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Christoph Rembser, CERN

Abstract

While the main focus over the past years has shifted towards flagship experiments at colliders, a rich and exciting physics
program is still carried out at the CERN Proton-Synchrotron (PS) and Super-Proton-Synchrotron (SPS) attracting large
scientific communities from the various fields of physics.

In my talk | will introduce the CERN PS and SPS accelerators which are successfully and efficiently operating since many
years and which are providing a wide range of different particle beams.

This beams with energies up to 450GeV are used in various experimental facilities like the Antiproton Decelerator, the
Neutron Time-of-Flight facility, the PS and SPS experimental areas or at the CNGS beamline which provides a beam of high-
energy neutrinos to the Gran Sasso laboratory about 730km away from CERN. | will present an overview on the physics
program of CERNSs "lower energy" accelerators and will report on its experiments.

As from this year onwards the PS and SPS also serve as injectors for the Large Hadron Collider LHC, | will review their
operation modes and possible machine upgrades which will ensure to keep CERN'’s unique scientific breadth and that the
experiments at the PS and SPS will remain an important and indispensable part of the laboratories activities.
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PRESENT

This talk:

deeper understanding our

existing world at the PS & SPS and its
experiments (DIRAL, CLOUD, AD, LOMPASS,
CNGS, NADX ...)

MATTER DOMINATED ERA
n

THE UNIVERSE BECOMES TRANSPARENT

The Physics Program at the
PS & 5P CERN's
Unique Scientific

Breadth

by Christoph Rembser, CEIN-PH

Decoupling of Formation of )
Matter-Radiation Atoms

1ON DOMINATED ERA

NOT covered:

getting closer in understanding the
Jorigin of our universe at the LHC
and its experiments (ATLAS, CMS, LHCD,
ALICE, TOTEM, LHCS)

SSeS  Hamburg & DESY Zeuthen, March 11512 2008 Page 2




CERN: the World's Most Complete Accelerator
Omp\e (not to scale)
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CERN: in total >9000 users, representing >500 universities & institutes, more than 20 nationalities; most working at
CERN's flagship: the Large Hadron Collider LHC...

..but also ~2500 users perform >50 experiments and beam tests at the Proton dynchrotron PS and
Super-Proton Hynchrotron SPO L1 this talk

CERN's Unique Scientific Breadth at the PO & SPS, Lhristoph Rembser - DESY Hamburg & DESY Zeuthen, March 11412 2008  Page 3




CERN: the World's Most Complete Accelerator

Comp\e)‘ (not to scale)
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CERN: the World's Most Complete Accelerator
Comp‘e‘ﬁ (not to scale)

® Hadron source provides Protons

to LINAC2 (- first step of Proton acceleration)
* lon source provides lons

to LINAC3 (- first step of lon acceleration)
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The CERN Proton source:

Hydrogen is “stripped” in duoplasmatron,
protons are extracted at 92keV (beam
current: 250 - 320mA). Before injection to
the LINAC2, protons are accelerated to
750keV by Radio Frequency Quadrupoles

® Hadron source provides Protons
tOLINAC2 (- first step of Proton acceleration)
* lon soukce provides.lons
to LINAC3 (- first step of lon acceleration)
The CERN Proton LINAC2 (1978): | =
Protons from the source are accelerated
to 50MeV with intensities between

150mA (design) and 180mA (needed for
LHC).

“protons from the bottle”

S

N.B.: A new LINAC (LINAC4) is
currently in preparation, start of
operation ~2011.

-
-
".

@ bl
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CERN: the World's Most Complete Accelerator

Comp‘e‘ﬁ (not to scale)
— - - —

Booster provides Protons
— 10 ISOLDE (study of radioactive ion beams)

. —serves as injector to the PS
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ISOLDE (1989): production of a large variety of radioactive ion beams for different experiments,
e.g. nuclear and atomic physics, solid-state physics, life sciences and material science.
Radioactive nuclides are produced in thick high-temperature targets via spallation, fission or
fragmentation reactions. Until now more than 600 isotopes of more than 60 elements (Z=2 to
88) have been produced with intensities up to 10" ions per second.

C.l? . / .
IS0; 0 &y, Booster provides Protons
diffe,.eifbys,'c,kp €rt o n —to ISOLDE (study of radioactive ion beams)
T Kip oSO o ~ serves as injector to the PS

tajys C°’"In,, .

. PS Booster (1972):
4 superimposed rings
accelerate
| 4 times 1.05 x 102 protons
Bk from 50 MeV up to 1.4 GeV.
{ A Booster cycle lasts 1.2's
(- defines the heart beat of
the CERN accelerator
complex)
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C N: ﬂl e \N ¢ BS (Proton Synchrotron) provides Protons to

— East Area
~-beam tests for detector studies/calibration

[
.,9 — Irradiation facility for material studies
(@) — DIRAC experiment (lifetime measurements
i~ of r*m- atoms, low energy QCD)
- CLOUD experiment (cloud formation by cosmic rays)
v = AD (Antiproton Decelerator)
_,'S - trapping and experiments with Anti-Hydrogen
— —Cancer therapy with antiprotons
(o) - n-TOF (Neutron Time-of-Flight) facility
N - nucleosynthesis in stars & future high power targets
-'l-u-' . /.~ Injector for SPS
. [ :
o ~
@ el
: II"'\ (,:D
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PS (Proton Synchrotron) provides Protons to

— East Area
— beam tests for detector studies/calibration

The CERN Proton

Synch rotron — Irradiation facility for material studies
(PS 1959): - DIRAC_ experiment (lifetime measurements
; of 't atoms, low energy QCD)
filled by 2 batches from — CLOUD experiment (cloud formation by cosmic rays)
Booster, ramping protons — AD (Antiproton Decelerator)
up to 26GeV, maximum — trapping and experiments with Anti-Hydrogen

— Cancer therapy with antiprotons

- n-TOF (Neutron Time-of-Flight) facility
. " — pucleosynthesis in stars & future high power targets
View into the PS tunpglior for sps

\7.77 :

1.4x10"3 protons per pulse.

