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PS accelerator complex
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The Proton Beam Starts Here ...

The source cage houses the HV platform at 90 kV.

Source
model
(1to1)

Beam
path to
RFQ
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Duoplasmatron Proton Source

ARC SUPPLY HT SUPPLY 90kV

——

é —— \______._
HOT CATH ; % é% @&1)- - E =

g:l/
Proton beam @ 90 keV

INTERMEDIATE ELECTROD! to the RFQ

magnetic
—
|

Protons (at 90 keV) are produced by creating a
plasma using H, which is charged due to

p+ % interaction with free electrons from the cathode.
e- ) The plasma is then accelerated and becomes an
@ (D @ ion beam.
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Radio Frequency Quadrupole (RFQ)

* RFQ is a linear accelerator that FOCUSES, BUNCHES &ACCELE% /
with HIGH EFFICIEN 90% w.r.t. 50% of conventional accelerators) and
PRESERVES THEEMITTANCED

* The whole beam dynamics depends upon the shape of the vane tips

|
. |

fprincipl
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Linac 2

PTL (Alvarez structure 1945)

gmp g

Pulse of beam ~100 ps Iong every I.2s

Bl

[]

P |
RF — .
generator () 1 Pho | A ve va<ve sle>La
Drift tubes and spacing become
larger as the energy increases @ | > L=V = pho
Focusing quads inside drift tubes La Le
3th February 2014 CAS@Chavannes 10

29/01/2014



PS Booster

Eext=1400 MeV

Isolde

B 0t01
) \,":.).-»‘x.il,-r

-

S

“ - lx P
- PSB
7 En=50 Mev TR =
— * Synchrotron with 4 vertically
- n-ToF stacked rings, each ¥ of PS
L Circumference
7 Linac2 * Duty cycle 1.2 s 2 two cycles
- needed to fill the PS with protons
for LHC
3th February 2014 CAS@Chavannes il

PS Booster: Enj=50MeV, C=154 m

Pulse from LINAC2=]00 s

P
3rd inject. @xo 7;‘3/'@0 /C/@
to L}
B =0 » X| Septum foil

A s e.g. 3-Turn Injection n|nj ted beam
1C (up to 13-turns
possible) |

| 1 |

Circulating beam/gz 0 |y X

k SEPTUM

Transverse Phase Space (x,x")

- The bigger the number of turns the more intensity we can accumulate

- The problem is that the longer the injection takes, the more time the particles have to fill the whole
available phase space + SPACE CHARGE = emittance increases =» beam size increases

- The Booster is the machine in the LHC Injector Chain where the transverse brightness of
the LHC beam is determined

Brightness = Intensity/Emittance
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Proton Synchrotron (PS)

The oldest functioning machine at CERN
The first Alternating Gradient Machine!
Isolde

g 1SOLDE

2l

S el - Y |
‘-‘L; - ) <& I J— RING PS

BOOSTE

+ " psB { 628 m,26 GeV, 1959
NF LHC Cycle time =3.6 s

GARGAMELLE

n-ToF |

.

"y

= S e First evidence of weak
N 2 Linac?2 neutral currents (Z°)
.
e S
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Two injections from
BOOSTER to PS

2x1.25)
h=I h=7 (6 buckets filled + | empty)
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Proton Synchrotron (PS)

Longitudinal bunch splitting =» Reduce voltage on principal RF harmonic and simultaneously
rise voltage on multiple RF harmonic = several type of RF cavities needed

ﬁ Up to 4 injections from PS of 72 bunches

72 bunches 2
--------- 84 buckets o]
2
=2
ver the rise time o
ction Nicker 5
18 bunches &
21 buckets el
26 GeV
A =
1.4 GeV | =
=2
oy o
5 3
ho 6 bunches g
h=7 V) 7 buckets P
PS Two injecti f
jections from
h=1 BOOSTER to PS (] 1.4 GeV
BOOSTER Nominal 25 ns beam production
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Super Proton Synchrotron (SPS)

North area

North Area

Vers
Grand Sasso

\ ﬂ”k// w
New Facilities: HiRadMat and AWAKE* (*under construction) /2)

has probed the inner structure of protons
investigated matter antimatter asymmetry
searched for exotic forms of matter
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Large Hadron Collider (LHC)

