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Uvod do urychlovaéov
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s pouzitim materialov od
O.Brining, E.Wildner...
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Elektronvolt, jednotka energie, oznacovana ako eV, sa pouziva pre
malé energie: y
1 eV je definovany ako energia dodana castici s nabojom jeden Urychlovanie
elektron (t.j. okolo 1.602:10-1° C) elektrickym polom s rozdielom
potencialov 1 Volt:
1eV=1.602-10"% joule

Vo fyzike castic jednotka eV sa pouziva taktiez ako jednotka
hmotnosti, protoze hmotnost’ a energia su tzko spojené
Einsteinovym vzt’ahom:
E = mc? Celkova energia
kde m je hmotnost castice a c je rychlost’ svetla vo vakuu

Hmotnost’ elektrénu je okolo 0.5 MeV
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D) Relativita

—

Ked’ st Castice urychelné ne velku energiu, ich rychlost’
vsa pribluzije rychlosti svetla vo vakuu ¢

musime zobrat’do uvahy relativistické efekty

/
Y=1/1-B; p=ve

y=Em  B=p/lE yB=p/m
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Preco urychlovace?
a4\ Preco stale vyssia energia?

Q)

¢ Castice — viny (de Broglie)

¢ RozliSovacia schopnost’ je dana vinvou dlzkou
A=h/p (h-Planckova konstanta)

(napriklad elektronovy mikroskop ma lepSie rozliSenie nez svetelny
pre ktory A ~ few 102 nm « less than 1eV)

200 MeV <~ 1 fm (1013 cm)
1GeV  «0.2fm

100 GeV <~ 2 x 10 cm (LEP)
10TeV < 2x10¥cm (LHC)

® & o o
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Co urychlovat’ ?

¢ elektrony — pozitrony
= velmi dobré na objavy novych (neutralnych) Castic
m najjednoduchsSia interpretacia vysledkov

¢ protony (anti-protony)

m tiez objavy novych Castic, ale energia “elementarnych” zrazajucich sa
objektov nie je fixovana

m Struktura hadronov

¢ t'azke iony (az po Pb)
= vysokoteplotna QCD, fazové prechody
= nahrievanie vakua
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Zdroje ¢astic: elektrény

Najjednoduchsi zdroj — v podstate elektronka

Obrazovka (starych) televizorov — typicky
elektronovy urychlovac na ~ 10 KeV

. I Iris
—_— -
Cc

Katoda

Elektronovy zvazok

Vysoké napatie
O O
-+
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Zdroje €astic: protéony

Duoplasmatron z CERNovskej Linac-Homepage

Magnets

Katoda Magnets

H;f:*ff+2€

Hite ~-HTHTe
HTe ~ 2 €

19 February 2008 Karel Safarik: Uvod do fyziky éastic 8



@) Zdroje Eastic: antiprotony

a chladenie!

protény ‘ Z" : Zber antiprotonov
§ p

Target
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y Sily pdésobiace na nabitu ¢asticu

. —

v

\
/ —1:: Meni smer pohybu €astice,

nemeni jej hybnost’ !
Lorentzova sila:

4 _q «(E+7xB)

dt /

Urychluje €astice !
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||@§ Princip urychlovania: €asovo meniace sa
elektricke pole
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Linearne urychlovace

-
Zjednoduseny Linac Wideroe
( A — U+ 1928.

castice sa zgrupuju dokopy (klobasky),
aby sme zaistili, ze elektrické pole ma
spravny smer v case ked’ klobaska prileti
do danej "medzery”

Rychlost’ Castic sa stale zvySuje, preto
dizka modulov sa zvaésuje tak, aby prilet
€astic bol synchronizovany zo smerom
elektrického pola v danej medzere

0.87c by here

Alvarez: Resonance tank
0.3c by here
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Cyklotrén
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Frenkvencia nezavisi od polomeru, ale len v
nerelatickej limite! Toto nie je pravda pri vysokych
enrgiach ak prejdeme do relativistického rezimu.
Frenkvencia sa musi menit’ v zavislosti na

rychlosti Castic:
19 February 2008
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Synchrotron