The PS magnets
ower supply: a

B

N




SPS (Super Proton Synchrotron) provides Protons to \cce\era’tor

— North Area

- beam tests for detector studies/calibration, material studies
- COMPASS experiment (hadron spectroscopy)
- NA48 experiment to study rare kaon decays, NA61, NA63

— CNGS (neutrino beam to the Gran Sasso Laboratory)

2007 [27 kn

%

COnersion F 2T

ing | ill also provide
_..starting In 2008, the SPS wi
) > beam for the LHC

L
:F_
[
[l
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SPS (Super Proton Synchrotron) provides Protons to
— North Area

— beam tests for detector studies/calibration, material studies
-~ COMPASS experiment (hadron spectroscopy)
- NAG62 experiment to study rare kaon decays, NA61,

— CNGS (neutrino beam to the Gran Sasso Laboratory)

The CEJRN SPS (1976) accelerates protons up to

450Ge¥ with intensities up to 10" protons per bunch.

In 1981§pgraded to a proton-antiproton collider
(SPPP38) using stochastic cooling

Observations of first
W+/- event (1982) and
Z0 event (1983) with the
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SPS (Super Proton Synchrotron) provides Protons to

— North Area At the CERN
— beam tests for detector studies/calibration, material studies PS/SPS:
—~ COMPASS experiment (hadron spectroscopy) 9 test beam
- NA62 experiment to study rare kaon decays, NA61, NA62

— CNGS (neutrino beam to the Gran Sasso Laboratory) than one

CERN Testbeams:
at the PS/SPS about
2500 physicists from all
over the world and from
many experiments
(HEP, space
experiments,
astroparticle physics,
material science ...)
come to CERN to test
and calibrate their
detectors. CERN
provides unique
facilities with the worlds
highest energy test
beams (p, e, m, Y, K,
lons up to 450GeV)

users of the beam tests over
DESY-Telescope...

...prominent “DESY”

lines with more

the last years: CALICE,

Y Zeuthen, March 11£12 2003 Page 13
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CERN: the World's Most Complete Accelerator
Comp‘e‘ﬁ (not to scale)

o .

Not covered in this talk:
Large Hadron Collider LHC (start 2008)

2007 [27 kn

LHCb

o CNGS N

Not covered in this talk

%ummar ; CTF3 (CLIC Test Facility):
Y ‘_:) feasibility study of a new scheme for a
Energy apeel s oy ! — multi-TeV Electron-Positron Linear Collider
light) |
LINAC2 50MeV 31.4 P
Booster L.4GeV .6
PS 20GeV 99.9%
-+- [ Not covered in this talk
PO 4506eV 19.9998 Non-accelerator based experiments
N _ e.g. CAST & OSQUAR, Axion searches
LHC TTeV 19.999999 7 "\ using LHC superconducting magnets
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CERN: the World's Most Complete Accelerator
Comp‘e‘ﬁ (not to scale)

A \
e i
N, .
ovide
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The Low Energy lon Ring
LEIR (2006):

lons from the LINAC3 injected
with 4.2MeV per nucleon are
accumulated up to 10° ions
per fill, and accelerated to
14.8MeV per nucleon.

To guarantee good beam
quality for the LHC ion beam
(small emmittance) the
vaccum for LEIR has to be
extremly good: ~10-"2 Torr

moon: 102 - 10" Torr .‘
( ) ACCELERATING QAVIT

@ LEIR can accelerate a number of
T e different ion species.
A o Start of LHC ion operation is
foreseen for 2009 with Pb ions.

Extraction ¢

LEIR
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How beams are distributed: Super-LCycles

Supercychks Weekd0 Monday 01,10 until Monday 08 £10)

Jl anl O Eenng:
ll:ﬂl'l'l'l'lﬂl 1 = |I||l| avA rch o yms Bavesn de o end nigh Jvmskiend super opdes vall be dwimminad By cha s axurcning immend we hwsbramoy Deckls hanmen eensd sbmen hwiupsr odw. J

P e U ¢ e | o B 1 U - < WM TE ekt U TEE IR rhigh in ity o CMOGE 94 B L e
3 & [Finw HIWM
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< I:'I" . | I :-.

ko [amo D T TR
| ] ) . & [ il B " a

| 3 ] i 5 [ 7 [ Fl

| F E 4 L] & 7 L] a L[] 11 13 12 1L 1% 1] 17 1] L]

HTPRS BTPRo [an [T [y P 0 ST IFUOC dausasls
rraRseT | rmamseT | THorTa CAST T CAET_Tai

=t

C#aT _Ta

1 basic period = 1.2s = “CERN’s e

heartbeat”
*  Booster provides beam each 125 (=1 basic period bp) to PS or ISOLDE  Each shot is allocated 1o a

specific “user”, thus different beam conditions

Booster

e 3PS provides beam to North Area (qbp), CNGS (5bp), LHE (nere: LHClons, Sbp)

[] DEtpin spntaivn viuvnbpirna AL Whanis nponinda (lnon. 1abn N9 0\ Hap apsvipinse o vonpatn A ap anipingzn in alln A
 — STt tuvrtant rmatTtivvt o Ul vadaolb VV\ TUQYo \‘ L2529 |VV = U } |ILILAZ DV%MV‘ IV 1ol V‘/VQIVM, DV%MV‘ IV 1o Lanivg
duper-Lycle

L1 The distribution of the various beams to the different users is very flexible, can be changed within seconds
PO3)/ minutes (SPO)

