first step,
arbitrary modulation amplitudes and frequencies are employed to illustrate the impact
of such a mechanism on the particles’ motion either in 5D, i.e., without considering the
synchrotron oscillations but with off-momentum particles or in 6D to depict the combined
effect of the gradient and the synchrotron modulation. From this parametric investigation,
the dependence on the modulation frequency is presented in terms of diffusion, intensity
evolution and DA. The larger sensitivity to specific modulation frequencies is explained
with frequency maps and a modulation depth threshold is defined as a function of the
frequency.

Of particular importance is the fact that the quadrupoles in the inner triplet are pow-
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ered by switch-mode power supplies [120]. In contrast to thyristor commutated technology,
the voltage tones that are anticipated in the noise spectrum, in this case, are the switching
frequency of the power converter and its harmonics, as well as a few low order 50 Hz har-
monics, namely 50, 150, 300 and 600 Hz, without excluding the existence of others [121].
It must be noted that the envisaged switching frequencies of the main circuits in the triplet
lie in the regime of 50-200 kHz [122]. Such high frequencies are not expected to perturb the
beam motion as they will be strongly attenuated by the shielding effect of the beam screen
[101]. Therefore, the following studies mainly focus on the potential impact of the low order
harmonics in the spectrum or low switching frequencies in the trim circuits. As a realistic
voltage spectrum is not presently available, the results of the parametric simulations are
compared to the power converter specifications [121]. The specifications provide the maxi-
mum tolerated output voltage for an extended frequency bandwidth, without defining the
actual amplitude and the voltage tones in the noise spectrum of the triplet. These values,
in combination with the inductance and the current of the circuits, are used to compute
the expected tune modulation from the four quadrupoles and the three trims left and right
of the two IPs. Furthermore, the transfer function that converts the voltage ripples into
variations of the magnetic field is approximated by a simple RL circuit and the beam
screen attenuation [101] is not included, an approach which leads to the overestimation of

the modulation depths in these studies.

The simulations are performed using the single-particle symplectic tracking code, Six-
Track [54, 123]. Only one beam is tracked around the lattice, that corresponds to Beam
1, and the weak-strong approximation is used for the beam-beam effects, as the charge
distribution of the strong beam is not varied. The normalized strengths of Q1, Q2a, Q2b
and Q3 in the IRs left and right of IP1 and 5 are modulated with a sinusoidal function.
The amplitude of the function defines the maximum variation of the strength while the
polarity of each magnet is preserved. The absolute value of the amplitude is assumed to
be equal for all the quadrupoles, without however leading to the same modulation depth
due to variations of the f—functions. The phase of the injected noise is considered equal
to zero for all the circuits. This approximation does not correspond to a realistic scenario,
as the switching clocks of the power converters are not synchronized. Nevertheless, such a
configuration is selected as it maximizes the overall impact of the noise. In fact, due to the
anti-symmetric powering of the triplets left and right of the two IPs, the modulation of the
circuits accumulates when equal phases are considered. To illustrate this effect, a single
particle is tracked in the HL-LHC lattice for 10* turns. The simulations are performed
in 5D to disentangle the contribution of the synchrotron motion from the noise. A low-
frequency modulation is selected so that an approximation of the instantaneous tune can
be derived from the turn-by-turn position information. The horizontal tune is computed
with a sliding window of 50 turns with a step of 10 turns between intervals. Figure 5.9
presents the tune evolution for equal (blue) and random (black) phases in the circuits. In
the latter case, the randomly selected phases act as a compensation scheme for the overall

modulation compared to the former. The unperturbed horizontal tune is also depicted
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Figure 5.9: The horizontal instantaneous tune in the presence of a low-frequency mod-
ulation with a zero (blue) and a random (black) phase of the noise in the inner triplet
quadrupoles left and right of IP1 and 5. The gray line represents the horizontal tune in

the absence of a modulation.

(gray). Several studies are performed with random phases to validate this observation.
Specifically, due to the betatron phase advance between the right and left circuits around
the IPs, the modulation is minimized when their phase difference approaches A¢ = .
Thereby, simulations show that there is a potential benefit of phasing conveniently the
clocks of the power converters. The results of the above simulations are presented and

discussed in the next sections.

5.3.1 Noise spectrum with a single tone
Frequency Map Analysis in 5D with noise

Similarly to the simplified model of Section 5.2, the FMAs are computed to depict the
excitation of sideband resonances in the HL-LHC case due to noise effects. A distribution
of particles is tracked in 5D for 10* turns in the lattice at the nominal working point. The
initial conditions form a polar grid in the configuration space and vanishing initial momenta
are selected. The grid consists of 99 angles and a radius extending from 0.1 to 6.1 ¢ and
a step of 1 . Longitudinally, the particles are located at 3/4 of the bucket height. The
turn-by-turn data are divided into two groups, consisting of the first and last 3000 turns,
respectively. The diffusion of the particles is computed by comparing the variation of their
tune determinations between the two time intervals. Figure 5.10 depicts the FMAs (left
panel) and the initial configuration space (right panel), color-coded with the logarithm of
the diffusion, for several modulation frequencies and equal depths. The gray lines represent

the nominal resonances, while the colored lines illustrate the first sideband (m = 1) of the
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Figure 5.10: The 5D frequency map (left panel) and the initial configuration space (right

panel) in the presence of a tune modulation in the inner triplet left and right of IP1

and 5 in the HL-LHC lattice for the nominal working point. The modulation depth is
AQ = 5.5-107° and the modulation frequency is (a) 100 Hz, (b) 150 Hz, (c) 300 Hz, (d)
350 Hz, (e) 500 Hz and (f) 600 Hz. A color code is assigned to the logarithm of the tune
diffusion. The nominal (gray) lines and the first-order sideband of the second (blue), third

(cyan), fourth (green), fifth (orange) and sixth (red) order resonance are indicated.
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second (blue), third (cyan), fourth (green), fifth (orange) and sixth (red) order resonance
(k[ +[1] < 6).

