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Th h 04/26/16 | By Troy Rummler '
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- - - , Accelerator scientists are in demand at labs a rtl c I e
jobinphysics? oo
While the supply of accelerator physicists in the United States has E : : E I E r E t : r E
grown modestly over the last decade, it hasn't been able to catch up ™1
with demand fueled by industry interest in medical particle W o rI d -w I d e

accelerators and growing collaborations at the national labs.
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particle therapy

PARTICLE THERAPY | ANALYSIS
Proton therapy on an upward trajectory
16 Feb 2019
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Wales Wales Politics Wales Business North West ~ North East Mid South West

Wales cancer patients to get proton beam
therapy on NHS

© 12 December 2018 f © ¥ [ < shae

The centre in Newport will be the second in the UK to offer proton beam therapy on the NHS
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> Facilities Council

GUINEVERE: towards cleaner nuclear energy

27 March 2012

Funding  Research  Innovation  Skils  Publicengagement  News, events and publications  Aboy

Home / News / STFC launches VELA - bringing a new imaging capability for UK industry

STFC launches VELA — bringing a new
imaging capability for UK industry

1 h 2015

A particle accelerator has been successfully coupled to a nuclear reactor for the first
time at the Belgian Nuclear Research Centre (SCK+CEN). The demonstration model
GUINEVERE is now in operation, showing the feasibility of an accelerator-driven
system (ADS) for nuclear energy (Mumbai engages ADS for nuclear energy). By using
an ADS, the accelerator can be turned off to stop the reactor immediately. This system,
known as subcritical, is safer than standard nuclear reactors.

GUINEVERE is a test installation of limited power to fine-tune the operation and control
of future subcritical reactors. Unlike conventional reactor systems, it produces fast
neutrons that can be used for the transmutation of high-level radioactive waste into
less-toxic products with shorter life spans, helping to improve their geological disposal.
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= Light Sources

General diagram of Synchrotron Soleil.
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= Light Sources

Facilitate many types of research:

* Life science

* Chemistry

* Engineering

* Earth science

* Environmental science
* Life science

* Physics/material science
* Cultural heritage

* Forensics

* Food science

* Oceanography
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= Light Sources

Facilitate many types of research:

* Life science &= i i [

coronaviRus.

X n Crystal structure of SARS-CoV-2 main protease
Research on SARS-CoV-2 at BESSY Il provides a basis for desgn of mproved

a-ketoamide inhibitors
e Do, i Loy e G et e
S Sephan Sechr Kt o bl gl

At synchrotron light sources like BESSY Il, research is
currently gaining crucial insights into combating the
SARS-CoV2 virus. The results are helping to contain
the spread and fight the disease more effectively.

oo it

For corona research, BESSY Il has provided access via
a fast-track method even during the strictest
lockdown phases. Immediately after the genome of
the novel coronavirus SARS-CoV2 was sequenced in
early 2020, the first measurements of viral proteins
started at BESSY Il

et e e e sty o v 7 e e ke

Schematic pictue of the coronavirus protease.
(6 H.Tabermann / HZB)

sotrapded antiparallel

« Afirst major inni the decoding of the structure of the
main protease of the SARS-CoV2 virus, which was already achieved at BESSY Il in February 2020. This protein e
in the lfe cycle of b itis involved in the reproduction of the viruses. o oo

Knowledge of its 3D structure helps in the search for suitable active substances that dock onto the protein
and hinder its function. Because without information about the target protein, the search for an active agent
is like looking for a needle in a haystack. Structure-based drug discovery” helps to identify the best
candidates for active substances from the multitude of possible substances.

5

cTs-cov-2" atthe two light sources
PETRA il and BESSY . In both projects,the main protease of thevirus, which was decoded at BESSY I, was
selected as the target for a drug.
In the STOP-CORONA project, which began as a collaboration between the Helmholtz-Zentrum Berlin
(HZB), the University of Liibeck and the University of Wiirzburg, the aim is to use small organic substances,
so-called fragments, to identify active surfaces of the main viral protease. For this fragment screening, the
HZB has two libraries available F2X-Entry with 96 substances and F2X-Universal with 1103 substances.
In a first step, crystals of the main protease were tested against the F2X-Entry library. From the binders
obtained, a more strongly binding subsequent substance could be identified by optimisation. This
substance is currently in binding studies and will be further optimised.
These results provide important insights for drug discovery against SARS-CoV-2, as drugs are still urgently e i, a0 2 s
needed to get COVID19 under control. However, Corona research at synchrotrons is not limited to X-ray
structure analysis.
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® Art and History

Anal. Chom. 2008, 80, 6436-6442

Visualization of a Lost Painting by Vincent van
Gogh Using Synchrotron Radiation Based X-ray
El tal M. i

Joris nlk."' Koen Janssens,* Geert Van Der Snickt,’ Luuk van der Loeff,% Karen Rickers,' and
Marine

Department of Materials Science, Delft University of Technology, Mekelweg 2, 2626CD Delft, The Netherlands, Centre
for Micro- and Trace Analysis, Department of Chemistry, Universiteit Antwerpen, Universiteitsplein 1, 2610 Antwerp,
Belgium, Kroller-Mller Museum, Houtkampweg 6, P.O. Box 1, 6730 AA Otterlo, The Netherlands, Deutsches
ElekronenSynctroron (DES'Y), Nolkesrasso 85, 22603 Hamburg, Germany. Coniroof Research and Restoaton of

luseums, UMR-171-CNRS, Palais du Louvre,

to des Lions, 14 quai Frangois Mitte

75001 Pari, France, and European Synchrotron Raciation Facmry 55220, 38043 Gronotie Gedox, France

Vincem van Gogh (1853-1890), one of the foun
‘modern painting, is best known for his vivid

strking feature that emerged is Van Gogh's frequent reuse of

colore b k Thisisusually

productive career. His productvity is even higher than

eneralyreatized, a8 many of i known of Vialing such idden
an Gogh

o thied of ki early period pontings. Van Gogh would

and the public alike. Covered paintings in general nm\'ulr an

a new or modified composition on top. These hidden
v«"mnss ofer  unique and infmate insight ino the
genesi e, current museum-based imaging

images. We present the firsttime use of synchrotron
radiation based X-ray fluorescence mapping, applied to
visualize a woman’s head hidden under the work Patch
of Grass by Van Gogh. We recorded decimeter-scale, X-ray

specific elements in the paint lavers. In doing so we
succeeded in visualizing the hidden face with unprec-
edented detail. In particular, the distribution of Hg and
Sb in the red and light tones, respectively, enabled an
approximate color reconstruction of the flesh tones. This
reconstruction proved to be the missing link for the
comparison of the hidden face with Van Gogh's known
paintings. Our approach literally opens up new vistas in
the nondestructive study of hidden paint layers, which

i Van Gogh in parti old

changes. In the case of Van Gogh, they also presenta touchstone:
fo comparisn il prpsory dravings ad the sbundant
record. The extensive correspondence with his brother
Il\\v\.\n Gogh, an artdealer based in Paris, isful of remarks by
Vincent on his work.