(Example above: Super Cycle Mon Oct | 2007)

n be
- Lycl e

ons and lons €2

ent: Prot
CLomm he same Super

\ delivered within
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The Proton Synchrotron

«- @ /I‘ @ http://ab-dep-op-ps.web.cern.chfab-dep-op-ps/ ¥ | = (G~ Google Q)
v

CERN Google TH/FHY NewsY¥ ShopsY CERNY PS/SPSY TRTY OPALY ATLASY CGIFY Chris Kuechen Chris ¥ exika ¥ onas ¥

@V _The Proton Synchrotron

Main Menu  Experiments  Useful links

TN ez e B Overview on Status of
=n [P all CERN Accelerators

CPS Shift Rota
PS5 eLogbook
PS Piquets

nnnnn
& CPS Access

PS maintenance
and repalir activities

&L N i EE | = * Very interesting, especially during LHC start-
S ' up..., provides status of

— Pooster

- PO (=CP9)

— JPD

- LHC

— AD (=ADE)

— CLIC Test Facility (=CTF)
LEIR

| elerator Operations GirouP

P a6 of CERN Acc ) —op/
htt;;'slelapbg-dep—op.web.cern.ch/ab dep-op
.
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A typical SPS Super-Lycle in 2007...

or “what you always see on the TV screens in the CERN corridors”

110 GERE SL 93-1

otons updated; 05-1
FTPRO1 40D GeV/
1: 9600ms SClle gtT;

B:57:35
I Be € xample (Oct 5 2007):

EEELE A Super Cycle in the SPS with
P 39 .6s
— 1 pulse fo North Area

3420 292 s LV — % pulses o CNGO,
HD-FB TOR | L O L2 10N 5 33Dp (=39.08)
dump eld 3798 ms
I/E11 Mul &Sy E 3
i [} T -
o 80
SPS magnet current
9 T 6)a COMP A&
6 5% (7 ; 1l (CHR
WS ol |5 6\ 1 [5 C ¥ SPS beam current
OF0O7f 1Y 3307 :

acceleration
—-—===% Phone: 77600 o 7047} £-=-==-~

Slow extraction ) .
First and second time =——=>
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..and another one, preparing for LHC...

OPS magnet current

SPS beam current

4 batches with 72 bunches
each, half of nominal LHC
beam intensity extracted to
dumps in transfer lines,
interleaved operation (ring!
Comments 26/09-0 - and ring2)

————— : 77500 o ~ccelerators at CEFN

e LHC

..injector
are ready for
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e
®)

28-0cl-2007

xperiments in 2000, 2007, 2009

2007 SPS Fixed Target Programme

Colourcode: blee [dak shadingh = not yet allocated ; yelicw [light shading) = notalkcatble or Machine Development

F1A FiE Pz P2 P4 P&
2 =% fxd 4 - e}
2 May 25 May 158 Jun 25 Jul 4 Sep 10 Ot
23 May 15 Jun 25 Jul 4 Sep 100t 12 Nowr
By CMS || CMs GME CGMS | CM3 | GMS [ 0 boend  HAET NAGT  hesmiajume
T2-H=2 - Z0G [P o Combined Combined | pewmen | CASTOR
2 n fla 9 28 14 12 14 il B I 9 7
4 brealoResEcs|  AME GMS LHGF |Lma GM3 I NS EA |
T2 -H4 | RE1 ECAL ECAL R AN Mo
B 16 7 & T 14 o5 1 7 o0 7 o a a3
M EA |om[cenr B4 nnaz|  GALIGE GALIGE AD4Z |wavam ALIGE BILE Lucrenid A 2o
T4 -HE - WD MD BMCALSEDC | RRD
4 5 4| 7 5 4| 7 21 28 13 9 [ = 12 TIT|T
B Aoz I 8 1L E | CME oo VB Rpze P8 ATLAS | gpan
T4 -Ha . & EGM| BN ERM — ansl| AP
B 16 B TLE|T 7 T 14 7 T 13 7 & 7 13 7 12 4
=
HAEZ Hb e ILY~ HAEZ
T4-PD .
B a7 a4 a8 e
M coMmPass COMPASS COMPASS COMPASS COMPASS
TE-M2 —
B 8 a7 a4 a8 e
CHGS CHGS
CNGS i || cernaren
bt i)

Physics Experiments at the PO

— AD: ASUACUDA, ATIRAP and ALPHA, AD4
Physics Experiments at the SPS

Other 42 users:

Beam tests for detector
development, calibration and test
(e.g. Satellite based experiments)
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Do we understand the strong Force?

Theory fo describe strong inferaction: Quantum Chromo Dynamic QCD
QLD is quite advanced, e.g. precise prediction of lifetime of TT*TT atoms
need experimental tests: done by DIRAL

TUTU (Pionium) atoms: formed by interaction of proton beam in target, Coulomb attraction if 2 pions get closer
than few fm

Pionium: decays 99.0% to TETT°

(but Tt°can not be seen by detector, decay products in
beam direction...)