/ T ——

Skupiny &astic (klobasky) G 2
obiehaju synchrénne s \I_ _‘__ —
radiofrkvencnym polom v

urychlovacej kavite x @ + | RF medzera

Kazda Castice obieha
nedaleko idealnej

(teoretickej) orbity: aby toto
fungovalo urychlovanie a
magnetické polia musia -

splnat’ kritéria stability \

Magnet

}: ¥ ‘Tﬁ
R
N : M ‘
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Dipolovy magnet zataca
drahu Castic v horizontalnej
rovine (vertikalne pole)

”Magneticka rigidita”
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S (beam direcion)
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Fokusacia: Kvadrupdl

Castice musime fukusovat’, aby zostali v urychlovaci
Podobne ako v optickom systéme

Kladny naboj
pohybujlci sa
smerom k nam:

Kvadrupol A
Defokusuje sa v
horizontalnej

0
R rovine,fokusuje sa
| [ s vo vertikalnej
rovine.
><|=><
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Kvadrupol

—

x (horizontala)

Sila je umerna
vzdialenosti od stredu: =< ><

castice daleko od stredu

magnetu sa zatacaju
viac, dostanu vacsiu
korekciu
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Fokusujuci systém

AT A
v AU I

”Alternate gradient focusing” spravy celkovy fokusujuci
efekt (porovnajte napriklad s optickym systémom v
kamerach)

Zvazok potrebuje menej miesta vo vakuovej komore,
amplitudy si mensie a pri rovhakom rozmere magnetov
kvalita magnetického pola je lepSia (optimalizacia ceny)

Synchrotron: Magnety
striedaju orientaciu
kvadrupoélového pola

(F — fokusacia, D -defokusacia)
(B - bending, zatocenie)
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Korektory

Beam Position Monitors (monitory polohy zvazku) meraju polohu
zvazku v blizkosti kvadrupélu, zvazok ma prechadzat’ v

prostriedku...
Malé dipolové magnety sa pouzivaju na korekcie moznych chyb
VvV pozicii zvazku.

BPM BPM

Iné typy magnetov sa pouzivaju na korekcie d’alsich chyb,
napriklad ne-idealnost’ magnetickych poli
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Mozné chyby

Typy chyb, ktoré moézu ovplyvnit’ urychlovaci proces a musia sa
korigovat’:

Pohyb povrchu Zeme
Viaky...

Mesiac

Rocné obdobie
Konstrukcné prace

Kalibracia magnetov je velmi doélezita
Regulacia prudu v magnetoch

Energia Castic musi zodpovedat’ hodnote pol’a v magnetoch, aby
Castice zostali na svojej orbite. Kontrola urychlovania!
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1 A PE
OE=-— P rotB:ﬁ——
C c Jdt
apacito.
| |
I
O
AC generat

Rezonancny obvod
Kavita pre urychlovanie
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Urychlovanie v synchrotrone

V it Urychlovacia medzera s
: RF napatim

Toto zodpoveda elektrickému polu
ktoré vidi referencna Castica

Prva astica zvysi energiu menej

A

Hybnost' - Referenéna hybnost'

=

RF faza

Skupina €astic ("bunch”, "klobdska")

“Bucket": Energeticko-fdzova podmienka stability
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Experimenty

TercCikové:
Bombardovanie materialu zvazkom vypustenym von z
urychlovaca.

Bublinové komory

Pouzitelnu energiu treba pocitat’ v t’aziskovom systéme (t.;.
zrazajuce sa objekty)

Zrazat' Castice je ovel'a A Gev /

V)'Ihodnejéie ?55 2000 — /./Tevatron

& / . / / § I /

1960: elektron/pozitrénovy S a0l P

zrazac 2 i o
1970: protén antiproténovy ;:' 1000 — e

zrdzat 5 coll{f%pﬁs
2000: ionovy zraza¢, Au (zlato) § s00 — =~

IS SPS Tevatron fixed target
s M AR NI R

200 400 600 800 1000 CeV
particle energy
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Zrazace