realized by means of tube-based \m radiation transmission
radiography (XRR). The absorption contrast in these images i

dy caused by the heavy metal components of pigments
mployed, such as lead in lead vernillon.
‘Conventional XRR. however, has a number of important limita-
tions. First of all the observed X-ray absorbance is a summation
of all element specific absorbancies. This implies that the contri-
ion to the overall image contrast due to (ow quanities of)

ond,
to the application of the paint layer, a canvas is usually primed
with a homogeneous layer of lead white. This raises the overall

‘master paintings in general.

Vincent van Gogh is generally recognized as one of the

Finally, the polychromatic character of an Xray tube further
reduces the contrast in radiographic images. As a result,conven:
tional XRR imaging of paintings frequently provides only a

3
has undergone extensive art historical and technical study. One

agr
the readability of hidden compositions.*
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a new or modified composition on top. These hidden
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senesis of his works. Yet, current museum-based imaging
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radiation based X-ray fluorescence mapping, applied to
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the nondestructive study of hidden paint layers, which
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Theo van Gogh
Vincent on his w\

realized by means of tube-based \m radiation transmission
radiography (XRR). The absorption contrast i these images is
mostly caused by the heavy metal components of pigments

loyed, such as lead in lead whitc or mercury in vermillion.
‘Conventional XRR. however, has a number of important limita-
tions. First of all the observed X-ray absorbance is a summation
of all element specific absorbancies. This implies that the contri-
bution to the overall image contrast due to (ow quanities of)

ond,
to the application of the paint layer, a canvas is usually primed
with a homogencous layer of lead white. This raises the overall

master paintings in general.

Vincent van Gogh is generally recognized as one of the

Finally, the polychromatic character of an Xray tube further
reduces the contrast in radiographic images. As a result,conven:
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lerators for HEP

12048, PRESSURE
QL wsioe swELL

e
REATES VACUUM
IN CENTRAL TUBE

Westinghouse Atom Smasher, 5MeV
1937 - 1958, Pennsylvania, USA

For historical development of particle accelerators see, e.g.

P.J. Bryant, A brief history and review of accelerators,
CERN Accelerator School: 5th General Accelerator Physics Course,
Jyviaskyla, Finland, Sep 1992 https://cds.cern.ch/record /261062/
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Accelerators for HEP e
m) Different types of collision \m

WS Spectromete,

Fixed target eg. SHIP @ CERN SPS .~ i
. . . e g tector or higger Partici
m Simpler design/implementation : g s, v
— cost! gﬁp‘ﬂ\ . Active muon shierg
u Potential for Very h|gh "'\::;Dwnt:l:g:{,e, The experimental facility for the Search for Hidden

Particles at the CERN SPS http://cds.cern.ch/record/2644153

intensity beams & large
numbers of collissions

Collider e.g. LHC @ CERN
m More complex design
+ many extra challenges

m LAB frame = CM frame
— maximum energy available

BEAM 1

for new particle creation
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Accelerators for HEP =) Different particle species

Interaction
Region Belle Il detector

electron / positron
linear injector

\ Tredit: KEK

https://journals.aps. p/abstract/10.110: .93.015006

I For overview of colliders see e.g. : V. Shiltsev and F. Zimmermann ‘Modern and future colliders’ Rev. Mod. Phys. 93, 015006 |
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Accelerators for FHEP m) various accelerator geometry

Credit: SLAC National Accelerator Laboratory

*Circular’ collider
e.g. Tevatron

“Linear’ collider
e.g. SLC
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Accelerators for HEP

Linear Accelerator—‘Linac’

Colloquially ‘Linac’ can refer both to a general Linear

Accelerator facility or to a specific accelerating structure

m Single pass accelerator
— beam goes through once

— facility not always straight, e.g. SLC 4 :

m Energy depends on length

For HEP 2 main applications:
m Low energy hadrons

m High energy ¢ or e™ collider
e.g. Stanford Linear Collider (1987-98, 3 km/0.09TeV')
e.g. next-gen lepton colliders: ILC (50 km / 1TeV) 4 f .
e.g. next-gen lepton colliders: CLIC (50 km / 3TeV) / CERN Linac2
1978 - 2019
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Synch rot n m Repeated passage around the

accelerator ring — great for HEP!

— re-use accelerating structures & repeatedly collide same beams
m During acceleration guiding fields increase
to keep the beam on (~) same orbit

— e.g. LHC, LEP, Tevatron, RHIC, HERA, SPS, PS...

— ‘circular accelerator’, ‘collider ring’
(doesn't actually need to be a circle)
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Key Points

m Accelerators aren’t just for HEP

— = 1/5 of Physics Nobel Prizes directly used an accelerator!
—> Further 20 Nobel Prizes across Physics/Chemistry/Medicine

have been awarded for research using X-rays!

— https:/ /www.epfl.ch/labs/Ipap/wp-content/uploads/2018/10/AcceleratorsNobelPrizes. pdf

m Accelerators for HEP come in a wide variety of
flavours
— specific design will depend on the HEP motivation



https://www.epfl.ch/labs/lpap/wp-content/uploads/2018/10/AcceleratorsNobelPrizes.pdf
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Acceleration

F = q(E+ V X §) m To accelerate charged particle
do work via Lorentz force
S 2
AW =[ F.ds =/ qE.d§ m Magpnetic field does no work
S1 S1 5. (g X g) =0
0A
= —V¢3

ot

Electrostatic accelerators RF

= Acceleration via high DC voltage = Acceleration via time-varying fields

= ‘radiofrequency technology’
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Electrostatic accelerators
e.g. Cockcroft-Walton (left), Van-de-Graff, ...