Trick: Pionium ionisation (=break-up)
probability is proportional to Pionium lifetime

Measure TUTT™ pairs from Pionium ionisations

2 arms of
spectrometer
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DIRAL or how to measure TT'TTU” Atoms

*  Atomic pairs characterised by small
opening angles
8 A . 7T * Time corellated pions, observed left/right

» o— - - ‘atomic pairs” e of spectrometer
24 GeV/c

Target Ni 98 um

T * Relatively small pair momenta <3CzeV

*  Background: free pairs from hadron

production
s
F {7 * »
D> free pairs
24 GeV/c -

Methode to extract atomic pairs:

40000z
30000:

20000
100

1A

Elem oul iy

| Entries

12206

O 2.5 5‘?5 10 125 15 1?5 ZO

Spectra of relative momenta for accidental events

Accidental

Entries

646538

30000
(=background) is fitted to spectra for time correlated paiee ﬁﬁ
(background + signal) T oo

TR - TV VS TR V- on
* Difference gives spectrum for atomic pairs feal

*  Derive result:

+

..but error still 20%, need more data

2..‘h fﬁ (pred.: 2.9 fs) 75 s
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Let’s talk about the Weather (CLOUD)

* Observations of density of clouds by satellites and measurement of cosmic rays suggest 2
correlation between cosmic rays and our weather...

iy 1 e S s S -
— E 1 1 | ]
gc El Chicon 82 | Mt Pinatubo 91:
(ST ™ R, = = el --_. = s - - = 1 I
oLUP-D2 Monthly Mean for June 1991 38 010 -
: : |
e :
2 s : Volcances
#5 005 .
58 : ;
o Ei 1 1
0.00 : IR
@ %) 4 [EFNifb 82" N —
- 1 I
£ E-Ni0 87 |
= 1
§ E sl EI-NI:hn o
[=] Sy
“s : El Nifio
5o I '
B2 i Y
ol
(=] [ui]
< g L~ m -~
Zg
"""""" 20 =
L] -]
= 0 £
E 2
o ]
s z
= 120 o
2 It
Experiment i
X "
The CLOUD P 1985 1000 1995
Year
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CLOUD: Study of the Atmosphere at CERN...

200

Last magnet
(vertical bend)

2010

rumentation

Link between cosmic rays and clouds not yet
established/understood

lons may grow via clusters to form aerosol
which may become condensation nuclei...

The CLOUD Experiment:
* reproduce cosmic ray conditions

throughout troposphere and
stratosphere

* study and understand how cloud nuclei are
formed

— 3 (ze\N pions spread over 1.3x1.8m, 1-
100kHz rate

Final Set-up ready 2010
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Depending on CLOUDs:
Tan Lined Grom "74”34'6@[ Summen ﬁofow&ex.t

Jeememzer 2008

Waterskiing SCUBA

Diving  pollerblading fjg”ﬂ"_‘;f

Mountain :
Tennis
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What about (zravut{? (AD)

*  How does antimatter behave in
gravitational fields?

CPT Symmetric Situation AD = = Antipror, -
n
Apple Anti-Apple Anti-Apple Ccelerator

L] need electrically neutral antimatter
to test...

Earth Anti-Earth

L] Does antimatter behave exactly like matter?
L1 €.g. does it decay to the same antiparticles with same decay rate as matter?

1 At Big Bang, the same amount of matter/antimatter was produced; what happened to
anfimatter? ls there a difference between the fwo?

e PO & SPS, Christoph Rembser - DESY Hamburg & DESY Zeuthen, March 11412 2008 Page 21




AD - CERN’s Antimatter Factory...

positron

* Production and study of Anti-Hydrogen atoms
— need antfiprotons from AD antiproton
— need positrons from Na*

*  How they find together?

(works only with cold particles)

— trapped in maanetic field

main solenocsd inner solenoid octupole
{length indication) | ext. sontilllators _scintdlators (1 of 4 shown} heélum volume
"""""""""" Ll e f /gt mimor - eryestat

.............................................................

Je=e
faraday cup/ £y j i 4

fnal degrader @;ﬁ'ﬁ}'ﬁé{ﬁ:ﬁﬁﬁ 3 mumg pc-mrt:-ﬂ-s T pnﬁzt'rcm transfer

— T T T T T T T T ot el P, .S oa e
- - . . I ] |

Example:
The ALPHA
Experiment

TR
o |

aaal field [T]

QoS-
Do mowmo

Axial Position [mm]
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AD - CERN's Antimatter Factory...

positron
* Production and study of Anti-Hydrogen atoms
— ﬂﬁ(’/d anﬂPrOT()nﬁ ﬂ'()m AD antiproton
— need positrons from Na* -

* How they find together?

(works only with cold particles)

ldentifying Hbar annihilations:

— trapped in magnetic field

ma solenmoed nner solenoid

{length indication} enct. seantillators

- . e = L
. i 140 T
— - N &
i H
-

faraday cup/
fnal degrader

pbar catching mexing

T OO

aaal field [T)
2 O = =k k3 b Lab

Omo

Axial Posi
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AD - still some way to go...

Experiments ATRAP, ALPHA:
— Manage to create 0(100) anti-hydrogen / second (for 10° antiprotons trapped)
Challenges: do something with anti-hydrogen...
— let it fall down (or up?) Antiprotonic Helium

— laser spectroscopy...

Experiment ASACUSA
— Specialised on spectroscopy of antiprotonic Helium

— inferesting results in 2000

* £.g. determination of value of anti-p/e mass ratio

M-
2 =1836.152674(5) ASACUSA 2006

m Hori et al, PRL 96, 243401 (2006)

e

M, =1836.1526675(39) CODATA 98

m

[

My =1836.15267261(85) CODATA 2002

m

[
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A different Ansatz to learn about Gravity:

the AEGIS Experiment at the AD

Produce Anti-Hydrogen
. flighing for Im at 2 few 100m/s...
..expect a deflection by gravity of about 2opm...

..use to check deflection
o o A ntimatter
position-sensitive detector . _
E xperiment:
material gratings G ravity
I nterferometry

acceleration S pectroscopy

positron entrance and

positronium converter ————

o
By

“A Moiré pattern, formed by
two sets of parallel lines,

one set inclined at an angle of
5° to the other”

W

[ AEGIS: plans for data taking 2009 - 2012
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A different Ansatz to learn about Gravity:

’rhe P\E(zl% Exper ment at the AD

LU
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AD4/ALE - Cancer Therapy with Antiprotons?

hit the tumor, save surrounding tissue
*  Aatiproton annihilation:
— Energy = 2 x mp ~1.88CeV
— Most of energy carried away by T,
- \Zecm\mgq Suc\eil do the damage ~ 20MeN.