For a constant modulation depth, the impact of the tune modulation depends on the
working point and the modulation frequency. First, for a modulation at 100 Hz (Fig. 5.10a)
and 150 Hz (Fig. 5.10b) the first sideband of the second-order resonance (blue) leads to
an increase of the diffusion. Second, for a modulation at 300 Hz (Fig. 5.10c), sidebands of
higher-order resonances (fourth to sixth) are in the vicinity of the betatron tune. Next, a
modulation at 350 Hz (Fig. 5.10d) leads to rapid losses due to the fact that the first sideband
of the third-order resonance (cyan) reaches high-amplitude particles and overlaps with the
nominal resonances (gray lines), as well as with the first sideband of the fourth-order
resonance (green). Finally, for a modulation at 500 Hz (Fig. 5.10e) and 600 Hz (Fig. 5.10f)
the excitation of the first sideband of the third-order resonance (cyan) is visible and the
review of the configuration space shows that the core of the distribution is mainly affected.
From the frequency maps, it is observed that there is a sensitivity to some modulation
frequencies as the same depth leads to a higher diffusion increase. As previous studies
have reported [115], for the working point and the non-linearities of the HL-LHC lattice,
amongst the low-order harmonics that are anticipated in the spectrum (50,150,300 and
600 Hz), a higher sensitivity to 300 and 600 Hz is present. This is due to the fact that
multiple sidebands are reaching the footprint. This effect is not observed with a modulation
at 50 and 150 Hz as only the first sideband of the second-order resonance is in the vicinity

of the betatron tune and it affects a small portion of the phase space.

Frequency Map Analysis in 6D

In a similar way, the coupling of the synchrotron and the betatron motion in the pres-
ence of a non-vanishing chromaticity leads to the variation of the instantaneous footprint
with a modulation frequency equal to the synchrotron frequency (=20 Hz). As the syn-
chrotron frequency in the LHC is much lower than noise frequencies under consideration,
the tracking is extended to 2 - 10 turns to average over several modulation periods. The
same distribution of particles is tracked in 6D in the nominal HL-LHC lattice, i.e., without
injecting noise in the triplet. The momentum deviation of all the particles is equal to 3/4
of the bucket height. It is important to note that, as shown in Section 5.2, the modulation
index of each particle with a chromaticity of 15, a relative momentum deviation of 27-107°
and a synchrotron frequency at 20 Hz exceeds the critical value of 1.5. In this case, as
presented in the previous section, due to the appearance of strong sidebands, the NAFF
algorithm returns the frequency determination of the sideband and not the one of the be-
tatron tune. Therefore, to illustrate the frequency map in 6D the chromaticity is reduced
to 5. After the tracking, the turn-by-turn data are divided into two consecutive intervals
of 10% turns and the diffusion of each particle is computed. Figure 5.11 demonstrates the
6D FMA (left panel) and the initial configuration space (right panel). The review of the
frequency map shows that high order synchrotron sidebands (m < 8) of the second-order

resonance (blue) are excited. Although considering constant momentum deviations for all
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Figure 5.11: The 6D FMA with a chromaticity equal to 5 and for a momentum deviation
of all particles at 3/4 of the bucket height. The blue lines depict the sidebands (m < 8) of

the second-order resonance.

the particles in the distribution is essential to compute frequency maps, experimentally
the initial longitudinal distribution extends over the whole bucket area. As the momentum
deviation is not constant across all particles, the variation of the modulation index leads
to the reduction of the average modulation. To this end, the next section focuses on the

investigation of the intensity evolution in a more realistic configuration.

Simulations of beam losses

Studying the intensity evolution requires the tracking of a 6D matched distribution
with momentum deviations that span over the whole bucket height. Due to the excitation
of additional resonances from the slow (synchrotron motion) and fast (power converter
noise) modulation, particles at the tails of the distribution diffuse and will eventually
be lost. A detailed representation of the high amplitude particles is achieved by first,
overpopulating the tails and then, assigning weights to the particles according to their
initial position. Specifically, the initial conditions form a 4D round distribution in the
transverse plane that extends up to 6 o both in the configuration and the trace space.
Longitudinally, the particles are uniformly placed in the bucket height extending up to
its limit. Overall, 9 - 10% particles are tracked for 10% turns and the turn-by-turn position
measurements are retrieved every 10% turns. Depending on the initial position of the
particles in the transverse and longitudinal plane, a weight is assigned to each particle
in the post-processing analysis. The weight defines the importance of each particle in
the computations of the intensity. It is determined from the Probability Density Function
(PDF) of the simulated distribution, which in this case is Gaussian in all planes. Instead of