= Limited by DC-breakdown voltage
= Can’t be used for repeated

acceleration around a closed loop
(e.g. in a synchrotron)

]4 V¢.d§=0

= Critical element in the design of
particle sources
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Magnetic field RF Cavities

m Basis of all modern high-energy accelerators

m Conducting cavity or waveguide enforces boundary
conditions which have solution with an accelerating mode

There are many varieties of RF-cavity:

Tlectricfeld e.g. travelling wave structures

11.4 GHz structure (NLC)

BEAM
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Magnetic field RF Cavities

There are many varieties of RF-cavity:

e.g. standing wave drift tube Alvarez structure
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Magnetic field RF Cavities

There are many varieties of RF-cavity:

e.g. standing wave drift tube Alvarez structure
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g
RF Cavities

There are many varieties of RF-cavity:

e.g. superconducting elliptical cavities (LEP)
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RF Cavities

There are many varieties of RF-cavity:
e.g. superconducting elliptical cavity (LHC)

electric field

Magnetic field

® RF frequency is harmonic of revolution frequency

il
~ B

= IliE

J’.»
“7
F —N\
-
z ra
\\
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Bending

ﬁ — E v B’ m Use Lorentz force from dipole magnets to
end bunches around the synchrotron rin
q( TV X ) bend bunch d the synch ing

n
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m conventional dipole field m > 27T need very large current
defined by core — superconductors!!!!

m Conventional dipoles limited to g Field defined by coil geometry
~ 2T by saturation of core — | < cos©

For discussion of magnet design: S.Russenschuck, Design of accelerator magnets, CAS, Loutraki 2000
https://cds.cern.ch/record /865932 and T.Zickler, Normal Conducting & Permanent Magnets, CAS, Zurich

2018, https://indico.cern.ch/event/643268/contributions/2610551/


https://cds.cern.ch/record/865932
https://indico.cern.ch/event/643268/contributions/2610551/
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m Conventional dipole field m > 2T need very large current
defined by core — superconductors!!!!

m Conventional dipoles limited to = Field defined by coil geometry
~ 2T by saturation of core — 1 % cos ©

For discussion of magnet design: S.Russenschuck, Design of accelerator magnets, CAS, Loutraki 2000
https://cds.cern.ch/record /865932 and T.Zickler, Normal Conducting & Permanent Magnets, CAS, Zurich

2018, https://indico.cern.ch/event/643268/contributions/2610551/


https://cds.cern.ch/record/865932
https://indico.cern.ch/event/643268/contributions/2610551/
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Beams typically contained inside “beam-pipe’
at high vacuum

Particle bunches have finite size and angular
divergence

Individual particles follow slightly different
trajectories around the synchrotron

To contain the particles in the synchrotron
also need to focus pal es back towards
the center of the beam pipe

Example of bunch shape measured in LHC

Vertical position [mm]
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Focusing

m Use quadrupole fields to focus particle beams

— F  displacement from center

— | X cos20

NS A
Ny

For discussion of magnet design: S.Russenschuck, Design of accelerator magnets,

CERN accelerator school, Loutraki, Greece, Oct’ 2000 https://cds.cern.ch/record/865932


https://cds.cern.ch/record/865932
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m Single quadrupole can focus in either H or V. Not both.

m Use alternating lattice of focusing/defocusing quads

Particle trajectory (turn = 1) ==

Horizontal position [mm]

1000 1500
Distance from ATLAS [m]

m Particle will oscillate around central orbit, within an envelope
defined by the 3 function

x = \/2J,8x(s) cos (px(s) + o)
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Particle trajectory (turn = 1) ==

-

central (closed) orbit
defined by dipole magnets

'
N

Individual particles oscillate

about central (closed) orbit
. according to quadrupole

1000 1500 § placement and strength

Distance from ATLAS [m]

Horizontal position [mm]
o

B  Number of times a particle oscillates
about the closed orbit in 1 turn is the
TUNE (Q, ,) of the accelerator

m One of the most important
properties of any accelerator

® In the LHC Q,, ~ (62.31, 60.32)
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Accelerators can also use a variety of higher-order multipole magnets to

control various aspects of linear & nonlinear beam dynamics

QUAD B Quadrupoles focus low & high

momentum particles differently

m CHROMATICITY: Q' = 80/8(*2,—0“’)

B Momentum dependent focusing causes
tune-spread within the bunch

m Chromaticity controlled with SEXTUPOLES —
B 2n-pole field defined by complex potential:

— (G + e
yﬂ XI'I—

W, = (By + iA,) G

B octupoles, decapoles, dodecapoles have
all been used in particle accelerators
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Key Points

m What is a synchrotron?
m What is the Tune (Q,,)?

m How do we accelerate?
— Particles come in bunches

m Dipoles and quadrupoles to bend/focus

m Nonlinear multipole magnets can also be used,
e.g. sextupoles for chromaticity correction
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’ Large Hadron Collider (LHC) is the highest
A@@@@?%%@% ?@? %%% E> energy accelerator in operation today

27km superconducting synchrotron collider
(constructed in the former LEP tunnel)

Operated with various particle species:
proton — proton
Heavy ion (Pb82* / Pb82+)
Heavy ion (Xe** / Xe5**)
Proton-lead (p / Pb®2*)
Partially stripped ions (Pb®'* ) [non-colliding]
Possible future runs with oxygen & nitrogen

Credit: Maximilien Brice / CERN
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&@@@@?@%@% ?@? %%? B LHC has 2 injector chains

B Optimized to tackle different
challenges at different energy
scales & for protons-vs-heavy ions

ALICE LHCb

SPS

™

™ BOOSTER Ex . post-LIU
(extraction) (> 2020)

Linac 4 (H™) 160 MeV

LINAC 4 PS PSB (H") 2.0GeV
(protons) PS 25 GeV
SPS 449 GeV

LEIR

LINAC 3 LHC >6.8TeV

(lons)
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The LHC cycle (2018)