0 'THes . : o artieToc
two rings anti-particles
I
|
1 - -
Iy collision
collision

regions point

O VSetky Castice sa nezrazaju v tom istom Case -> je potrebny dlhy
cas

O Potrebujeme dva zvazky

0 AntiCastice su odlisSné (a drahé) na vyrobu (~1 antiprotén
potrebuje 106 proténov)

0 Zvazky sa navzajom ovplyvnuju: zvazky musia byt’ separované
ked’ sa nezrazaju
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Urychlovaée v CERNe

CERN Accelerators

(not to scale)
Energie:

Linac 50 MeV

0.999999¢ by here

PSB 1.4 GeV
PS 28 GeV

SPS 450 GeV

—
neuinines = Gran Sasss (1)

0.87c by here

LHC 7 TeV

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LiNear ACcelerator

LEIR: Low Encrgy lon Ring

CMNGS: Cern Neutrinos to Gran Sasso

Gran Saseo (1)
730 km

0.3c by here

Kudoll LEY, S Drvison, CLRN, 07 0% 96

Hevisenl wned adupied by Satonells Dl Bosas, ETT Diw,
s collaborsson wieh B Destorges, 3L Div,, asd

03, Manglanki, PS Div. CERM, 23,0501
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LHC

CMS
TOTEM

IP5

extraction

P4 IP6

collimation 7
IP3

machine

protection
ALICE LHCDb
njection bl IP1 injection b2

ATLAS
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interaction region

Luminozita

L,

A= el

PoCet Gastic v bunchi
(klobaske) (dva zvazky)

s

- Ngn, f

X(8) = +/p, (s) cos(zTﬂQ .5+6)

Pocet bunchov (klobdsok) vo zvazku

/ / Frekvencia otdéania

L

rev I: +«— Formfactor z uhla zvazkov

Are S+

Emitancia /

/‘

Optickad beta funkcia

19 February 2008
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Synchrotronne Ziarenie

, ychrotron ™ , . N .
Synchrg‘rr‘onny 1t cone Drdha Castice
svetelny kuzel

opening angle X Yi

Elektromagnetické viny

Urychlované nabité Castice vyZaruju fotony

Radio signdly and Rontgennové ldce

v : LEP: v=200000

[LHC: Y= 7000
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Vakuum

Bremsstrahlung + Coulomb Scattering

"Nabuptnanie” zvazku
Q Straty ¢astic
Q NeZiadldce zrazky v experimentoch

O Limituje luminozitu
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Supravodivost’

Preco supravodivé magnety?

Mensi polomer, mensi poCet Castic v urychlovaéi, mensi urychlovaé

i

Setrenie energiou, ALE velmi komplexnd infradtruktira

Karel Safarik: Uvod do fyziky éastic
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@I Supravodivy dipol pre LHC

LHC dipdly (1232 + rezerva) vyrobeneé in 3 firmami (Nemecko,
Francuzsko a Taliansko, velky high-tech projekt

Heat Exchanger Pipe

Beam Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece 1
Bus Bars = D S /,/; ¢ Superconducting Bus-Bar

Iron Yoke
Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

. Instrumentation
Protcle)ciggg Feed Throughs
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LHC Dipél

Pracovna teplota 1.9K!
NajchladnejSie miesto vo vesmire...

“Dva v jednom” konstrukcia
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LHC

Table 2 1: LHC beam parameters relevant for the peak luminosity

Injection | Collision
Beam Data
Proton energy [GeV] 450 ?DD{J)
Eelativistic gamma 4786 L+ 7461
Number of particles per bunch 1.15 > lllly
Number of bunches 2808
Longitudinal emittance (4o) [eVs] 1.0 2.5
Transverse normalized emittance [1rm rad] 3.5° 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MIT] 233 362
Peak Luminosity Related Data
EMS bunch length® cm 1124 7.35
RMS beam size at the IP1 and IP3" fiam 3752 16.7 )
REMS beam size at the [P2 and IP8" jim 2796 70.9
Geometric luminosity reduction factor F/ - — 0836
Peak luminosity i [P1 and IP3 [emZsec 1] ( 1.0 » 10%
Peak luminosity per bunch crossing mn IP1 and IP5 | [cm ™ “sec™ ] - 5 i |
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LHC