directly tracking a Gaussian distribution, an important number of particles are located at
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the tails of the distribution, to which a lower weight is assigned compared to the ones at the
core. In this way, their contribution to the determination of the losses is less significant.
Furthermore, a mechanical aperture is defined in the post-processing at 5 o. Particles
reaching this limit are considered lost and the corresponding weights are set to zero.
Figure 5.12 shows the intensity evolution as computed from the weighted distributions.
First, the chromaticity and thereby, the modulation depth is increased in steps (Fig. 5.12a)
from 0 to 15, which leads to a lifetime reduction. From the review of the intensity evolution,
it is shown that the intensity degradation scales roughly linearly with the chromaticity in-
crease, without however leading to a significant lifetime reduction. Then, for a chromaticity
equal to 15 for both planes, the frequency of the tune modulation induced by power supply
ripples is varied for a constant depth (Fig. 5.12b). The study focuses on the low-frequency
tones that are expected to be present in the power converter (50, 150, 300 and 600 Hz)
and that may perturb the beam motion. Although, for a constant depth, the modulation
index decreases with increasing frequency, the impact on the intensity is much more severe
600 Hz compared to 50, 150 and 300 Hz. The beam lifetime is computed in each case with
an exponential fit which yields a reduction from ~ 1100 h for a modulation frequency at
50 Hz to ~750 h for 300 Hz and =130 h when the frequency is increased to 600 Hz. As
shown from the FMAS, the tune modulation introduces a frequency-dependent mechanism
of diffusion, which, for the selected working point, renders these frequencies the most crit-
ical in terms of losses as with the same modulation depth a more significant impact on the

intensity is observed.

Noise thresholds with parametric Dynamic Aperture scans

As the presence of voltage tones with frequencies beyond the ones already considered
cannot be excluded, the DA dependency on the modulation frequency is explored. To this
end, parametric 6D simulations are performed to estimate the impact of various modula-
tion frequencies and depths. In the transverse configuration space, the initial distribution
consists of five angles and a radius that extends from two to ten o with a step of two
o. In the longitudinal plane, all particles are placed at 3/4 of the bucket height. The
duration of the tracking is 10% turns, which corresponds to ~90 seconds in operation. The
working point is set to its nominal (Q.,Qy) = (62.31,60.32) and not the DA optimized
(Qz, Qy) = (62.315,60.32) value [124]. For each study, a different combination of the
excitation frequency and amplitude is selected in order to conduct a scan in the tune mod-
ulation parameter space. The frequency range spans over all 50 Hz harmonics up to 10 kHz.
For each frequency, the amplitude of the excitation is increased and the total modulation
depth due to the contribution of all the circuits is computed from the optics using MAD-X
[125]. Then, the minimum DA across all the angles in the configuration space is computed.
Figure 5.13 presents the modulation frequency as a function of the depth. Each point on
the plot corresponds to an individual study and a color code is assigned to the minimum
DA. The parametric scan defines the depth threshold for each modulation frequency be-

yond which a DA reduction is foreseen (white to red). As an average, a maximum limit in
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Figure 5.12: (a) Intensity evolution in the HL-LHC lattice for Q" = 0 (black), Q' =
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Figure 5.13: Modulation frequency as a function of modulation depth in the presence
of noise in the inner triplet quadrupoles of the HL-LHC. The color code indicates the
minimum DA. The red and black lines represent the sum and the root mean square of
the contribution from all the circuits, respectively, computed from the maximum output

voltage as defined in the power supply specifications.

the order of 10~* in the modulation depths can be defined; however the strong dependency
on the modulation frequency is evident and, as expected from the frequency maps, there
are regimes with increased sensitivity to noise, which is further investigated in the following
section. Furthermore, these simulations include the combined effect of noise in the triplet

and high chromaticity for large momentum deviations.

Next, the modulation depth is computed from the maximum output voltage as defined
in the power converter specifications. For each triplet, the contribution of the four main
power supplies and the three trim converters are considered. Then, the sum (red dashed)
and the root mean square (black dashed) modulation depth from the contribution of all
the circuits are computed. It must be highlighted that these values correspond to the
maximum acceptable and not the realistic voltage. The attenuation from the beam screen
is not considered from which a further reduction of the modulation depth is expected
for frequencies above ~ 100 Hz [101]. In addition, summing the contribution of all the
triplets corresponds to a scenario where the phase of the noise is synchronous and thus,
overestimates the modulation depth even further. A comparison between the modulation
depth from the specifications and the threshold defined by simulations through the scan
of individual frequency indicates that there is a difference of several orders of magnitude
between the two. Therefore, the much larger tolerances defined by the DA simulations
suggest that, by considering individual tones, the ripples in the inner triplet, combined

with large chromaticity values, will not a limitation for the beam performance.
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Figure 5.14: The 5D frequency maps for a tune modulation at 600 Hz with (a) AQ = 10~*

and (b) AQ = 1073, The gray lines represent the nominal resonances, while the cyan lines
the first sideband of the third-order resonance.

A review of the high-sensitivity noise regimes

Based on the heat-map of Fig. 5.13, a more detailed review is performed around the
frequency regimes with a higher sensitivity to noise. First, to illustrate the repercussions
of the modulation depth increase, two sets of noise parameters are selected, corresponding
to a slight and a significant DA reduction, respectively. For both cases the modulation
frequency is 600 Hz and the optimized working point is selected. Figure 5.14 depicts the 5D
FMA for AQ = 10~ (Fig. 5.14a) and AQ = 1073 (Fig. 5.14b). The first-order sideband
of the third (cyan), fifth (orange) and sixth (red) order resonance is depicted. The review
of the frequency maps demonstrates that the critical impact on the DA when increasing
the depth is observed due to, first, the increase of the sideband resonance strength and,

second, the appearance of higher-order sidebands.