Dipole current ==

Octupole current == IP1 squeeze mm

Ramp and Squeeze

Pre-cycle\ |“ie°ﬁ<{:1 .! /Squeeze . / Stalble Beams
4 12
10 ¢
4 10
T 8
= 18 -E
- 6 B ﬂ [e—
S 16 =
- 4t A
3 14
2 L
1 2
O JW 1 1 1 0
08:00 10:00 12:00 14:00

Time (03/09/2018)
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The Large Hadron Collider (LHC)

m 2 counter-rotating beams in a twin-ring synchrotron

m 8 straight insertion regions (IRs) & 8 bending Arcs ‘A12 — A81’

Momentum
cleaning
(IR3)

cms

IR2:

IR8:

LHC B1 injection + HEP (ALICE)

LHC B2 injection + HEP (LHCb)

IR1: HEP (ATLAS)
IR5: HEP (CMS)
Cleaning
(IR7) IR3: COLLIMATION (momentum)

IR7:

IR4:

IR6:

COLLIMATION (transverse)

Acceleration + instrumentation

LHC B1+B2 BEAM DUMP
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LHC arcs use =8T superconducting dual bore dipoles

’j‘ﬁt{ | i

L
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Arcs utilize superconducting =~ 8 T dual bore dipoles

AUGNMENT TARGET

MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE

VACUUM VESSEL

BEAM SCREEN

AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS
IRON YOKE (COLD MASS, 1.9K)
DIPOLE BUS-BARS

SUPPORT POST
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Arcs utilize superconducting =~ 8 T dual bore dipoles
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Arcs have repeating pattern (‘lattice’) of magnets

0 I O I S I O
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23 repeating ‘cells’ per Arc

SR e e R TS —':l:' o R l]: = e el e =

Magnets powered in series (arc-by-arc or families)
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23 repeating ‘cells’ per Arc

A e e e I e e e e e e e e Y .

Main Quadrupoles Main Dipoles

(foc usmg)y
(bendmg)

Most space occpied by dipoles and main quadrupoles
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23 repeating ‘cells’ per Arc

R e e L, e e e, T . e e e, T e, e e R e e . e

Main Quadrupoles Main Dipoles

(fOC USIHQ)Y
(bendmg)

Sextupole spool piece correctors
Octupole + decapole spool piece (McCS)
correctors (MCDO)

Higher order magnets correct field imperfections in main dipoles
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23 repeating ‘cells’ per Arc

A e e e I e e e e e e e e Y .

Main Quadrupoles Main Dipoles

(foc using)y
(bendmg)

1 l-[ ~~~~~~~~~~~~ [ AAAAAAAAAAA M ----------- o 1 AAAAAAAAAA ]-i‘ ~~~~~~~~~~
DR Mol M Lo oy
\ MCS MCS MCDO mcs~” \ MCS MCDO
Trirr) Quadrupole T lattice sextupole + orbit corrector
(precise quad control) (momentum dependent focusing)

+
Lattice octupole  Beam Position Monitors
(BPM)

Need room for beam instrumentation & magnet connections
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The Large Hadron Collider (LHC)

m 2 counter-rotating beams in a twin-ring synchrotron

m 8 straight insertion regions (IRs) & 8 bending Arcs ‘A12 — A81’

Momentum
cleaning
(IR3)

cms

IR2:

IR8:

LHC B1 injection + HEP (ALICE)

LHC B2 injection + HEP (LHCb)

IR1: HEP (ATLAS)
IR5: HEP (CMS)
Cleaning
(IR7) IR3: COLLIMATION (momentum)

IR7:

IR4:

IR6:

COLLIMATION (transverse)

Acceleration + instrumentation

LHC B1+B2 BEAM DUMP
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Structure of a HEP insertion:
— e.g. Insertion Region 1 (IR1) hosting the ATLAS experiment

— Beams collide at the Interaction Point (IP1)

Arc Arc
I Rl(viewed from above)
< >
Collisions!
BEAM 2 A 1
weam BEAM Y

0
lemmw&z-m wawxww
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Q1 Q2 Q3 DI 0o 0 6 07
TAS  MQXA  MQXB MDX})\ BX  MBXW |MBRC MQY| MaML. MOML.
IP1 AT

oML, T OOFBA [ NOM . MB
8 | - bl
o] ® El Ha |
C— | | [ T i

Right side of IR1, viewed from above
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0l Q2 03, Q5
i MOML.

TS MOXA MOB  MOXADIBX  MEXW BEAM 1

IP1

Matching section

(individually powered quads
control transition from arc)
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Recombination chamtVv

Common apertur:
beam pipe . o
Separation dipoles

(bring beams together in common aperture)

_—
.
194 1 s A 501
o1 Q2 03| D1 ® a7
TAS MQXA MQXB  MQXADI NOML DFBA | MQM ME
IP1 o [
DA i |
~ M|
d s
- ‘ b ° 2. |08
L nw nas . 21 8 mom 1167
—

Matching section

(individually powered quads
control transition from arc)
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Separation dipoles

(bring beams together in common aperture)

S o
45K 18K

Q7
R NOM . ME

su| TRBID 1Y

2 8 201 1167,

Quadrupole triplets Matching section

Squeeze beam from ~1mm in Arc to ~10um at IP (individually powered quads
control transition from arc)

Also corrector magnets
(coupling, sextupole, octupole, dodecapole)
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Insertions have variety of functions in LHC, e.g.