— 6 MV Photons
— 150 MeV Antiprotons
—— Protons

220~

2007

180
160
F 140

Z 120
£

40
umJA 20 10° b
a O 2 4 6 €& 10 12 14 16 18 20
a Depth in water [cm | 7
g 10" X f‘l‘j
“| SAMPLE TUBE WITH LIVING CELLS | S b
BEAM | /e . 5 e |
. O SRR l‘:‘:a:,:::nr 1 1 1@ Still some way to 90- %10‘2- ; ¢ .
— Need cross-check with s ~ia
carbon ions | ¥
j o — Need better dose _
measurements... ) R B A
m ﬁ 0 5 15 20 25 30 35 40
H\\“\\\;\‘\;% ‘: ‘\\\\\\}}}\\‘\‘\\\\\\\\\ - -r.b.c. > 2003 Depth
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From Particles to Elements...

1 1"' I, PerIOdIC Table dI¥A VA WA YIA EHE'

] q 3 7 q q 10
2| Li | Be Of Elen‘]ents c|H |o|F |Ne
T EE T 5 K K B
FINa Mg lug wvg vE WE VIE Vil E B 1P |5 |ClI|Ar
T S
4 AS Kr
54
g He
T
b Bn
! Ha|10G6G107 1082109110
* Lanthanidelss 59 60 61 ez ez |ed 65 |ee [er o2 [e [0 |7
Sarjes Ce| Pr|Nd sml|Eu|Gd| Tb|Dy |Ho| Er | Tm | Yb | Lu
+ Actinice ap fo1 foz Jaz Jeda [os Jos  Jor [es oo foo (ot [ioz oz
Series Th|Pa | U
Legend - click to find out more...
H - gas Li - solid Br - liquid
Mon-Metals . Transition Metals Rare Earth Metals Halogens
Alkali Metals Alkali Earth Metals . Other Metals Inert Elements

]
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Chemical Elements in the Universe

Chemical elements up to Iron are produced in stars by fusion
— fundamental process:
L] B+ decay of a proton to a neutron % ?From H over He K

u

to Be >
ﬁ )]A‘K O/
u

For elements bigger than Fe (2L protons, 20 neutrons) this

process st0ps
— difficult for a proton (=charged particle) to enter the atom

rYyy VYVY
=

::-'!H

and reach nucleus

Where and how heavy elements are produced?

on
Y camma Ray
O Meutron
V' Neutrina %
) Pasitron
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Nucleosynthesis in Stars: the s-Process

(s = slow neutron capture)

* Half of the elements are produced via slow neutron capture in stars

— neutrons (glectricaly neutral enter the nucleus)

— followed by B- decay of a neutron to a proton

NMumber fraction X [%]

* The measurement of the neutron capture cross sections are 1°
-&
key ingredients to understand s-process nucleosynthesis 10
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Solar system elemental abundances

C-N-O

neutrons

40 80
Atomic number Z



The n-TOF Facility

20 GeVl/c
Proton beam

Experimental \
Area

Sample
[
H Q| [l© —=——— Neutron-Beam
A -—l-—

- S
Detector

Lead Proton Beam
spallation 20 GeVic

= | Targe 7 x 1012 ppp
~— Neutron-Beam (“E H::“'"‘:—_-—:__j

i
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Targets for High Power Beams

Future applications at accelerators require targets in high power proton beams (several MW,
now in use < IMW)

— lntense neutrino beams,
— Studies of rare processes initiated by muons,
— Studies of materials for spallation sources with neutron beams
— Accelerator production of tritium,
— Transmutation of nuclear waste..
Technical challenges for targets:

— urvival of components against
* melting/vaporisation
* beam induced pressure waves
* radiation damages
Solution
in form of 2 at the interaction region with the beam

(1™ The MERIT (MERcury Infense Targef) experiment
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The MERIT Experiment

* Proof-of-principle test of a free mercury jet target inside a 15-T capture  solenoid magnet;

* Located in nTOF proton line, requires only ~100 fast-extracted PS high-intensity pulses

View through
window onto
target

-’ITOF

jors ot praporional 1o machines real sizes [irom A3 comgleccdr

Main tools & detectors:
high speed cameras...
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The MERIT Experiment

* Proof-of-principle test of a free mercu solenoid magnet;
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The Spin

An important Property of Elementary Particles

The spin is an infrinsic property of a particle, like its charge, its mass

Quantum Mechanics: angular momentum of particle is quantised

— magnitude O can only take values of S=hy/s(s+1),
Firat obaervation bv Stern & (aerlach 1922
CIasgic_aI
BiRs e Yenatwen Silver atoms * beam of electrically neutral
actually observed
particles is influenced by magnetic
N fieldl
N
[1 silver atoms exist in fwo states!!! (spin

'?'a Furnace 1/2 & spin -1/2)
\ Fermions: spin 1/2
Bosons. spin 0, |

Inhomogeneous
magnetic field

* 5pin is a fundamental property of particles (Pauli Prinziple)

[] do we understand the spin of compound objects, ¢.g. 707
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The Spin of the Nucleon

*  Contributions to the spin of the proton

- naive QPM: only valence quarks Ag,
QPM = Quark Parton Model
— QCD: sea quarks and gluons Ng, A
QLD = Quantum Chromo Dynamic
— orbifal angular momentum L, L

* Opin of proton = 1/2
— naive QPM: /2 = 1/2 - \/2 + \/2

— otherwise, with AY= Au + Ad + A\

/2 = /2Dy + DAG + <L)
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How to measure Ay (COMPASD)

* Incoming (polarised) muon radiates (polarised) photon (photoabsorption)

* only quarks with opposite helicity can absorb the polarised photon via spin-flip

*  Measure “deflected” muon, count interactions with target | or 2

[ Number of quarks in polarisation direction of nucleon:

259"
. o~ (=fraction of contribution to proton 1
‘Zesu\t Az 0'2'5 spin by quarks) P\ﬁ‘\“\“\z\“:& ’ ‘b\“‘“
TS0l o
@ o
0
o ‘23?"""\
v
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..what else contributes???