Secondly, a higher sensitivity is observed around the regime of the betatron frequency
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(fx ~3.48 kHz) and its alias i.e., the folding of the betatron frequency around the revolution
frequency (frev — fz ~7.76 kHz). This observation is attributed to the dipolar effect of
the triplets through feed-down. In particular, as the particle trajectories are not aligned
to the magnetic center of the quadrupoles, an orbit modulation is also observed. This
statement is demonstrated by tracking a single particle in the HL-LHC lattice under the
influence of a tune modulation at 600 Hz and 3.4 kHz. From the turn-by-turn data the Fast
Fourier Transform (FFT) is computed as demonstrated in Fig. 5.15. In the former case
(Fig. 5.15a), apart from the sidebands (red) around the betatron tune (black), a dipolar
excitation is also visible (purple). As the excitation frequency is not in the vicinity of the
betatron tune spread, the dipolar effect has no impact on the diffusion. In the second
case (Fig. 5.15b), the frequency of one of the sidebands (~6.89 kHz) exceeds the Nyquist
frequency of the turn-by-turn acquisitions (/5.62 kHz) and it is aliased into the spectrum
(~4.36 kHz). The dipolar excitation (purple) approaches the betatron tune spread and
eventually, has an impact on the betatron motion.

The dipolar effect of the triplet eventually leads to the excitation of additional reso-
nances for modulation frequencies close to the tune. These resonances appear in constant
frequencies rather than as sidebands around the nominal. This conclusion can also be
derived from Eq. (5.3) for m = 1, [ = 0 and k& = 1, which is the excitation due to the
dipolar effect. Figure 5.16 illustrates the 5D FMA for a tune modulation at a frequency
in the vicinity of the working point (3.5 kHz). In this case, the main contributor to the
increase in tune diffusion is the first sideband of the first-order resonance and thus, the

dipolar excitation.

A simple tool to predict frequency sensitivity

The parametric scan in the tune modulation parameter space presented in Fig. 5.13
is computationally challenging as it requires performing a large number of simulations.
Moreover, the tracking must be repeated if the selected working point is modified. Although
running the simulations up to 10° turns is essential to determine the minimum modulation
depth that leads to a DA reduction, it is not required to identify, in a fast way, the safest
modulation frequencies for operation. In this context, the aim of this section is to present
a simple tool to predict the beam sensitivity to specific modulation frequencies based on
the position of the sideband resonances. In fact, only the knowledge of the betatron tune
spread is needed for the unperturbed case, i.e., the reference conditions without power
supply ripples.

The working principle of the method is presented in Fig. 5.17, which shows the betatron
tune spread (left panel) and the initial configuration space (right panel) in the absence of
power supply ripples (black). Based on the modulation tune, the first-order sideband
resonances (m = 1) from the first to the sixth resonance order (|k|+ |I| < 6) are computed
from Eq. (5.3). Similarly to the previous frequency maps, a different color code is assigned
to each resonance order. For instance, Fig. 5.17a and Fig. 5.17b depict the sideband

resonances in the vicinity of the footprint due to a modulation at 600 Hz and 3.55 kHz,
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Figure 5.15: The FFT for a tune modulation at (a) 600 Hz and (b) 3.4 kHz that depicts
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due to feed-down.

122



Chapter 5. Tune modulation effects in the HL-LHC

0.324

L
(9]
OV /M0130]

¥ 0.320

|
o
=]

X
[4

&
(e} [}
K

OV +

0-3161 _[f,, =3550 Hz}---

AQ=2-10"| 7 S

0.308 0312 0.316 15 30 45 60
Qx x (6)

Figure 5.16: The 5D FMA for a tune modulation at 3.5 kHz. The purple line represents the
first-order sideband of the first-order resonance, which is the dipolar excitation at 3.5 kHz

in the horizontal plane.

respectively. For the selected working point, the first sideband of the third-order resonance
(cyan) reaches the footprint for modulation at 600 Hz (Fig. 5.17a). The review of Fig. 5.17b
shows that the first-order sideband of the first-order resonance (purple), which is the dipolar
excitation at 3.55 kHz, will affect the footprint. As lower-order resonances have a more
significant impact, a tune modulation at 3.55 kHz (first sideband of first-order resonance)
is expected to be more detrimental to the beam performance than the modulation at
600 Hz (first sideband of third-order resonance). Then, depending on the amplitudes of the
particles that are affected by the resonances in tune domain, a resonance map is performed
from the tune domain to the configuration space (right panel). The representation of the
resonances in configuration space allows us to more easily determine whether the resonance
will affect the tails or the core of the distribution. For instance, a modulation at 3.55 kHz
will mainly affect the tails of the distribution, while a modulation frequency of 600 Hz
(Fig. 5.17a) will also have an impact on the core of the distribution. A comparison of the
predictions of Fig. 5.17a to Fig. 5.14a, which is computed with tracking simulations, shows
that there is a good agreement between the two. Similarly, a good agreement is found
between Fig. 5.17b and Fig. 5.16. Therefore, using Eq. (5.3), determining whether the
first sideband of the resonances up to a specific order will reach the footprint and mapping
these sideband resonances in configuration space allows identifying the ones that will affect
the beam depending on the modulation frequency.

