% . Eas Teilchenbeéchieuniger

1 ;’:‘:.;:’ 5 = ak
———— [ wosgten Wlssenschaftllchen Instrumente
,"—.' e . S TS (R ,_‘,‘._:{ T e hrwr—ie

-Helmut Burkhardt, CERN'

German Teachers Programme 1-2/09/2014




Examples from CERN with the LHC

-«'\Q

e ~\&a’§’&mf .1 ey




The CERN accelerator complex : injectors and transfer

Beam 2

Beam 1 6

Extraction ~

protons g 26 GeV 1
‘Js _ Booster
LINACS O“I» I machine circum [m] relative
CPS PS 628.318
Tons 1.4 GeV
SPS 6911.56 11 x PS
O LHC 26658.883 | 27/7 x SPS

LEIR
simple rational fractions for synchronization

based on a single frequency

Beam size of protons decreases with energy : area 02 < 1/ E “ e
generator at injection

Beam size largest at injection, using the full aperture |
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Layout of the LHC

. IR5 )
Acceleration/RF . ) Beam extraction
\ CMS 4 and dump
IR4 Y TOTEM K IR6
\\ // \
\\ g - \//
- N\ P i
£, / N X\
o ] / \/ -
/ \
off-energy | halo
IR3 1 . . } . . —4 IR7
collimation collimation
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Damage potential : confirmed in controlled SPS experiment

controlled experiment with beam
extracted from SPS at 450 GeV in a single
turn, with perpendicular impact on

Cu + stainless steel target

450 GeV protons =i |

r.m.s. beam sizes oxy =1 mm

i
2> I { jjIP¥

SPS results confirmed :
8x1012 clear damage

2x1012 below damage limit
for details see V. Kain et al., PAC 2005 RPPEO18

2.1012 41012 81012 6-1012 For comparison, the LHC nominal at 7 TeV :
* * * / 2808 x 1.15x1011 = 3.2x104 p/beam
at < oyy>=0.2 mm
= @ . over 3 orders of magnitude above damage

level for perpendicular impact
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http://accelconf.web.cern.ch/AccelConf/p05/PAPERS/RPPE018.PDF
http://accelconf.web.cern.ch/AccelConf/p05/PAPERS/RPPE018.PDF

umping the LHC beam

beam absorber
graphite

concrete
shielding
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10:30 beam 1 3 turns
15:00 beam 2 3 turns

22:00 beam 2 several 100 turns

10 September 2008
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First high energy 3.5TeV+3.5TeV collisions, 30 March 2010




LHC running very well

22-0Oct-2012 01:59:26  Fill #: 3207 Energy: 4000 GeV I(B1): 2.21e+14 I(B2): 2.23e+14

ATLAS ALICE CMS LHCb
Experiment Status
Instantaneous Lumi [(ub.s)A-1] 7600.9 10.005 75363 16.0
BRAN Luminosity [(ub.s)A-1] 6752.0 6.440 6612.4 5.8
Fill Luminosity (nb)A-1 0.0 0.1 548.4 1.2
BKGCD 1 0.731 1.080 2.077 0.225
BKGD 2 164.623 0.000 5.492 11.078
BKGD 3 2.398 11417 24.181
y v M
- e .__-‘-'-‘—mc- ] » .‘-H-“‘Hq s
€ 15614 \*‘“\_l ! S
2 1614 J ' .
= sz } l z
E13 | I
| | na
02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00
v |(B1) === I(B2) = Inerqy
l |
IUU} ] IUU'!
103 o 10 et —~—--~—-~-—---—----~—---[
2 i 2 W
=) 13 i 1 = 13
0.1 5 | O.1€
0.01 l : - 0.01- '
01:30 01:35 01:40 01:45 01:50 01:55 01:30 01:35 01:40 01:45 01:50 01:55
w— ATIAS — ALE — (MS LHLDL w—— ATIAS — ALUCE — (MS LHLD

peak Luminosity 7.8 x1033cm-—2s-1



LHC typical week, Oct. ‘12, 1.2 pb-1
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e absolute luminosity
normalization