Result: AG ~ 0.0
VERY SMALLII

“This could be the discovery of the century. Depending, To be continued...

of course, on how far down it goes.”
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Probing the Standard Model with Precision
Measurements, NAL2

* Otandard Mode! of particles predicts
— Production rates, decay modes and branching ratios of particles

* s the Standard Model correct? Is there new physics?

€.g. \ooking for the decay K 21TV (naz experiment)
— Prediction by theory:

BR(K* mvw)=@.0 1.1) 107"
BR(KIE) 7TOVV) — (30 06) 10_11 (Buras et al. 04)

— Prediction by other hotésexy theories (e.g. Supersymmetry, SUSY)
- BR (K=>TT'VV) = 40 x 107" 008 - 2010
- BR (K=>T°VWV) =50 x 107" O NAL2 (former NA43-2/P32(,)

might open window for new physics
(...before the LHC does?)
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A First Try: NAWLZ in 200T

Measure &, = T (K—ev) / (K- pv)
Standard Model predictions: & (OM) = (2472 +/- 0.001) x 107

— but of may be present from contributions by effects (max. effect
up to -3.2%) in specific models
World average (PDGr): &, = (244 +/- 0.11) x 107> from 3 experiments (1972, 1975, 1910, few
hundred events each...)

In 2007, NALZ collected about 110000 events, expecipg
~0.3%, total error ~0.35%

[ NAL2 successfully took data in 2007...
.. results will be interesting!
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Energy (MeV)

What about Neutrinos Masses???
Neutrino “invented” 1920 by W. Pauli to explain neutron decay

n-._____,,/p

— Neutrino (V) is only weakly interacting

* thus escapes direct detection...

— Pauli assumed precisely

L] 1s this true??? Yy Y\V
e
* (indirect) approach fo measure neutrino masses: e
— ‘dupernova explosions (e.g. explosion of super giant Sanduleak 1987)
© | | Kk.;f“‘g .| * Detectors measure arrival time
| and energy of neutrinos from the
ol {1 dupernova
* if neutrinos have mass, they travel with v<c,
0 [ | depending on mass and energy
) L1 from non-observation of energy/fime dependence:
20 {} ........... | SN TSRS (NSRS [V — } ......... } ................. ................. C\(’/\"iV(’/ (buf limits
J} [ still consistent with m=0!ll)

Time (s)
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Neutrino Oscillations (CNGD)

— 2 neutrino created with specific flavour (¢, p, T) can later be measured to have different flavour
— probability measuring specific flavour oscillates periodically as neutrino propagates
— oscillation implies that neutrino has a mass

GeV
* oscillation of solar neutrinos hg. beew, %k;g@ﬁeé:b\{gﬁﬁ?e@@xgﬁw%l Zﬁ% VI
. _ T e m

— Particular interest:

* information on the strength of flavour changing described by the  Maki-Nakagawa-Sakata (MN9)
matrix (similar to CKM matrix describing flavour mixing... )

— CNGS produces beam of muon neutrinos V., detectors are, searching for tau neutrinos v, (=

U, el L 3‘| Cq12C13 812013 813€ —i8 e 0

appearance expe’ = U e lol = )

in |
—§15C93 — (1259381360  CyoCo3 — 5108935136 893013 0 e?."‘g-’2 0],
7 T i8 i6
Uy U Ugs 513523 — C12C23513€" —Cy2893 — 512Cp3513€" Co3513 0 0 1

to mass difference between v and v, of [ observe in 5
years , depending on Am* (19-2.0 x 107%V?) over =1 exp. Dackground event

CERN's Unique Scientific Breadth at the PS & SPS, Christoph Rembser - DESY Hamburg & DESY Zeuthen, March 11412 2008 Page 4%



s00m NGy Producing a Beam of y Neutrings,

Helium bags Decay tubite Hadron stopﬁ Muon deté—}ctors
Tafge’i_l Reflecto r—fm A/*‘// g -
orn A :
4006eV : / g gTo Gran S
Pion / Kaon A

. Z y Z .
\ e S Z 7
Z : - % Z

vacuum @ at GS=2km

Decay tube 3.2° angle
vag&ym fests successful

*Civil engineering completed (June "0%) .
*Hadron stopper and decay tube installed (June ‘04) Hadronatop®

*Target section completed in 2000 (first CNGS beam in August 2000)
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The OPERA Experiment: Detection of V_ CL interactions and direct

observation of T decays

OPERA concept:
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Background H

V J Observe CC interactions in

lJ .......................................... Iead target (1 mm thICk plateS)

‘ Vu and detect T’s in emulsion
films
e (~155000 bricks,
Signal Decay “kink? .V -10x10x20cm3, 57 emulsion

Y ’ gl layers each)

VT Y xuare RRCELLRELLELCEELPEEPEED ‘l' -

oscillation VT /
—~1 mm— ! e
= o Okinik
What the brick cannot do: V - -
* trigger for a neutrino interaction e “"‘“'**‘*-ra:.::ﬁ,,_,
..... o

* muon identification and N

momentum/charge measurement | [ ||| T |] N

4y
[l need a hybrid detector £ v S R
Emrulsit;rn la}ers\ Plastic



A Photo of the OPERA Experiment

T ———
i ——— —

||||||||
......................