As a next step, a similar analysis to Fig. 5.17 is performed for all the multiples of
50 Hz up to 10 kHz. Figure 5.18 presents the modulation frequency as a function of the
resonance order (|k| 4 |l|) (bottom), while the heat-map of Fig. 5.13 (top) is also included
for an easier comparison between the two. For each modulation frequency, the previously
described procedure is repeated to determine whether the first or second-order sideband

up to the sixth or second resonance order, respectively, is located in the vicinity of the
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Figure 5.17: The footprint (left panel) and the initial configuration space (right panel) in
the absence of power supply ripples. The first-order sideband (m = 1) of the first (purple),
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(|k| +11]) is illustrated for a modulation at (a) 600 Hz and (b) 3.55 kHz.
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working point. Then, a color-code (bottom) is assigned depending on whether the first
(red) or second (orange) order sideband will affect the distribution. The frequency regimes
with a red color, especially for low order resonances, are the modulation frequencies with
the largest impact on the beam and should, therefore, be avoided. The orange regimes
illustrate the second-order sidebands and should be avoided only for large modulation
depths. A blue color is assigned to the study if none of the resonances under consideration
reach the footprint.

A comparison between the predictions (bottom) and the results of the tracking simu-
lations (top) shows a good agreement between the two. In particular, it is evident that
the large impact on DA close to the betatron tune and its alias is due to the first sideband
of the first-order resonance. In the vicinity of the betatron tune (~4.05 kHz) and its alias
(=7.05 kHz), there is an additional high-sensitivity regime due to the first sideband of the
second-order resonance. In addition, the impact on DA for modulation frequencies around
50-1050 Hgz is attributed to the first sidebands of the second and third-order resonance
that reach the footprint for such modulation frequencies. Furthermore, for large modu-
lation depths, a DA reduction is observed in the frequency region close to (~2.05 kHz),
which is due to the second-order sideband of the first and second-order resonance. Finally,
no impact on the DA was observed from the tracking simulations around the regime of
6.05 kHz, which is explained by the fact that no sideband up to the sixth order affects the
footprint for such modulation frequencies.

In this way, the modulation frequencies with sideband resonances that do not reach
the footprint can be easily identified and they can be distinguished in a fast way from the
modulation frequencies with a critical impact. This simple tool can guide the selection
of the modulation frequencies such as the power supply switching frequencies for several
working points. Although this method takes into account the position of the sidebands
and the order of the resonance that affects the footprint due to the modulation, it does not
consider the resonance overlap between the nominal and the sideband resonances. Due to
this limitation, the simulations presented in the previous sections must be performed to
identify the modulation frequencies with the most critical impact on the beam performance.
In addition, this method is applicable for relatively small modulation depths as only the first
and second-order sidebands of the modulation are considered but it can also be extended

for a more aggressive power supply noise scenario.

5.3.2 Including a noise spectrum with multiple tones

As demonstrated from studies conducted in the past [29], the existence of multiple
voltage tones in the noise spectrum is more critical than considering individual frequencies
with an equivalent modulation depth due to the resonance overlap. To this end, the
combined effect of the several voltage tones that are anticipated in the noise spectrum is
computed. As mentioned in the previous sections, the envisaged power converter switching
frequencies lie in a high-frequency regime and, as they are not expected to perturb the beam

motion [101, 122], they are not considered in the following analysis. In this context, the
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Figure 5.18: The tune modulation parameter space color-coded with the minimum DA
(top) and the modulation frequency as a function of the resonance order (bottom). A color-
code is assigned (bottom) depending on whether the first (red) or second (orange) order
sideband of the resonance order reaches the footprint or not (blue) for each modulation

frequency.
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Table 5.2: The modulation depths of the low order 50 Hz harmonics as computed from the

maximum output voltage of the power converter specifications.

Frequency (Hz) AQums(x107%)  AQmax(x1079)

50 1.3 4.5
150 0.8 2.8
300 0.7 24
600 0.3 1.2

noise spectrum under consideration consists of the low-order 50 Hz harmonics. Table 5.2
shows the amplitude of each frequency as defined from the root mean square and the
maximum modulation depth shown in Fig. 5.13 (dashed lines).

Figure 5.19 depicts the 5D FMAs for three studies: first, with the reference conditions,
i.e., in the absence of noise (Fig. 5.19a), second, with amplitudes that correspond to the
root mean square modulation depth (Fig. 5.19b) and last, using the maximum modulation
depth (Fig. 5.19¢) for each frequency as computed from the power converter specifications.
From the review of the frequency maps the combined impact of the modulation at 50 Hz
(blue, first sideband of the second-order resonance) and 600 Hz (cyan, first sideband of the
third-order resonance) is visible. However, the increase in diffusion is small compared to
the reference case.

Additional simulations are performed to estimate whether the slight increase in diffusion
observed in the frequency maps can eventually enhance the particle losses. Figure 5.20
illustrates the intensity evolution for the three aforementioned studies. The results suggest
that the considered noise spectrum (green and blue) has an insignificant impact on the
intensity compared to the reference case (black) for tracking that corresponds to 90 seconds
of operation. Based on these results, it is concluded that the combined effect of multiple
voltage tones in the noise spectrum, with modulation depths that are extracted from the
power converter specifications, will not affect the beam performance of the HL-LHC.