— All RF cavities in the LHC are located at IR4

Momentum
cleaning
(IR3)

"
H
8
g
o
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m IR design varies with function

e.g. IR4 (BI/RF)

(right side viewed from above)

Matching section

DFEM D'EMQS
Moy
E ﬂ
|2 =
zsal 15| ges 7 255 | |31 23 30
AT R A e R | T ws 2 i o ]
Accelerating cavities & Dipoles (increase beam separation

Beam instrumentation to give space for accelerating cavities)
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Day to day operation of the CERN accelerators handled by the
operations group, from the CERN Control Center (CCC)
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LHC page 1: machine status & OP comments

https://op-webtools.web.cern.ch/vistar /vistars.php
LHC Pagel Fill: 6800 E: 3607 GeV 15-06-18 12:47:11
MACHINE DEVELOPMENT: RAMP
3607 GeV I(B1): 8.33e+09 I(B2): 9.72e+09
U 077 [ 0.75m 10.00 m AT 2.00 m

FBCT Intensity and Beam Energy Updated: 12:47:11

Energy (GeV)

BIS status and SMP flags Bl B2
Comments (15-Jun-2018 12:15:30) Link Status of Beam Permits

MD:3270. Global Beam Permit | true |
ATS ROUND OPTICS Firoe |
[ true |

Setup Beam rue
Beam Presence true
Moveable Devices Allowed In

Combined ramp and double squeeze

Stable Beams

AFS: Single_10b_3_0_0_pilots_7nc_lc PM Status B1 SRR PN Status B2 ENABLED



https://op-webtools.web.cern.ch/vistar/vistars.php
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For general questions about LHC one commonly used resource is

the LHC Design Report

LHC DESIGN REPORT

T

.\2‘

THE LHC MAIN RING

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

LHC Design Report, v.1 : the LHC Main Ring
http://cds.cern.ch/record /782076 /

LHC Design Report, v.2 : the LHC Infrastruc-
ture and General Services

http://cds.cern.ch/record /815187

LHC Design Report, v.3 : the LHC Injector
Chain http://cds.cern.ch/record /823808

BE CAREFUL: some parameters may

be out of date

— LHC has already exceeded its
design performance in many ways!


http://cds.cern.ch/record/782076/
http://cds.cern.ch/record/815187
http://cds.cern.ch/record/823808
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Key Points

m Overall structure of LHC
— 8 Arcs - this is where the beams are bent around the ring
— 8 IRs - various functions

m Repeating lattice in the arcs — the LHC arc cell
— can't fill the arc completely with dipoles!

— also quadrupoles for focusing, sextupoles for
momentum-dependent focussing & chromaticity, nonlinear
magnets for correcting field errors, instrumentation...

m Typical layout of an insertion region

m LHC injector Chain and operational Cycle




E.H.Maclean, HASCO, 1%t August 2024

From 2001 Snowmass AQccelerator R&D report,

Part | : Executive Summaries, eConf C010630, SLAC-R-599 Beam-beam collider is essential
p//www.slac.stanford. IT1001.PDF . )
T 7 for operation at energy frontier
1,000000TeV I~ [ \Vingston plot” showing the evolution LHé
of accelerator laboratory energy from 1930
100000y |- | U m:s}. Enlo?oy of colliders |:'plomldl in | CoM = 14TeV
' collding wih 8 proton st rest to reach the / W Fixed target CoM energy:
same center of mass energy.
10,000 TeV |~
1,000 TeV - ECM ~ /2mtEb
100Tev |-
10Tev |-
1Tev |-
100GeV |- Syhvoons i Collider CoM energy:

\s:'h_;v;-“:mm" (head-on, equal mass)

Equivalent Beam Energy
of Fixed Target Collider

e 1 E 2F,
Synchrocyclotrons CM - b
1Gev Proton Linacs T
Sector-Focused
100 MeV Cyclotrons 7
Electrostatic
‘Generators
10 MeV B
Rectifier
1MeV ‘Generators N
1 1 1 1 1 1 1
1930 1950 1970 1990 2010

Year of commissioning
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From 2001 Snowmass AQccelerator R&D report,
Part | : Executive Summaries, eConf C010630, SLAC-R-599

p//www.slac.stanford. IT1001.PDF
T T T T T T T 1
1,000000TeV I~ [ \Vingston plot” showing the evolution LHé
of accelerator laboratory energy from 1930
until 2005. Energy of colliders is plotted in | COM = 14TeV
100,000 TeV [~ | terms of the laboratory energy of particles
> colliding with a proton at rest to reach the /
'same center of mass energy. . . .
) b e | = Clear distinction between
) Tevatron . . . +
3 g rowm | /CoM = 1.9TeV energies achieved with e*
— vs hadron colliders
E= uml sl |
w5
E O vt 1
m ﬁ 1TeV |- Colnders |
[} o
m m — S etums ]
} . \__Etectron Positron
- m ‘Storage Ring Colliders
10Gev |- i
chk -
ynchrocyclotrons
2 u 1GeV |- Proton Linacs 7
© g(’ womey |- e Someme |
12 Lt ‘a".‘..‘:.".'.:.‘f
3 L. tomev B
S‘ 16 v e 4 ]
1 1 1 1 1 1 1
1930 1950 1970 1990 2010

Year of commissioning
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Limiting factor for circular e™ / ¢~ accelerators:
— particles emit synchrotron radiation as they are bent around ring

4
AE/turn o (5re/7re/)

m LEP (¢) energy loss: ~ 3GeV/turn (@ 101 GeV)

m LHC (p) energy loss: ~ 5keV /turn (@ 6.5TeV)
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To achieve higher energy-scales with e* need to significantly increase
the bending radius and circumference!

m FCC-ee: 100km, 88 — 365GeV e* /e~ collider )
m similar CEPC project in proposed in China

100km Ciroumference

Even at 100km energy-loss/turn 3-4x more than LEP!
— design challenging as beam-energy changes around the ring!
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m Not limited by synchrotron radiation

I

Several proposals for next-generation linear colliders!

m Energy limited by collider length and accelerating gradient!
A i

Compact Linear Collider (CLIC)

¥ IR 380 GeV - 11.4 km (CLIC380) 1

p: N 1.5 TeV - 29.0 km (CLIC1500)

[ 3.0TeV-50.1 km (CLIC3000)

m CLIC: 11km/380GeV

m CLIC: up to 50km/3TeV )
m similar ILC project
proposed in Japan

DA
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Lots of R/D into mothods for high-gradient acceleration!