Table 2 .2: LHC beam parameters relevant for the luminosity lifetime

| Injection I Collision |
Interaction data
Inelastic cross section [mb] 60.0
Total cross section [mb] 100.0
Events per bunch crossing - 19.02
Beam current lifetime (due to beam-beam) [h] - 44 86
Intra Beam Scattering
RMS beam size in arc [mm] 1.19 0.3
RMS energy spread 4F /Ey (10— 3.06 1.129
EMS bunch length [cm] 11.24 7.55
Longitudinal emittance growth time [hours] 307 61
Horzontal emittance growth time [hours] 38 80
Total beam and luminesity lifetimes”
Luminosity lifetime (due to beam-beam) [hours] - 291
Beam lifetime (due to rest-gas scattering)” [hours] 100 100
Beam current lifetime (beam-beam, rest-gas) [hours] - 18 4
Luminosity lifetime (beam-beam, rest-gas, IBS) | [hours] - ( 149
Synchrotron Radiation
Instantaneous power loss per proton [W] 3.15 x 10— | 1.84 » 10-1!
Power loss per m in main bends [Wm™!] 0.0 0.206
Synchrotron radiation power per ring [W] }16.15 x 10—2 3.6 x 109
Energy loss per turn [eV] TL15 > 10-1 6.71 > 107
Critical photon energy [eV] 0.01 4414
Longitudinal emittance damping time [hours] 484891 13
Transverse emittance damping time [hours] 484891 26
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Buduce urychlovace

® two projects presently under study: @I\x
# [L.C (International Linear Collider) —
® Technology decision Aug 2004 i
®© Superconducting technology QJ }
1.3 GHz RF frequency e
©-3]1 MV/m accelerating gradient o s sl

high snergy physics experimants

3 km

position source

© 500 GeV centre-of-mass energy

4
]
3

®upgrade to | TeV possible

© CLIC (Compact Linear Collider)

®normalconducting technology

®multi-TeV energy range (1-5 TeV)

: J' ] slectron sources
i [HEP and x.ray laser)
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Lake Geneva

This large tunnel would also
allow e+e- and e-p collisions

as well as pp collisions
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Co sa stalo s LHC?




POINT 4
RF

POINT 3
Momentum
Cleaning

POINT 2

Alice

Beam 1

POINT 5
CMS

POINT 1
Atlas

SQM 2008 1[5 5T - A

Castice v LHC

e first signs of life...
e 14-15 June

e extractionin TI2 and dump
POINT 6

Dump

e injection tests
1) 8-11 August
first injection in LHC (beam 1)
POINT 7 2) 22-24. Augqsf |
Betatron first injection of beam 2

Cleaning 3) h-7 sep’rember

e circulating beams
e 10 September

POINT 8
LHCb

Beam 2
10 Sep 2008 15:02

TI8
Updated by Roberto Saban
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Extraction tests: 14-15 June

Federico Antinori, SQM2008

AP 1
18-Jun-2008
LOCAL_TIME

e beam extracted from the
SPS and dumped in the
transfer line

e muons make it all the way
to ALICE

ALICE Pixels
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Federico Antinori, SQM2008

08.08.08: First Injectionin LHC!

"J9CLA.TR3
TCLASBR3,
TCLA.BSR3 ",

TCLA. ASR3

TCP.6R3 TCSG.B5R3

TCSG.5R3 TCSG.A5R3

IP3 TCSG.4R3
TCSG.4L3

TCSG.6L3
TCP.6L3
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First injection in the LHC!

e 8 August 2008

e ALICE SPD (pixel) and VO
(scintillator) switched on during
first phase (upstream dump)

e pilot bunches: ~ 5 10 protons
e Trigger: > 10 hits on layer 2
e 32 events triggered

e Run 51403 (16:53 to 18:05)

multiplicity

Pixel Hits

25 30
Event Number

e VOvs SPD

vzero tot adc (max ampl.) vs. spd mult

=3
=3

Ei 6987
M -6.053
RMS__ 3.655

T
=
>
o
2
g
=]
0
H
3
Q
o
Q
=]
S
&
L

(VO_A&Cc ) x (SPD1_mit )