The present chapter depicts the results of the tracking simulations that include the most
important non-linear fields in the machine such as the ones induced by beam-beam effects
and non-linear magnets. Additional effects such as electron-cloud and magnet imperfec-
tions, which have been experimentally observed in the LHC, can potentially introduce
additional non-linearities [107]. In this context, the interplay of such mechanisms with the

noise should be further investigated in the future.
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in the absence of noise, including a tune modulation with spectral components at 50, 150,
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Chapter 6

Conclusions

In high-energy particle accelerators such as the LHC and its high-luminosity upgrade,
a major concern for the transverse single-particle beam dynamics is the presence of noise,
a mechanism that can impact the long term stability of the circulating particles and even-
tually prove detrimental to the beam lifetime. Among several noise sources present in the
accelerator, this thesis investigated the impact of a periodic time variation in the strengths
of the dipoles in the arcs and the quadrupoles in the inner triplet due to power converter
noise.

The two phenomena under investigation present significant differences in terms of the
power converter technology that is used in each case, the type of the magnet and the
coupling mechanism of the noise spectrum to the beam motion. In particular, noise in
a dipole leads to the appearance of additional frequency components in the beam spec-
trum at constant frequencies, which are equal to the excitation frequencies. These dipolar
perturbations result in the excitation of additional resonances at constant frequencies in
the tune diagram, an effect that was demonstrated in this thesis, for the first time, with
frequency maps. On the contrary, the tune modulation that arises from quadrupolar noise
leads to the appearance of sidebands around the betatron tune at a distance equal to multi-
ples of the modulation frequency. In the presence of non-linearities, this mechanism causes
the excitation of sideband resonances in the vicinity of the ones that intrinsically emerge
from the lattice non-linearities. Although the concept of sideband resonances in the tune
diagram has been introduced in the past, it is the first time that the excitation of addi-
tional resonances due to modulation effects was demonstrated with tracking simulations
and frequency maps.

In the context of these studies, a general analysis framework of the experimental and
simulation data has been developed. Although many differences are present between the
two mechanisms under investigation, a similar analysis approach was adopted in both cases.
This fact underlines that the methodology presented in this thesis can be generalized to
also address several other types of noise effects.

The first section of this thesis was dedicated to the investigation of the 50 Hz harmonics

that have been observed in the beam spectrum since the start of the LHC operation. A
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systematic analysis of the beam spectrum across several beam and machine configurations
revealed the existence of 50 Hz harmonics in two regimes of the frequency domain: first,
a cluster of harmonics extending up to approximately 3.6 kHz, namely the low-frequency
cluster and second, the high-frequency cluster, centered around fie, — fx, where fiev, fx
represent, the revolution and betatron frequency, respectively. The methodology devised
in this thesis allowed us to identify, for the first time in the LHC operation, the existence
of the high-frequency cluster on the beam signal.

The 50 Hz harmonics were observed in all beam modes, mainly affecting the horizontal
plane and a larger impact was reported for Beam 1 by approximately a factor of two
compared to Beam 2. In both cases, the observed effect indicates a dipolar nature of the
source. This thesis showed definitive indications that both regimes are the result of a real
beam excitation, rather than an artifact of the instrumentation system.

As far as the low-frequency cluster is concerned, a correlation with the eight SCR power
converters of the main dipoles was clearly established during dedicated experiments. Specif-
ically, changing the status of the power converter active filters led to distinct and abrupt
changes in the amplitude evolution of the harmonics in the beam. These experiments
showed that all eight power converters contribute to the existence of the low-frequency
cluster on the beam spectrum. It is the first time that such a correlation has been demon-
strated in the LHC.

The low and high-frequency clusters exhibit a similar signature in frequency domain:
first, they consist of multiple 50 Hz harmonics and second, a common phase modulation is
reported for all the harmonics, which originates from the stability of the electrical network
mains. These findings indicate that the low and high-frequency clusters emerge from
a common source. An amplitude asymmetry between the two clusters was identified.
In particular, a more significant effect was reported in terms of amplitude for the high-
frequency cluster, an observation that contradicts the expected attenuation of the power
converter noise with increasing frequency. The amplitude asymmetry between the low and
high-frequency cluster, suggests that the latter results from the interplay between noise
from the dipoles and a mechanism originating from the beam, rather than a direct dipolar
excitation. Therefore, future studies will concentrate on identifying the mechanism that
increases the sensitivity of the beam to noise in the regime fye, — fx compared to fx.

Single-particle tracking simulations, based on a realistic noise spectrum and a simplified
lumped transfer function of the noise, indicate that these excitations increase the diffusion
of the particles. From a tracking that corresponds to 90 seconds in operation, the excitation
of additional resonances eventually led to proton losses, especially due to the high-frequency
cluster. Based on these results, it is concluded that the 50 Hz harmonics had an impact
on the beam performance during the LHC operation.

In addition, due to the discrepancy of the noise spectrum in Beam 1 and 2, the afore-
mentioned simulations illustrated a clear differentiation in the intensity evolution of the
two beams. An important lifetime asymmetry between the two beams has been observed

since the beginning of run 2 and it is the first time that tracking simulations show that
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noise can contribute to this effect.