-------
.......
.........
'

i W

Iz urummml ‘

b i 'f_"
\i ,l

B e —Y
i = Zu:

= J —— e
i A ok i

4 i
W s 5

;Iij!! ,

Veto Target tracker
Spectrometer:

XPC, HPT, RPC, magnet
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cEVents

CNGS Commissioning and first events in OPERA

+- 52 ma ~

1A

50
40 F

30F

Extr.A Extr.2

hetl b,
0 (o]

\%ﬁnn {ns)

Events

Zoom on the spill peaks

o e —

0
—10000-5000 O

At closest extraction (ns)

144

14

Cosmic rays
I e ey |
2=
Polar angle
"3 | —H=Cosmic
|| rays
Cross-check and event
selection:
= angular distribution

5000 10000 15000 20000

Cross-check and selection of events from
CERN by OPERA using fiming information
* spill structure of the SPO should be seen!

Alessandria
Emilia-Romagna
Monte-Maggiorasca
Monte-Giovo
Toscana

Piemonte

S _7_3_2km_ _
T neutrino beam ——»

dignal: events coming 2.5deq from below (.from CERNI)
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Beam Events

CC event originated upstream of the detector (BOREXIND, rocks)

horizontal projection

CC event originated in the first magnet

horizontal projection

F‘II'EII'IT Number ﬂ]gﬂmh _ _ F\I‘EII'I'I: Numbear 11'51'|E|h
H,E. mi_ E ""'";_
w0 00 =
aoE .
108 — wd =
ni ‘ o “%—
dﬂﬂi "‘““;
.auni .ann;
mni mn;
..wng_ """“g—
= N R 1 [P R B B BT R = S N P -
400 600 400 200 ] 200 400 600 B0 1000 400 -E00 400 100
Z fem} Z fem}
Vertical projection
= E o
- mg_ > m§_
of. . -
mi - 1“'”;—
Time scale for brick analysis:
C5 film development Wed., Oct. 10"
Brick film development Thurs., Oct. 1t
C5 scanning Fri.,  Oct. 12"
Brick transportation LNGOS — BARI Sat., Oct. 13", 130 p.m.
C5 scanning predictions LNGS — BARI Sat., Oct. 13", 252 p.m. T T
S% started Sun., Oct. 14" 11.50 a.m. Z fem)
Track disappearance Sun., Oct. 14", 525 p.m.
Quasi-online reconstruction Sun., Oct. 14", 542 p.m.

and event confirmation
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2500

X(cin)

2000

1500 |

Prompt Dose Equivalent Rate (mSv/h)

CNGD Problem in 2001

CNGS commissioning run stopped 5 days earlier — failure of electronics of ventilation units because of radiation damages...

109

-

109

Electronics

Racks

107

CV, crane,
fire d!te:tlnn

2 replace damaged electronics

ind another place for ventilation control

units

Ventilation Units 108

10%
10*
107
102
10

5000 7500 10000
Zicm

G 2500
[1-3]<10° mSvh

_lesson learned:
ipment is checked to prevent similar pro

blems...

LHC equi
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Extraction of high intensity beams: a challenge for the
machines...

* Current extraction scheme of high intensity CNGD beam from the PS5 to the SPO causes lot
of rpdiation (electrostatic septum)

baam it
2. extraction 4 2. extraction A

J(\H_ﬁmm D
3. extractiay P 3. sxn'acﬂanﬁ_?;/_‘-"—\;uh Lextraction
VSL:H . A= N

N | L/ 5. extraction GOk
4. extraction 7 :C) 5. extraction

electrostatic 4. extraction | magnetic MTE
septum septum

—_———— _—— =

Current scheme -

* New scheme, multi-turn-extraction (MTE) will start operating in 2008: much less
radiation (magnetic septum)!l!!
additional P hardware, main paris:

* Dewtupole, octopole to infroduce non-linearities and to create islands (=capture)
*  Kickers, for extraction

a great idea and challenging!

- MTE is . :
Comment: M t accelerators for the first time...

The scheme is used a
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Neutrino Flux: Do we understand what we are doing? NAbI is
checking using SPS beaml!!

* Measurement of neutrino oscillations requires precise number of detected neutrinos
normalised to
* ©.. for T2K (search for v, appearance, v, disappearance):

T2K Scheme: -
0250 6o¥ reton NeutrinG ossillations. * txperiments will measure the production
90 cm carbon target H N
“p MKy o e et svente in S (yield, cross section) of secondary hadrons
prediction without oscillations (flux, o)
OA 2 deg. ND SK
' 280m 7 205km o )
-H:ere exist no mec?suremrtiptls ?If hadron producttic;n offt?‘argln_czarlz \évith 3t0 GeV protons - &Oa\' O(lé) fO\" various
“AHie) Haar HStBetor Hine 1§ Hot ientics] 16 far detaetartiax. targets and energies  (old data from 19705,

—® the far/near ratio depends on the hadron production on the T2K target and thus o
— the resulting uncertainty are not well known errors ”/54)
—» neutrino interactions cross sections can not be measured

% i &« v flux FarMear v,
Bes " Fluxat SK - ’E
el lucat S8 | (important for 180
T 4 ¢ Flux at ND280 ‘ . 1.65
82007 (normalized by SK flux)  disappearance) '} CC Vi
® | gL Lob 11 1.25—"“1_'_‘}'7
L15000— =i ek 2 = E
= b . 1
X P far/near ratio 08k
TR o o S S 7 is not flat 0.6F-
f i 3 0af
5000 U.ZE—
Covw lowv v v b b bow o bvvn Pawn Py bawal
u'li 02 04 06 08B 1 12 1.4 16 18 2
T T E, (GeV)
0 05 1 1.5 2 25 ) 35 4
E, [Gev]
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Output energy