¢ low, well understood
backgrounds

e precision optics for
ATLAS-ALFA and
TOTEM
p* =1000 m, Oct.’12

Precision front - high quality of LHC beams

[@views . 5 w888 7§ M More | (5358

Horizontal [15/05/11 14:349:00] IS~ | Vertical [15/05/11 14:33:54] IS8~
- - - - - —— - 101 - - - - - - — —

10
1
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0.01

IP1V
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-0.2 -0,15-0.1 -005 0 005 01 015 02

precise measurement of the luminous region +
beam intensity --> absolute luminosity and
cross section calibration

currently ~ 3 % level ( Tevatron had ~ 15 %)
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e main LHC challenge : damage potential
¢ enormous stored energy : nominal is 10 GJ in magnets, 362 MJ in beam; 0.7 MJ melts 1kg Cu
e currently 3.3 GJ in magnets, 130 MJ in beam

LHC :

LHC Runl 2009-2013

2009 first collisions, mostly at injection energy 2x450 GeV

2010 2x3.5 TeV, f*=3.5m,
2011 2x3.5 TeV, B*=1.0 m,
2012 2x4.0 TeV, f*=0.6 m,

2013 Pb-p run, shutdown, magnet interconnects,

Lpeak = 0.2x1033 cm-2s! [ L dt = 0.044 fb-1
Lpeak = 3.5%1033 cm-2s-1
Lpeak = 7.7x103 cm2s-1 [ L dt = 23.3 fb-!
restart in 2015 at 2x6.5 TeV, increase #bunches

[Ldt= 6.1fb1

--- increase safely (slowly) the intensity

368 bunches
1380 bunches
1380 bunches

LHC design achieved
Momentum at collision, TeV/c 7 4
Luminosity, cm-2s-1 1.0E+34 7.7E+33
Dipole field at top energy, T 8.33 4.8
Number of bunches, each beam 2808 1380
Particles / bunch 1.15E+11 1.70E+11
Typical beam size in ring, um 200 - 300 ~300
Beam size at IP, um 17 20
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LLS1: LHC 2013 - 2014 shutdown - consolidation

1695 Openings and Complete Consolidation of the Installation of 5000 300 000 electrical 10170 obital welding
final reclosures of reconstruction of 3000 10170 13kA splices consolidated electrical resistance of stainless steel lines
the interconnections of these ﬂplu‘ es i.,q,.l];,..r" 27 000 shunts insulation systems measurements

]
2

-

LR RER] ]

18 000 electrical 10170 leak tightness tests 3 quadrupole magnets 15 dipole magnets to be Installation of 612 Consolidation of the

Quality Assurance tests to be replaced replaced pressure relief devices 13 kA circuits in the 16
to bring the total to main electrical feed-
1344 boxes
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LLS1: LHC 2013 - 2014 shutdown - consolidation

LHC schedule beyond LS1

Only EYETS (19 weeks) (no Linac4 connection during Run2)

LS2 starting in 2018 (July) 18 months + 3months BC (Beam Commissioning)
LS3 LHC: starting in 2023 => 30 months + 3 BC
injectors: in 2024 => 13 months + 3 BC
2015 2016 2017 2018 2019 2020 2021
Q1102/03/04]|01102/03/04]|01102103 /0401102 /03 /04|01 {02103 /040110210304 Q1102 |03 |04
LHC
Injectors
LHC 2022 2023 2024 2025 2026 2027 2028
11021Q3/04(Q11021Q3/Q4|Q1{Q21Q31Q4]Q11Q2 Q31Q4[Q1 Q2 03 /Q4(Q1 Q203 Q4(QliQ2[Q3{Q4
300 fb-1 Q1/02/03/04]|01102/03/04]|Q1{02{03 /04|01 {02 /03 /04|01 Q2 {03 /04|01 Q20304 |0Q1{Q2 |03 Q
LHC
to LS3 _ LS 3 u Run 4
Injectors .
2029 2030 2031 2032 2033 2034 2035
HL-LHC Q11Q2 Q3 Q4|Q1:Q2iQ3|Q4(Q1iQ2:Q3 Q4 |Q1i@2|Q3iQ4|Q1:Q2 Q3§Q4 Q1iQ2:Q3i{Q4|Q1:Q2 Q3|04
3000 fb-1  4c
. S4
Injectors