It must be noted that, neglecting the interplay with the transverse damper, the 50 Hz
harmonics induced a beam offset in the order of 1072 o. The presence of such small exci-
tations verifies that the stability of the power converters is well within the specifications
and highlights the capabilities of the instrumentation systems. However, such small per-
turbations in the vicinity of the tune and its alias, combined with the non-linearities of the
lattice, can indeed lead to a degradation of the beam lifetime.

Due to their origin, these harmonics are expected to be present in the future operation of
the LHC. Therefore, the studies focus on extending the understanding of the mechanism
that not only enables the high-frequency cluster to perturb the beam motion but that
also leads to a more significant impact compared to the direct excitations of the low-
frequency cluster. More importantly, regardless of the source, mitigation measures should
be incorporated in the future operation to effectively suppress the 50 Hz harmonics from
the beam motion.

For the HL-LHC noise studies in the inner triplet, the predictions presented in this
thesis were based on simulated parameters that correspond to the end of the luminosity
levelling. This is the most critical scenario in terms of noise due to the increase of the
maximum [-functions in the quadrupoles at these locations. By individually scanning
several modulation frequencies and depths, in the presence of strong non-linear fields such
as beam-beam effects, the impact of the noise on the DA was computed, combined with the
tune modulation induced by the coupling of the longitudinal and transverse plane through
chromaticity. A comparison with the power converter specifications, without considering
the shielding effects of the magnets that lead to a further attenuation of the ripples, yielded
that the maximum expected noise level is several orders of magnitude lower than the DA
reduction threshold.

The sensitivity of the beam performance to particular modulation frequencies, as shown
with FMAs, results from the excitation of sideband resonances that affect the particles’
diffusion, a mechanism that strongly depends on the working point and the lattice non-
linearities. Contrary to dipolar excitations, quadrupolar noise can impact the beam perfor-
mance even if the modulation frequency is not in the vicinity of the betatron frequency and
it introduces a frequency-dependent mechanism of diffusion, an effect that was illustrated
with frequency maps.

Considering a noise spectrum with several voltage tones and modulation depths ex-
tracted from the power converters’ specifications, the impact on the beam performance
was computed with simulations. A small increase of diffusion was reported, however, with-
out leading to a lifetime degradation. Based on the simulation results, the combined effect
of power converter noise in the inner triplet and synchro-betatron coupling during opera-
tion with high chromaticities is not expected to act as a luminosity degradation mechanism
in the HL-LHC era.

As a next step, the DA tolerances defined by the simulations must be experimentally

verified through controlled quadrupolar excitations. To improve the validity of the simula-
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tions, a realistic power converter spectrum must be included, in combination with a more
accurate representation of the transfer function of the noise spectrum from the voltage to
the magnetic field.

In conclusion, the analysis and the results of this thesis substantially improve our
understanding of the noise effects that were present in the LHC and that are anticipated

in the future operation of the accelerator.
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A.1 Canonical transformations

The canonical transformations are needed to recast the initial conjugate variables (q, p)

to a new set (@, P) with a simpler form. The types of canonical transformations are:

8F1 8F1 8F1

G = Fi(q,Q;1), p:(?iq’ P:—%, Hl:H—i_W’ (A1)
G = Fyx(q, P;t), p—aaf;z, Q—aalg, HQ—H—i—%]?, (A.2)
G = Fap.Qit), 4=~ 0 P == =+ O, (A3)
G = Fy(p, P; 1), q:—%lzl, Q:%, H4:H—I—%. (A4)
A.2 Hamilton’s equations
Hamilton’s equations can be expressed as:
Gi=5 =g =~ (A5

where the overdot is the derivative with respect to the independent variable t. For & =

(q1,p1,.-gn,pN) the form of Hamilton’s equations is:

dz
= _9.VH Al
o =5 VH (A.6)

with S an antisymmetric 2Nx 2N matrix with each of the N blocks given by:

0 1
Sy = [_1 O] . (A.7)

A.3 Beta-beating due to gradient error

In the presence of a gradient error AK at the location s1 in the ring, the perturbed

transfer matrix can be represented as:

135



Appendix A.

M (s|s + C) = M(s1|s 4+ C)Mep, M(s|s1) = ( (A.8)

My Mo
My My )’
where:

M (s|s1) is the transfer matrix from the position of observation s to the location of the

perturbation s,

1 0
M., is the quadrupole perturbation Mg, = and,
err q p p er _AKdS 1

M (s1]s + C) is the transfer matrix from the location of the perturbation to the position
of the observation. The gradient error results in a tune shift §Q) and a variation of the
f—function AB. Then, from Eq. (2.63):

Mz = (B + AB)sin (27(Q + 6Q)), (A.9)

where (3 is the initial S-function at the location s. For a small change in the tune, it
follows that cos(2rAQ) ~ 1 and sin(27rAQ) =~ 27rAQ. Assuming that the product ASAQ
is negligible:

My = Bsin(27Q) + ABsin(27Q) + 216Q cos(27Q). (A.10)

Replacing the rotation matrices from s; to s+C and s to s; with Eq. (2.53) and performing

the matrix multiplication of Eq. (A.8) yields:

My = sin(27Q) — s, sin(y) sin(27Q — y), (A.11)

where y is the phase advance between s and s;. From Eq. (A.9) and (A.11) and for multiple

gradient errors around the lattice:

S s+C
Aﬁﬁ(i)) " 2sin (127@)/ B(s1)Ak(s1) cos [2(y(s) — y(s1)) = 27Q)ds1.  (A.12)