150 200 250 300
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10 September: circulating beams!

e beam 1: 15" complete orbit ~ 10:30

4% Y0ODetector\Scalers_Control.pnl

Triggers Scalers | Integrated Chal

Min {0 700 Max [1400

II I Integrated Charge
VO X

Sector 1
C

Sector0 Sector(

Sector 2

Sector 7 Cactor Sector 4

Sector B Sector 5

IntegralC

e beam 2: 15" complete orbit ~ 15:00
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394

LHC operation 10 - 11 September

First orbit

RF capture

SQM 2008 JEE - R

2008%10H

AN
o n‘\\""‘ ot

A P P PP
) ——

N
N

VB LR AL Vi i RTk

L} T
10.0n 12.0n 4.0n 16.0n 13.0n 0.0 22.0n




11 September: RF capture
(Physics datal)

e 11 September, ~ 22:35 first capture
e beam 2 kept in orbit for over 10 minutes!

e series of injections with tens of mins RF capture during night
e in ALICE: 673 events in total

e - first data for Physics (beam 2 background)

| un 58338
event 27
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First circulating beam: background rates

Sept 11t beam had circulated more than 6 million times !!! A.Kisiel
Erie
Background rate = _ e
¢ i Run Cosmic
Run 58338: First event: 21:47:39, i 58338 Beam
last event: 21:53:09 — total 920 sec. "
Total 235 events. Rate: 0.2554 Hz 08
11-107° orbits/sec. Rate: 2.3-105/orbit l
Intensity: 2-10° p. Rate: 1.15-10*/orbit 10° p ﬂljé—l IIIIIIIIIIIIIIIIIIIIIIIIIIII L,
EStImate for 1010 p IntenSIty | 763.6 763.8 764 764.2 764.4 T64.6 7648 7Gt?mesmmp
and two beams: 2.3-10-/orbit p— .
¢ == Longest beam run
Event rate e
;;T R R %s-'inz' e oA ".rsﬂ' 'H'Dé? Ao
At 450 GeV f*=10 m, transverse size 270 ym —
At beam intensity N_=2-10°, luminosity is 1T ws s
L,=5-10cms?, mteractlon probability: 1,=3-10- 5/BC ° s
At N =5-10% probability is I,=1.875-10" 2/BC "E
compared to the background rate ‘°;—
estimate of 0.115-10-?/orbit. sE-
J. Scl L ¥ S (5N S 15X R [ [ i e X ITEE‘E { gtg.z' 10



Fate of Physics at LHC

®...and we were 5’ from
T 5 S

Sector temperature profile at 19{Sep 08:59
49 F ——
r Move cursor to square to identify ma
4.7 &
L " e

b Temperatures
LHC Sector 34°

Friday 19th Sep

3.7
[

o
3.3
3.1
2.9
2.7
2
2.3
2.1
1.9
1.7
1.5

Point 3 Mid Arc Foint 4
[0 FF cawitiez [ Arc magnetz M L3S magnets

Temperature [K]

Jan Fiete Grosse-Oetringhaus
10 December 2008 Fate of Physics at LHC K.Safarik 47



So: what happened on 19 Sept?

e 19 September, ~ 11:30: large helium leak in sector 34
e helium escaped in the tunnel
e insulation vacuum broken
e beam vacuum broken (up to sector valves)

e confirmed: due to electrical fault
e resistive splice in interconnect

e magnets in sector 34 were being commissioned to 5 TeV (10kA)
e at 450 GeV (1kA) worked well
e incident occurred at ~9kA

e all other (7) sectors had been commissioned to 5 TeV (and above) without
problems
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When will beam resume?

e clear that recovery of sector 34 will take during the winter shutdown

e LHC operations are planned to restart in fall of 2009
e precise planning being worked out

e "Chamonix meeting”
e looking into different scenarios

e one possibility is running over winter, till autumn 2010, and at the end a
“standard HI run”

e ALICE now in shutdown mode
® repairs
e improvements

e additional installations

o
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