T T

S e

CARC C D%

€

Large Hadron Collider (LHC)

. . Liquid Cold
Superconducting cables of Nb-Ti Nitrogen compressors

He gas = liquid @ 4.2 K = superfluid
@217 K\

10000

souc L

§\\ : g el ?}l’ne Hel d

8
>

ri %
LHC ~ 27 km circumf. with 20 km of Presaurzad Hell /

superconducting magnets operating @8.3 T. o0

An equivalent machine with normal b/?» oint

conducting magnets would have a St ! p

circumference of 100 km and would 1 |

consume 1000 MW of power = we would 1 1.9 K -

need a dedicated nuclear power station for

such a machine. LHC consumes ~ 10% Total amouj;(;g ?Oeolfrsed @LHC

nuclear power station
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Large Hadron Collider (LHC)
Geometry of the main dipoles (Total of 1232 cryodipoles) g s,
4‘:‘_;&

Heat LHC DIPOLE : STANDARD CROSS-SECTION e

exchanger

Beam pipe (Ultrahigh
beam vacuum 10-'° Torr

like at 1000 km over sea) Collars

s '.?
Cold bore non- &, — 8 g
magnetic r :
austenitic steel -
Beam Screen
(Stainless Steel oo eSS He Vessel
+ Cu)
Thermal
36.9 mm shield
46.5 mm si yoke NOER/ME bvesser
Superconducting HELD (35% T5K) Vacuum
coils NONMAGNETIC COLLARS vessel (10°¢
IRON YOKE (COLD MASS, 19| mbar)
DIPOLE BUS-BARS
SUPPORT POST
L~I5m
8.3T,11.87 kA

CAS@Chavannes T=19K,~275 ton

LHC TDR

The FoDo-Lattice

A magnet structure consisting of focusing and defocusing quadrupole lenses in
alternating order with nothing in between.

(Nothing = elements that can be neglected on first sight: drift, bending magnets,
RE structures ... and especially experiments...)
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June 1994

first full scale protot

ECFA-CERN workshop
Due Chisedd T

/

1994 project
approved by
council (1-in-2)

June 2007 First sector cold

25y

April 2008
Last dipole down

Ssc ?
cancelled Main contracts signed
83 s4| |9o|9| 92|93 95|9e|97|9a 99 oo|0||02|03|o4|05|
- 2002 String 2 November 2006
E/Lrmaxy !ﬂ First set of twin | m 232 delivered

September 10, 2008
First beams around

21

August 2008 3
First injection test L, 3 #\’
gu v [“"_““" ? P !
3 e n TV LA | ‘f
¢ iy 4
' .
= e - —
w0 L g g e wria
" May 2012 Feb. 2013
82-
Ramping p-POE2" )
Performance New Operation
November 29, Mode/
2009
Beam back
Sept. 10,2008
First beams around June 28 2011
1380 bunches
e March 14th i,
October 14, 2012 ST
2010 Restart Nov. 2012
L= Ix10%32 with Beam End of p* Run |
248 bunch
Repair and Consolidation unehes T .
2008 | 2009 2010 2011 | 2012 | 2013

March 30, 2010

First collisions at 3.5 TeV

November 2010
Pb82* lons

November
2011
Second lon Run

29/01/2014
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Filling the LHC (2012)

25 ns 50 ns 25 ns
(2012)
(design) (2012)*
Energy per beam [TeV] 7 / 4 \ 4 .
Intensity per bunch [x10'"] I.15 \I .7} 1.2 % !
Norm. Emittance H&V 375 8 27 i :
[um] 5 ‘ "
# ~= Each bunch from the Booster divided by 6 — 6 % 3 x 2% 2 =72
Number of bunches 2808 1380 NA. The 25 ns PS production scheme (2012)
B* [m] 0.55 0.6 N.A#
Peak luminosity [cm™2s'] 1 x 103 7.7 x N.A.# n &
1 033 ?S %3“0 S%@ﬁ
\ \

LHC filling pattern (2012)

R

5000 10000 15000 20000 25000 30000 35000
Bucket #

1380 bunches over 26.7 km

o

Bunch Lengths [ns]
ee oo v
e BESE NI

# The 25 ns was only used for scrubbing and tests in 2012
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High Light Of HEP -Year