A.4 Expansion of the Hamiltonian in canonical perturbation

theory

The expansion of the Hamiltonian is:

= 0G = O0GOHy(J) 1 ,,0G ,0°Hy(J)
Hy(J + e—ad),s) = Hy(J) + 678(],’) 07 5€ (—ad)) 2.7 + .., (A.13)
- 0G . OG OH\(J,¢;s) 1 5 0G L0*Hi(J,¢;s)
H — . ¢;s) =€H ; o D ()
€ 1(J+68¢7¢78) € 1(J7¢70)+€ aq/) 8J +26 (aq/)) aQJ +

(A.14)
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A.5 Derivation of the Hamiltonian in the vicinity of a reso-

nance
In two degrees of freedom, a perturbation can be expressed in the form:
H, = Hpmypyxpzypyv (A'15)

where p;, py positive integers that represent the order of the nonlinearity. Using the mixed-

variable generating function of the first kind:

2 2

~ ~ y ~

Fi(z,y, ¢z, y) = T (tan(gzﬁx + Wy) + ozx) 23, (tan(¢y + W) + ay) . (A.16)

where: “ ds
R/ S Qus, (A.17)

with uw = (x,y). From the rules of generating function of the first kind (Appendix A.1):

- OF 2 OF

Jy =t = l and py = — = —— (tan(d)u + W, + au)> . (A.18)

Ody 2By cos?(¢y + W) ou Bu

As a result:

Substituting Eq. (A.19) to (A.15) and setting p, = j+k, ms = j—k, py = l+m and m, =
Il—m

Pz Py
A,Ejmﬂ mﬂ}:}:mmewm%ﬂw%) (A.20)
§=0 1=0
with:
H R (p, 4
. ==*4f§%§%i;; . Py /3£z/2/35y/2elﬁnzVVi+"nyVVQ)' (A.21)
252\ J l
Re-naming qgu = ¢, and J, = J,, the linear part of the Hamiltonian is equal to:
Ho(Jz, Jy) = %Jx +a(Jy) + Qy Jy + a(Jy), (A.22)

with a(J,) the higher order terms of the action. By imposing a periodic condition, the

perturbation can be expanded into a Fourier series:

Px Dy

HI(J$7Jy7¢I7¢y7 ZZ Z me/Qpr/ h; Jklm Z(mm¢z+my¢yin8)7 (A23)

; =0 (=0 n=—00

with hjkimy, the resonance driving terms that can be expressed as:

1 D 1 so+2m
hjklmn = W []{r] [ ly] % / /8?1/261’73/2 pl Py el[m1W1+myWy+nS]dS' (A24)
2 S0
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In the vicinity of a resonance, the perturbation H; is dominated by the term:

P . N
V(s Jy G643 8) = ||/, 912 cos(mate + mydy — nSTSO), (A.25)
with k = |k|e!?r = hjkimp- The form of the new Hamiltonian is:
Qz Q 2 My My /2 s — 380
H = fq]x + ﬁny + E|]<:|J$ 12 v/ cos(Mmy gy + mydy — nT) (A.26)
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B.1 Frequency modulation and harmonics

This section presents the impact of a frequency modulation on a harmonic dipolar
excitation, similar to the one observed in the 50 Hz harmonics. To simulate this effect,
a single particle is tracked in the LHC lattice in the presence of a dipole field error.
The dipole strength is modulated with the absolute value of a sinusoidal function at a
frequency of 100 Hz. This perturbation mimics a non-linear transfer function exciting all
the even harmonics of the fundamental frequency (100 Hz). Furthermore, an arbitrary low-
frequency modulation is injected in the fundamental frequency. Figure B.1 illustrates the
spectrogram for a frequency range up to 1.8 kHz, color-coded with the PSD. All harmonics
experience a similar frequency modulation with a peak-to-peak variation proportional to

the order of the harmonic.

15
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Time (sec.)

Figure B.1: The impact of a frequency modulation on a harmonic dipolar excitation.
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B.2 Parameters for the modulation depth computations from

the power converter specifications

Figure B.2 presents the maximum tolerated root mean square voltage ripple as a func-
tion of the frequency for all LHC power converters. Table B.1 illustrates the parameters
used for the computation of the modulation depth from the modeling of the quadrupoles
as RL circuits. In the computations the contribution from Q1, Q2a, Q2b, Q3 and the trims
Q1, Q2a, and Q3 left and right of TP1 and IP5 are considered.
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Figure B.2: The CERN Gabarit [126]. The maximum tolerated root mean square voltage

ripple as a function of the frequency is illustrated.

Table B.1: The modulation depth, the current and the inductance of the circuits for Beam
1, at * = 15 cm and with round optics [121, 122, 127].

AQ
AI/Irated

RQX.L1 80.500 RTQX3.L1  4.490
RQX.R1 62.790 RTQX3.R1 9.070

L (mH) Lrated (kA)

RQX.L5  79.160 RTQXALL5 0.060 Q1/Q2a/Q2b/Q3 255 18
RQX.R5  61.620 RTQXALR5 0.060 Trim Q1 69 y
RTQXA1L1 0.060 RTQX1L5 2.670 Trim Qla 34.5 0.035

RTQXALRI 0.060 RTQXLR5 2.000 Trim Q3 69 2

RTQX1.L1 2.700 RTQX3.L5  4.470
RTQX1.R1 2.010 RTQX3.R5 8.970
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