LHC schedule approved by CERN management and LHC experiments
spokespersons and technical coordinators
Monday 2" December 2013

@
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Low [} insertion ; LHC

B[m]
) 100.» P*=055m
the p-function in a field free region —
B .g (3):5*+M B* =90 m %0 | Bt =2m
has a form of a parabola with B* T o
60. |
- : 0.}
the be.:am 81.ze of .a beam of e.mltFance € - / 5 - |
in a dispersion free region is oL
______ f=11m gl
Ql ’ [ : Q1
____________ S
—20.  -10. s=0 10 20

E
and the angular beam size divergence g = \/%

the beam size increases about linearly from the IP to the first
quadrupole, by a factor s/ p*  (for s >> [p*)

--> aperture limit for low p*

LHC triplet aperture currently 70 mm ( 50 mm with screen )

upgrade studies --> 130 mm aperture, NbTi

for the nominal emittance
en=3.75um, ex=¢€fvy
€=0.503 nm at7 TeV
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HighLuminosity-LHC, major upgrade over ~ 1.2 km

* New IR-quads Nb3Sn (inner triplets) * Crab Cavities

* New 11 T Nb3Sn (short) dipoles e Harmonic RF, 200 or 800 MHz
e Cold powering

. g g * Collimation upgrade

Point 4 s Point 5 .
e e Cryogenics upgrade
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Hourglass and crab-crossing

Hourglass effect. Relevent when 3* is P pr=2m
decreased close to the bunch length o, -
Define r = p* / 0, . Luminosity gets Lt gr=055m

reduced. For round beams the factor is

-04 -02

1 e 6_82 -2
):ﬁ/ mdS:ﬁTe ErfC(T>

g H{(r)

H(r

0.2

04 s[m]

A

10, 132. 0999972
LHC values 2. 265 0.999289

0,="7.55cm 1. 132 0997174
0.55 7.28 0.990833

Crab crossing : relevant for large crossing angle O

or more precisely large Piwinski angles ® S

Crab cavity A ’/

N

Use rf-cavities to rotate bunches by 0.
to get better overlap ( higher lumi)

1 0o
=— - Q=%
! 0 - . J1+@* 20, /JE

Ro=0.84 or 20 % loss for nominal LHC

and less resonance excitation.
Tested at KEKB ; main option for LHC upgrade

Piwinski angle ® = 9% tan Oc

X
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Options for future high energy machines beyond LHC

Linear collider CLIC

FCC Future circular colliders from 27 km to ~ 100 km ring
FCC-hh  hadron hadron (pp, ions - very high energy LHC), 100 TeV
FCC-ee e+e- collider options, ~ 350 GeV, precision + Higgs factory

electron hadron options in LHC or FCC tunnel, LHeC, FCC eh

other ideas, not discussed here :

Neutrino factories, based on
very high intensity (conventional) accelerators
beta beams
or muon colliders
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CLIC Compact Linear Collider

Two Beam Scheme Drive beam - 100 A, 240 ns

Drive Beam supplies RF power QUAD decelerated from 2.4 GeV to 240 MeV

* 12 GHz bunch structure

* low energy (2.4 GeV - 240 MeV)
e high current (100A)

warm (not superconducting) RF

QUAD

Power Extraction Structure
12 GHz - 140 MW

ACCELERATING
STRUCTURES
BPM
COOLING CIRCUITS . .
ACCELER. STRUCTURE Main beam - 1.2 A, 156 ns bunch trains

VACUUM MANIFOLDS RF DISTRIBUTION (BRAZED DISKS)

accelerated from 9 GeV to 1.5 TeV

BEAM
INSTRUMENTATION

GIRDER

CRADLES

ALIGNMENT
SYSTEM

INTERCONNECTIONS PETS (MINI-TANK) PETS (OCTANTS)