Unperturbed
S — plasma

Decaying wakefield and

s o
m CLIC: a particle accelerator . “

powering a particle accelerator! i Leacing

m C3: cool copper collider j\» »

m plasma wakefield acceleration )-i g e

Trailing probe
bunch

Driving probe

MAIN BEAM ‘
COMPLEX

Spinotator  njector Linac Prodnjector  DC Gun
286Gev  Linac
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Collide heavier particles to limit energy loss via SR

m Conventionally means progressing to hadron collider e.g. LEP — LHC!

m Active R/D into possibility of muon collider
— challening due to short muon lifetime

Muon Collider Accelerator
> 10TeV CoM

~10km circumference

i Proton & uBunching Channel  pAcceleration
% Source  Channel 3 e T
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Limiting factor for circular hadron (or muon) collider:

= = =\ = Use Lorentz force to deflect beams
F = (E +V X B) around the synchrotron ring

Must create strong enough magnetic field to bend beams around
whatever radius is defined by the tunnel geometry

F Lorentz — I centrip Dipole

VN

2
P}/mrestv pV

vB =1t PN
K P P \///

P P\ / P
q

Bp =
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Limiting factor for circular hadron collider:

— need sufficient magnet strength to bend beams around the ring

Dipole

Bp [Tm] =P Egl[rrés]‘ll V/m%
0 P, // P

Bp [Tm] = 5998" [GeV /(] \\ ///

Bp is ‘magnetic rigidity’: defines the maximum energy you can
reach for a given dipole field in a given tunnel geometry
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To go to higher-energy scales with p*:

= significant increase to circumference
= significant increases to magnetic field

Figure 3.3: Illustration of the CEPC-SPPC ring sited in Qinghuangdao. The small circle is 50
km, and the big one 100 km. Which one will be chosen depends on the funding scenario.

& SWITZERLAND
} :

100 km ercumferernce ] s

Credit; CERN

For more details:
Future Circular Collider Conceptual Design Report Volume 3
https://link.springer.com/article/10.1140/epjst/e2019-900087-0

For more details:
CEPC-SPPC Preliminary Conceptual Design Report. 2. Accelerator
https://inspirehep.net/literature/1395736

CEPC Conceptual Design Report: Volume 1 - Accelerator
https://arxiv.org/abs/1809.00285
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But what about the moon?

Credit: NASA/Goddard Space Flight Center/Arizona State University
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55
Earth Rotation

Tidal deformation of earths crust Axis
changes the LHC circumference

If uncorrected this causes
— e -
a drift in the beam energy

Effect of terrestrial tides on the LEP beam energy
L. Arnaudon et al. CERN SL/94-07 http

€. ecliptic - -

3 04:55:51.338 and 2016.11-13 18:55:51.338 (LOCAL_TIME)

b

0 17:00
LOCAL_TIME
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SC-magnets must be trained to reach higher fields/currents

m Time needed for training was a key factor in the choice of LHC energy
in Run2 and Run3

All main dipole training quenchesin the LHC since 2008* (up to 2018)

= Tl nataral training quenches of MB magnets are
listed, including those that occured during operation.

11500

3 11000 v
5
= —-512
3 10500
< —-523
2
] —-8-534
)
< 10000 $45
—-556
9500 —-S67
source: https://twiki.cern.ch/twiki/bin/viewauth/MP3/WebHome/2018training.png | -@—S78
Analysis by MP3 —-—-S81
9000

0 10 20 30 40 50 60 70 80
Quench number
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High-energy beams plus extremely high stored energy in magnets
poses serious challenges for machine protection

Report of the Task Force on the Incident of 19th September 2008 at the LHC”, CERN-LHC-PROJECT-Report-1168:

“The dipole bus bar at the location of the arc was vaporized, as well as the M3 line bellows around it, thus breaking open
the helium enclosure...”

2
¥

.

e

YRRV }

R 4
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High-energy beams plus extremely high stored energy in magnets
poses serious challenges for machine protection

Report of the Task Force on the Incident of 19th September 2008 at the LHC", CERN-LHC-PROJECT-Report-1168:

“The force was applied to the external support jacks, displacing the cryomagnets from them and in some cases, rupturing
their ground anchors or the concrete in the tunnel floor.”
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Key Points

m Different limitations on beam-energy for e* and
hadron accelerators

m What is magnetic rigidity & where does it come
from?

m Various options being explored for next energy
frontier accelerator

m Real world effects pose various challenges w.r.t.
beam energy!

WATCH OUT: HEP normally discuss CoM — ABP may use
alternative definition of energy! e.g. individual beam energy, energy

per nucleon,...
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What do particle physicists care about???

— How much data (how many collisions) are generated?

Luminosity
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Event rate for a HEP interaction:

m R: Event Rate [s7!]
m o: Cross Section [barn = 10~%*cm?]

R — L X O property of the HEP interaction

m L: Luminosity [inverse barn / s]
property of the collider

-S0)

N4 P4 (%Y=




E.H.Maclean, HASCO, 1%t August 2024

“+00
L= f\/(gl,;2)2,(‘71><‘72)2 / <2 N1 N2////p1(x,y,s,—so)pg(x,y,s,so) dx dy ds dSo
—00

For detailed discussion of Luminosity relations:

W.Herr & B.Muratori, Concept of Luminosity, CERN Accelerator School, Zeuthen, Germany, 15 - 26 Sep 2003
Toshio Suzuki, General Formulas of Luminosity for Various Types of Colliding Beam Machines, KEK-76-3, (1976)
M.A. Furman, The Mgller Luminosity Factor, LBNL-53553,CBP Note-543, September 24, 2003

C.Mgller, General properties of the characteristic matrix in the theory of elementary particles |,
K. Danske Vidensk. Selsk. Mat.-Fys. Medd. 23, 1 (1945) http://gymarkiv.sdu.dk/MFM/kdvs/mfm 2020-29/mfm-23-1.pdf


https://cds.cern.ch/record/941318/
https://inspirehep.net/literature/111239
https://escholarship.org/uc/item/3897k3zp

E.H.Maclean, HASCO, 1%t August 2024

with some approximation:

(frevnco/l) Nl N2

2my[(02 + 025)\/ (021 + 02,)

Assume:

m uncorrellated gaussian bunch profiles in x,y,s

m head-on colinear collission of equal/opposite velocity beams
m equal bunch lengths o051 ~ 05>

m revolution frequency of 2 beams are in sync

® Ny colliding bunches are all described by similar N>, 0
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[ — (frevncon) N1l

N 27r\/(0)2<71 + 0')2<72) \/(0)2/,1 + ‘7;2/,2)

Beamsize:
m (3(s): ‘beta-function’ [m]

Ox,y = A //Bx,y(s) €x,y — Property of the magnetic lattice

— varies around the ring

m € ‘emittance’ [pm)]
— Property of the particle bunch
— Invariant around the ring
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Horizontal position [mm]