Present accelerators

The Future

Future accelerators

CERN's Unique Scientific Breadth at the PS & SPS, Lhridep

| Linac2 Linac4| °
___________________________________________________ At
| .
| PSB (LP)SPL -
; o
PS
: PS2
I
: SPS SPS+
LHC /
SLHC

Commen
coul

t- New ideas for new
4 profit from nev iny

CERN priorifies:

Consolidation and upgrade of LHC
injectors
— Otart with new LINAC (~2011)

LHC upgrade and maximum performance
injectors

(LP)SPL: (Low Power)
Superconducting
Proton Linac (4-5 GeV)

PS2: High Energy PS
(~ 5 to 50 GeV - 0.3 Hz)

SPS+: Superconducting SPS
(50 to1000 GeV)

SLHC: “Superluminosity™
LHC
(up to 10 cm2s)

DLHC: “Double energy” LHC
(1to~14 Te

%perimen\s
iectorsi!!

eF - DESY Hamburg & DESY Zeuthen, March 112412 2008 Page 51



Layout fort’thg %lNM

> AN N K

P52

(LP)SP

4

.Linac4 will be built at its “final” location

Linac4

SPL
service i
building

g
-
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’l'" it beamlines Particles

...2 short word on test beams at CERN and around the World

Energy Range Diagnis wfrzailal Hﬂu

‘ CERN PS p (prim.) 26 GeV € Hererlka, [OF, oo:)t(gleuotus
e, h, p (sec.) 1-15 GeV MWPC i
wririier shut
\ \ \ down, Duty
P (prim.) 400 GeV cycle
Cherenkov, depenas‘en
CERN SPS e, h, p (sec.) 10 - <400 GeV CEDAR, TOF, | SPS Super
e, h tertiary 2-10 GeV MWPC Cycle (@
SPS 15790 -
30%)
e (prim.) 7 GeV no external
>3 months
DESY \ 1 _ . beam_ per year
 — el S0 %w
; p (prim.) cor !ﬁ
. 120 GeV Cherenkov, TOF, (5%),
Fermilab p, K! I, e, U 1 -85 GeV MWPC, SiStl’ipS, except
(sec.) Pixels summer
S~ _shutdeer™]
—
Frascati e — PE—=r ey 8 nﬁnths
per\year
e (prim.) 1.1 -1.5 GeV (prim.) Ghereria, [OF. continuous
IHEP Beijing AWBE after March
T = H 0
= :
e P (prim.) 70 GeV Chererkoy, TOF, one mon
< 1-45 GeV MWPGC
\ - Sl
R —
J-Parc ®009
e (prim.) 8 GeV ?Liu blne
KEK Fuii o (sec) 0.5 - 3.4 GeV 2007, ~2M0
days/year
e (prim.) 1.5 GeV
LBNL P < 55 MeV Pixel telescope | continuous
n < 30 MeV
e (prim.) 28.5 GeV parasil ie
SLAC PEPII, non-
e, p, n (sec.) 1-20GeV concurrent
with LCLS

CERN continues to provide beams of
many particles over a wide energy range
(1 - 450 GeN @ PS & SPD)

— excellent support, well established
infrastructure

— high duty ¢ycle

— “simple” to get beam time

Other beam tests with particle energies <20(eV:
Fermilab: | (new) beam line, can be used 5% of
accelerator on fime

IHEP Protvino: 4 beam lines, two months per year
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m Dummary

{ 2008 Injector Accelerator Schedule } e
Draft . . =
* Rich Physics Program at the CERN PS and SPS
Jan Feb Mar
Wk 1 2 3 | 4 5 6 7 8 9 10 11 12 13 acce\era“’ors:
o e — High efficiency and very good performance of the machines
o si¢ | SotElewm| — Unique experimental facilities and excellent service/support
Sa “ = —
s ) by the CERN teams for all colleagues and users

Unacostert PS8 Start art Baamio SR8 e e | Soneg oSPS Start AD i . . . e :
o, e g R S5 S | T / st e L] Large communities from different fields in HEP community
P N T WL W A /22 Y, B R AT continue fo use and profit from the existing facilities
o = " 4y Whit ]
'\:u Linse M::;"e SPS Machin: [/‘ 5 Iq;: f
we il | Checkout : SR
Tl R e : * Looking forward to the year 2008:
5 PSHW Tests Checks 1 |

e ; — PS physics start May 19 2003...

— OPD physics start May 29 2008...

July | Aug Sep
Wk 27 28 29 30 31 32 33 34 35 36 37 38 39 H
e , — AD physics start June 23 2003...
Tu [ [ mp e Injector |} .
w T o =l — LHC start in summer...
Th | eune G|
Fr |f
sa | g
Su |l ¥ . o - ege .
..it will be again an exciting year for physics!!l!
i
AD, Teolde Operation
Oct Nov / Dec /
wk | a0 41 42 43 44 45 46 47 48 49 50 s1/| 52
Mo _u Injector Stop. '.5
Tu ector |1 latton %
We e %
Th 2 | xmas Day
o o

= OperationtasitnCiinjectod
Su I I I I N ‘ ‘ ‘

I:[Imector compex MD (parasitic Physics beams may be available) E AD Physics ee o u at C E R [ ] [N

I:[Injector Complex MD with Beam to LHC Eq AD Setting-up & Studies o0 [ S

[iniectorstop ] Technical Stop for the Injector Chain E nToF Physics

[Present MD Total : 6x3 days - 3x8 hours 408 hours |

CERN's Unique Scientific Breadth at the PO & SPS, Christoph Rembser - DESY Hamburg & DESY Zeuthen, March 11412 2008 Page Lo