ATLAS event display: Higgs => two electrons & two muons
1400 clearly identified Higgs particles “on-tape” (per experiment)
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Linac4 : Replacing Linac2

Linac4 : Approved in 2007 as a replacement to Linac2

0 Energy 160 MeV (cf 50 MeV in Linac2) Doubles the space charge tune shift
limit at injection into the PS Booster

0 H- Injection : CERN is one of the few labs still using p*

0 Connection to PSB depends on finding a ~8 month shutdown of LHC after

2015 50 Mev > 160 MeV
0.31%1.12=0.35 0.52%1.37=0.70

AQLINAC’/“ 0.5AQLINAC2

Transfer line g :
N ' Exy @

with N, : number of protons/bunch

£y 1NOIM. transvers e emittances

Present 50 MeV R :mean radius of the accelerator

Linac2

Linac4 _—»

45 keV 3 MeV 50 MeV 102, MeV 160 MeV

Delivers 40 mA H-source 3 RFQ ¥ chopper § DTL & CCDTL§ PIMS |
pulses at 2 Hz

>

«

3th February 2014 352. 2 MHZ
. . e- _e-
H- Injection (o%.%

p+
From LINAC4 .o Xvsx
H- e .
Q.. (%
Stripping foil 2@ | |

(99% efficiency) 6

Circulating p+

poosTer et L
Injection chicane dipoles:
Bump off after injection to

preserve the foil from

unnecessary heating

Injection in the same
phase space region!!!

Emittance better preserved
Not possible with LINAC2

The most important plus! =» since we can afford a SPACE CHARGE AQsoMev =

N, R
But AQuiNAc4(160Mev) = 0.5AQLINAC2(50MeV) AQqp & — — NpLINACH = 2 N LINAC2I I
1% cr B
Exy PV
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Ion Chain

TaSFS J ISOLDE
L SR

T

,,,,,,

Small sliver ofsc;Iid j LN 1 e ; \

isotopically pure 208Pb is
placed in a ceramic crucible
that sits in an "oven"

2. The metal is heated to around 800°C and
“uwm “wus jonized to become plasma. lons are then
' extracted from the plasma and

accelerated up to 2.5 keV/nucleon.
Pb29+

The source can also be set up to deliver other species...
Ar and Xe being prepared for the SPS Physics programme

CAS@Chavannes 27

Linac 3

Stripping foil Pb29+ > Pb54+ Mg g
. Stripping Efficiency is 20%
Interdigital-H (IH) linac || ' A =i Pb29+ 2.5 keV/nucleon
4.2 MeV/nucleon W - Vel = dlg

P i e

3th February 2014
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Ion Chain : Low Energy Ion Ring (LEIR)

2qrmo) EJECTION, dispersionsOm
- any

aoariy omaz
qnis qruaz

xrsza

ECOOLING, disparsion-Om

15 10 -5 o s 10

LEIR Accumulates the 200 ms pulses from Linac3 into 2 bunches

Electron Cooling is used to achieve the required brightness

Acceleration to 72 MeV/nucleon before transfer to the PS

LEIR Cycle is 3.6 s

The Pb54+ is finally fully stripped to Pb82+ in the transfer line from PS to SPS

3th February 2014
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History of the Antiproton Decelerator Chain

Isolde

L E” _ I1S0LDE
R\ o i

(=
=

East Hall

Antiproton
Decelerator
3.5 GeV

It Anti-Hydrogen
ever produced
et

e Low Energy
. (. Linac2  Antiproton Ring
T 1983 - 1996
‘ P
3th February 2014 CAS@Chavannes 30
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et

Built in 1999 (from the old AC)
26 GeV/c PS Proton beam produces p
(I in 107) which are focused and
captured in the AD and decelerated to

100 MeV/c (5.3 MeV)

Antiproton Decelerator : AD ®®

Momentum

b P GeVie
57T
Stochastic cooling
6.6 s. Tune jump
2.0 4+ pbar injection

Bunch rotation
Stochastic cooling
17s.

Electron cooling
16s.

Actual Duration

A
Cooling is cruciall!=» ¢ = ﬂs—"
(ﬁy)rel

Design Duration

Electron cooling
8s.