CLIC

819 klystrons ) 819 klystrons
15MW, 142 ps | | | circumferences | | | 15 MW, 142 ps
: delay loop 73 m :
drive beam accelerator CR1293 m drive beam accelerator
——— e e— CR2439m

Y

Y

<
<

2.5km

| Drive Beam '

B\S

2.5 km

BDS BDS »

AN 2.75 km 2.75 km 77
TA e~ main linac, 12 GHz, 100 MV/m, 21 km IP e* main linac

Y

< N\N_ [

48.3 km
CR combiner ring | Main Beam '
TA turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

booster linac
2.86to 9 GeV

et injector,
2.86 GeV

e~ injector,
2.86 GeV

Overview of the CLIC layout at/s = 3 TeV

The machine requires only one drive beam complex for stages 1 and 2.
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FCC-hh: 100 TeV pp collider

LHC “HE-LHC”  FCC-hh (alternative) | FCC-hh (baseline
27 km, 8.33 T 27 km, 20 T 80km,20 T 100 km, 16 T
14 TeV (c.m.) 33 TeV (c.m.) 100 TeV (c.m.) 100 TeV (c.m.)

)




FCC tunnel, many options : pp, ee, heavy ions, ep, elon

FCC-hh

pp
100 TeV c.m.

& Heavy ion

LHC (26.7 km)

FCC-ee ete- collider
Higgs, top .. up to 350 GeV c.am.

>50 years pp, ete-, exp/ion physics at highest energies
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parameter

Epeam [GeV]
circumference [km]
current [mA]

Psg tot [MW]

no. bunches

N, [10']

e, [Nm]

ey [Pm]

By [m]

ry [mm]

y [nm]

0’z,SR [mm]

G*

Oy tot [MM] (W beamstr.)

hourglass factor F,
L/IP [1034 cm2s]

Tbeam [min]

LEP2 FCC-ee CepC

Z  Z(cw) W H t H
104 45 45 80 120 |/ 175 | 120
26.7 100 100 100 100 [ 100 ]\ 54
3.0 1450 1431 152 30 | 66 | 16.6
22 100 100 100 100 | 100 | 100
4 16700 29791 4490 1360/ 98 50
4.2 1.8 1.0 07 046 1.4 3.7
22 29 014 33  0.94 2 6.8
250 60 1 1 2 2 20
1.2 0.5 0.5 0.5 0.5 1.0 0.8
50 1 1 1 1 1 1.2
3500 250 32 130 44 45 160
115  1.64 27  1.01  0.81 2.3
115  2.56 59 149 147 2.7
099 0.64 094 079 0.80 0.61
0.01 28 212 12 6 1.8
300 287 39 72 30 40




Accelerator applications and R&D ( last slide )

¢ The largest flag-ship accelerator is the LHC here at CERN

¢ By now many more accelerators outside particle physics
#Accelerators in the world : O (30 000) mostly smaller for medical and industrial applications
examples HIT Heidelberger lonenstrahl-Therapiezentrum, MedAustron bei Wien

¢ Broad range of particle accelerator types and applications
Large research facilities for :
Synchrotron light, UV, X-Ray (electron accelerators )
High intensity proton accelerators + neutron spallation sources
condensed matter, material science and biology research,
accelerator driven subcritical fission (energy production & radioactive waste incineration)

Yearly international accelerator conferences IPAC, last in Dresden, next in Richmond / US

Some of the hot-subjects and keywords :
¢ Free electrons lasers FEL, X-FEL, Laser induced coherent SR
¢ Advanced LINACS -- including recirculation and energy recovery ERL
e New acceleration techniques :
¢ Dieletric, LASER, Plasma driven
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http://www.klinikum.uni-heidelberg.de/Willkommen.113005.0.html
http://www.klinikum.uni-heidelberg.de/Willkommen.113005.0.html
http://www.medaustron.at
http://www.medaustron.at
http://www.ipac14.org
http://www.ipac14.org
http://www.jlab.org/conferences/ipac2015/
http://www.jlab.org/conferences/ipac2015/