4.—'_1—. 7 ) ‘ . | I Example of bunch shape measured in LHC

=N
Particle trajectory (turn = 1) ===

Kl

1000 1500 — 5 5 3
Distance from ATLAS [m] position [mm]

Particle motion about central closed-orbit described by Hill’'s equation:
m linear restoring force from quadrupoles is a function of location around the ring

m restoring force is periodic to at least the accelerator circumference

%_K(s)x:() x = v/2J,B.(s) cos (¢x(5) + ¢o)
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B-function describes envelope of particle oscillations

MB MO W

JTLrLrLI_I_FLI_LI_LFLI_LIJ_FLFLFLFLIJ_FLFLFLFLrl

Ideal orbit =

Particle Trajectory [mm]

V(2J,B,(s)) =  Particle trajectory —

1000 1500 2000 2500
LHC Arcl2 [m from ATLAS]
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B-function describes envelope of particle oscillations

Particle Trajectory [mm]
o

Oy OV By(s) =— Particle trajectory —

1000 1500 2000 2500
LHC Arcl2 [m from ATLAS]
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B-function describes envelope of particle oscillations

MB [

MQ

Particle Trajectory [mm]
o

N
i

i

¥

Oy OV By(s) =— Particle traject

ory =

1000 1500 2000 2500

LHC Arcl2 [m from ATLAS]
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B-function describes envelope of particle oscillations

3
£
>
o
(&S]
Q2
]
[ v
o 3
) \
] ’
a :
Oy OV By(s) =— Particle trajectory —
1000 1500 2000 2500

LHC Arcl2 [m from ATLAS]

[m] [l = =
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Triplet quadrupoles in experimental IRs squeeze 3, ,
— 3% = minimum ( in the IR =~ 25 cm

Dipole Quad - Insertion Region 1 ,
e e L Ll L
[ I e B H “ A |1
Arc 81 ) —_— ~ ' Arc 12
4 Beam 1 -‘ |

Beam 2 ==

By [km]

-1000 -500 0 500 1000
Longitudinal location w.r.t. IP1 (ATLAS) [m]
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Around 2026-27 LHC will shut down for major upgrades
into the High-Luminosity-LHC

m Installation of new triplet magnets (/Nb3;5Sn) allowing
further reduction of

m Testing and construction ongoing!
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 1) w=m
1 L 4
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ~
n;) (4]
o N o
0,00 - 0,00 -
A ,
H] ° %
-0.02 - -0.02 -
-1 0 1 -1 0
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 2) ==
1 L 1
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ~
n;) (4]
o N o
0,00 - 0,00 -
A ,
H] . ° %
-0.02 - -0.02 -
-1 0 1 -1 0
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 3) ==
1t 1
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ° ~
n;) ™
o N o
000 - 000 -
— ,
H] . ° H]
-0.02 - -0.02 -
-1 0 1 -1 0
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

MB MQ
£ Particle trajectory (turn = 4) ==
2 [ 1
o
°
o 0
[
(=
[
s 1
T
© L
o
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ° ~
7 7
o N ° o
000 - 000 -
- ,
H . ° »®
-0.02 - -0.02 -
-1 0 1 -1 0 1
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 5) ==
1t 1
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ° ~
n;) ™
o N ° o
000 - 000 -
— ,
H] . ° %
0.02 - ° -0.02 -
-1 0 1 -1 0 1
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 6) ===
1t ]
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
Lo | ° ~
n;) ™
o N ° o
000 - 000 -
e - [ )
H] . ° H]
0.02 - ° -0.02 -
-1 0 1 -1 0 1
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 7) w=m
1 L 4
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
o ,
Lo | ° ~
n;) (4]
o N ° o
0,00 - 0,00 -
At - [ ]
H] . ° %
-0.02 - ° -0.02 -
-1 0 1 -1 0 1
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]

MB MQ
- - | - - - - - - -
Particle trajectory (turn = 8) w=m
1t 1
0
1 F 4
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
N .
Lo | ° ~
n;) ™
o N ° o
000 - 000 -
e - [ )
N ° N
H] . o H]
0.02 - ° -0.02 -
-1 0 1 -1 0 1
x [mm] x [mm]
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

MB MQ
E Particle trajectory (turn = 9) ==
1
o
k]
2 0
o
(=
Q
s )
£
© L
o
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
, o ,
Lo | ° ~
7 7
o N ° o
0,00 - 0,00 -
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. . . sas ; _d
Characterise particle trajectory by position (x) and angle (x’ = $&

Particle Trajectory [mm]
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Particles trace out elliptical paths in (x,x’) phase space
m shape changes around the ring
m Area of ellipse is invariant (for constant energy)
VOLUME ENCLOSED @ s = VOLUME ENCLOSED @ S+As
J \
2x10° - \
: \
\
\

2x10° -

bl
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Particles trace out elliptical paths in (x,x’) phase space
W in practice have many particles
m all follow similar elliptical trajectories (linear approximation)
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Particles trace out elliptical paths in (x,x’) phase space

m ‘beam emittance’ is area/w of elipse enclosing 1o of the
particles in the bunch

2x10° - . .
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Around 2026-27 LHC will shut down for major upgrades into the
High-Luminosity-LHC

m Key component of HL-LHC project is upgrade of LHC
injectors e.g. Linac2 (1978) — Linac4 (2021)
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Around 2026-27 LHC will shut down for major upgrades into the
High-Luminosity-LHC

m Key component of HL-LHC project is upgrade of LHC
injectors e.g. Linac2 (1978) — Linac4 (2021)
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More accurate beam-size description considers coupled 4D-phase-space

Horizontal
20
0., = 0.02084mm
15 Oc.0=0.02397mm
Q.. /0c., =1.14986

¥2 =Buer+PBrez
32 = Bai€e1 + Bner
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Betatron motion with cou- 25 -
pling of horizontal and 50| o= 0.01698mm Large local coupling Nl
H a...,=0.02206mm No local coupling

vertical degrees of freedom o 2129946

V.A.Lebedev, S.A.Bogacz 15 o
FERMILAB-PUB-10-383-AD

Plot courtesy T.H.B. Persson (CERN) 5

ol
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Poor local coupling correction in IR2 during 2018 Pb/Pb run
)
caused 50 A) reduction to Luminosity delivered to ALICE

until diagnosed & corrected
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L — (frevnco//) N1N2