Rebunching
Fast Extraction

Proton target

iridium target

aluminium end plug

0.3 4
01 £
12(10) 35(33) 54(52) T1(58) 85(60) lim’n [sec]
RF ON - — -
RF h= 6 1 1 3 1

Beam bunched for deceleration (RF ON), debunched for cooling

2808100 FP
27111102 Rev

water circulation

3th February 2014
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AD Layout

I
==t

Target Are

C~200m gf"

o

Future Elena %
ost-de toF:.

ASACUSA

Electron Cooling

Antiprotonic helium = )

Experimental

Area
1
or—+6 d
It meas. of gravitational 5 for cancer therapy
effecton H

(1) In construction GBAR() BASE(M
Gravitational magnetic momen
effect on
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Elena ... More Deceleration

injection .,

sev‘ﬁ Degrader foil ) ;' | ._“

W (Efficiency=0.1%)

3
5.3 keV 5 keV

<0

8.6m

ELENA will overcome this problem + will be
able to deliver beams almost simultaneously to all
four experiments resulting in an essential gain in total
beam time for each experiment. This also opens up
the possibility to accommodate an extra
experimental zone.

Under Construction
A second stage of deceleration after
AD Momentum: 100 - 13.7MeV/c In operation 2017

Kinetic : 5.3 = 0.1 MeV

CAS@Chavannes 33
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SOLDEsC in 1967 wnil 1990 PSB Experimental Areas: ISOLDE

ISOLDE PSB in 1992

Nuclear &
Atomic
Physics &
Astrophysics

» )
® Solid
. State

00
(~ Life
Sciences

CALIAPS,
GPS: Global Pu S N i ics*
e Hi;hakes;i::nsez;:z' ext generation ot nuclear physics: | ‘\X — .
HIE-ISOLDE (+SC RF): Ekin < 10 MeV/n =& A <200 - ‘. ‘LEIR
PHASE 1: 2015 > 5.5MeV/u (On track) : . 3‘)
. ? ©
3¢h February 2014 PHASE 2: 20177 = 10 MeV/u PHASE 3 (+ chooper) CAS@Chavannes I

29/01/2014
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PS Experimental Areas: East Hall

Study the influence of galactic cosmic
rays on the Earth's climate through
the media of aerosols and clouds

Detector
Calibration

./P{oton

_3 & neutrorj
" irradiatio
aciliti

o ol

Resonant Extraction with a
spill length of ~400ms

" East Ha[[

Secondary Beams: A / - ' .
/ T 7 ]

Momentum range I-IS/G@)Ik -_'_"‘ﬁ'—-..._.‘__' ; E—
Electrons, Hadrons & Muons = = L. PS 53-'_- -

Max |-2E*¢ particles per spill g
P per sp n-ToF ?\\. ;
LSS _— <. LEIR
Y
e,
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PS Experimental Areas: n-TOF

Study of neutron-induced reactions

e
by ¥ N
%o Transmutation
¥ of nuclear
waster

Symmetry

= Stellar Breaking in

e Nucleosy compound

aVic i i
Experimental VProton beam nthests nuclei
Area |
jﬂ.‘,u i
D 07 —— Houtron-Beam .
Deofector {
2nd Exp. area under Neutron source
construction e N
Spallation 20 o q
——ve—— kil i - Isolde
mpym‘uhnmw - East H
. i, AD g ol
Each primary proton \ forss i

produces ~300 neutrons - L “!’\psgi Sx
Eneutron ?meV - GeV = Ps “}&
n-ToF ?\\1‘__ 2
g N LER
-

E)
e,
CAS@Chavannes 36
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SPS Experimental Areas: North Area

7 beam lines (tot:5.8 km)

3 experimental halls

~ 2000 scientist/year

Slow extraction

3 primary targets

lon physics program:
(Be,Ar, Xe)

North Experimental Area

Russian regular satellite
Clarify the Cosmic Rays origin

g2
R
Physics B'%yon;g"ﬂlé:SfaJ 'Pa d Model y
COMPASS: Common Muon and Proton Apparatss for it

Structure and Spectroscopy T2 1y T Y P i
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SPS Experimental Areas: Awake & CNGS
S

Neutrino Oscillation of vu to vt:

= Up to now: only measured by disappearance of v
* CNGS: appearance experiment

Sasso

Gran

f measure
produce tau-neutrinos
muon-neutrinos Skm

~2 v /year

-> acceleration of electrons to multi-GeV energy
range in the wakefield driven by protons.

North

v
Short p+ % Experiment]
beam al Area
Awake (ex CNGS)
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_ﬂ HiRadMat

High-Radiation to Materials

SPS Experimental Areas:

Current and Future Accelerators operate Hi!\adMat is a facility designed, tc? study the impact
with higher energy, higher intensity, smaller ~ ©f intense pulsed beam on materials

size beams. = Thermal management
= Radiation Damage to materials
LHC nominal beam (2808 bunches with 1.5 . Thermal shock — beam indu-ced pressure
101 | p+/b at 7 TeV) energy = 362 MJ/beam waves : =

=> energy equivalent to

Simulation: 8 LHC bunches @5 TeV impacting a
Tungsten collimator jaw

Groove height
~1lcm

North

Ejected W fragments ) Experiment
al Area
wake (ex CNGS)

3th February 2014

CTF 3 — CLIC Test Facility

&

. Compact Linear Collider
35 A - 2100 b of 233 nC
l4ps 150 MeV
brive Beam
7 CLIC goal:
Drive Beam 100 A, 239 ns
RF Power Extraction & \! 2.38 GeV =240 MeV
Transfer Structure (PETS) Main Beam 1.2 A, 156 ns
9 GeV = |.5TeV
CLEX
+.36 A - 160 MeV
140 ns
3th February 2014 CAS@Chavannes 40
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High Light Of HEP -Year

ATLAS event display: Higgs => two electrons & two muons

3th February 2014 CAS@Chavannes 41

Hubble Deep Field

21
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= LHC Tunnel
== VHE_LHC (80 km)
= VHE_LHC (100 km)

22
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Spare Slides
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—FEE1g
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Proton Synchrotron (PS)

R
g AE(MeV) } t=0 ms
o—3
0.
‘ Azim(deg)
10 b Lot
0 0 +20

HO
1=25 ms Tomoscope LHC fnug 12 17:50:39 2004
o
., @ M.
= {—
3
JRT - L L L
= g +10
'r/ ) t=14ms
v

Belta Turne 70
Nraces 200
Time Span 31.92 ns

2 25t Injection PSB = PS
HoScale 4 —| ra/pt  HSaples 500 — | pte/trace  Delay 160ns V. Scale 0.5 | Wdiv

0

Ist Injection PSB =» PS

The PS is the machine in the LHC Injector Chain where the Longitudinal

characteristics of the LHC beam are determined
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p = nucleon momentum =» defined by the
physics case =» TeV range = 7 TeV

GeV
B= P ~3337(c)
pZe T p(m)

3th Feﬁruary 2014

266589 m

- 66% ~ 2780m
21

0

—

0
Field limit for normal conducting

_magnets due to saturation

... the luminosity

« 1
R = L Z y 7525—
react 10-l_~b
S
& ATLAS Preliminary \s=8TeV 1
= 530 LHC Devered ;-;j remember:
2 20 ATLAS Recorded P 1
] y = 1b=10"*cm?
g Total Delvered: 228 1 4 1 -
315 Total Recorded: 21.3 1" =
g e
g y
] -
% 10 g
H /
]
. //
ol T S T T R |
1 16 18 110 nz

Day in 2012
Integrated luminosity during RUN |
| Lar 25 !
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Production rate of events is determined by the cross section X
and a parameter L that is given by the design of the accelerator:

Large Hadron Collider (LHC)

react

107%A = some 1000H

g \ ‘o \szrrT;v :é

g ]

E

B o S <y ZJ'eqcr = lpb
8N ?

10‘\

200 300 400 500

1000
M, (GeV]

Official number: 1400 clearly identified Higgs particles “on-tape”
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E E
<0 O —>
pt pt
va=0 ve=0

Electric Repulsive Force

Magnetic
Attractive

Force
T
g
5, Coulomb
2
Q . .
& Total Particles in the beam feel a
n v strong repulsive force =
0 I 4 ﬁ = — L3

5 4
I & Vagner c change in
2 0] etic
8- <
£7| 2 e @

| = |v0.750 Mevas0 Mev)=4% = 31% of ¢
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