2wy [(0h + 2a) (o)

m Vi>: Number of particles per bunch
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m Accumulate bunch trains in the LHC ring at 450GeV
m Accelerate to 6.8TeV

m Bring bunches into collision & store for several hours
m Dump / Repeat

N
T

Beam current [1 014p]

05:00 05:30 06:00
Time (04/09/2018)
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m Beam intensity decays during a fill
m Show a corresponding reduction in instantaneous luminosity

m Bulk of decay (LHC ideal conditions) is losses
of particles which are colliding at the IPs ‘burnoff’
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m Can try to maintain luminosity while N; > decays by changing
other accelerator parameters which influence luminosity

m ‘Luminosity levelling’” — e.g. f*-levelling
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One does not si hlyh‘?“

"Apply Imear dynamics to
real-world problems and
expect everything to work
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Large amplitude particles’ motion can become chaotic & unstable
— ‘Dynamic aperture’

Constant octupole strength
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The more nonlinear the beam dynamics becomes the
smaller the dynamic aperture

1.6
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Use sextupole, octupole, decapole & dodecapole magnets
to correct nonlinear dynamics in LHC & HL-LHC

LHCB2 B'=0.14m
non-colliding bunch

100.0

99.9

99.8 . . ]
After nonlinear correction -o

Uncorrected -o

Surviving intensity [%]

0 100 200
Time [s]
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L — (frevnco//) N1N2

omf(2,+ 02) (0, + o)

® .. Number of colliding bunches
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How many bunches can we fit in the LHC?

m LHC revolution frequency ~ 11.245kHz

— revolution period ~ 89 us

m Minimum separation of bunches defined by RF
system of the injector chain

— 25 ns bunch spacing

s0000... ~ 3560 bunches?

NO!
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Also need time to dump / inject beams

Dump ¢,
kicker -

Beam dump

kicker

Takes 3us for dump kicker to
reach required field
' |Need an “abort gap’ without beam
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Also need time to dump / inject beams

Beam dump

Dump {/
kicker

Beam dump

T i ; D
Similar issue at injection - in reverse! kicker
1us injection kicker rise time

Not practical to inject bunches one at
a time!




E.H.Maclean, HASCO, 1%t August 2024

Increase luminosity by colliding trains

Accumulate ‘trains’ of bunches in SPS & inject 1 train at a time

% NG
’¢’¢ll [} N, N
PR ,/,/ ] \
- 1-RI 24
", ,,/’, '.l LHC (1-RING) = 88.924 ps
V' 4 7 F vy X

Abort gap

Bun c es at
Bns Spacing

\ Nominal "Filling scheme’ allows
2808 bunches in each ring
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In practice many different types of filling scheme are used in the LHC and it may not be
desirable to operate with the nominal scheme

= seed electron g by e.g. phot

I/ gas i
= electron accelerated by field of the beam hits chamber wall
= liberates more secondary electrons

creates an avalanche of electrons in the beam pipe

2V,

Good example of this is “electron cloud’
S

P\ O

Formation of electron cloud can be suppressed by leaving gaps in the bunch trains:

&

v

time

- During parts of Run2 LHC used a special ‘8b4e’ filling scheme (micro-trains of 8 bunches followed by 4 empty slots)

For more details about electron cloud see:

G. Rumolo and G. ladarola, Electron Clouds, CERN Yellow Reports: School Proceedings, Vol. 3/2017, CERN-2017-006-SP
https://doi.org/10.23730/CYRSP-2017-003
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Key Points

m What is luminosity?
m What are its main dependencies?

m There are many complications which can affect the
luminosity!
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Event rate for a HEP interaction:

m R: Event Rate [s71]

m o: Cross Section [barn = 107 c¢m?]
R — L X O property of the HEP interaction

m L: Luminosity [inverse barn / s]
property of the collider

Total number of interactions defined by the Integrated
Luminosity [inverse femto-barn]

N = L(t)dt | X o



E.H.Maclean, HASCO, 1%t August 2024

Integrated Luminosity is key figure of merit for collider like LHC

— significant factor is how much time

spent on luminosity production

ATLAS @
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5 50f
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e
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2014 2015 2016 2017
Time
.ch/LHC-Statistics/
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https://lhc-statistics.web.cern.ch/LHC-Statistics/
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Approximate schedule for LHC lifetime (accurate up to 2023)

(YETS) Year-end

Technical Stop Long Shutdown (LS#)

[0 LHC operation [l

2000 | 2011 | 2012 | 2013 | 2014 | 2015 |

VA MR LIARION P M AME SRRSO F M AME RSO S IF M A Al OB S TF M A MBS A IOING | TF A M S AT IO

2022 2023 2024 2025 2026 2027

BIFIMAMBIATS[OINDIFIM[AMEsJAlsfoN[ofS [Fm]AMI [[a[s[oINolsTFM AV o [Afs[oINo] sTFM[ A [s[Afs[oIN[o] s]F IM[A W[ [s]ATs[olno]

2028 2029 2030 2031 2032 2033

RIFIM[A ][ o[as[o[n[ola FIM AlM[sa[Afs[olnlolsFIm[aM[a]s als[oljol sfFw]alM[ [ als[oIN[o] [FlwlAM[a[sJalsToIn[ols [FIM A l[s[afs[olwlol

m LHC operation is interspersed with regular shutdown periods for
maintenance and upgrades
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LHC schedule over 1 year (2017)
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Many types of activities during 1 year of LHC operation
m Technical Stop (YETS + regular breaks)

m Accelerator commissioning

m Accelerator physics/technology studies

m Luminosity production proton-proton and special runs
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Turn-around-time between stable-beams is a key factor in
achieved integrated luminosity!

Dipole current == Octupole current == IP1 squeeze mm
Ramp and Squeeze
Pre-cycle Injection Squeeze Stable Beams
\\ \\ m lI U I/ U
1 12
10 |
1 10
T 8
x 18 -E
- 6 —
] 1% &
= 4+ (<o)}
3 {4
21 {12
0 . r r 0
08:00 10:00 12:00 14:00

Time (03/09/2018)
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LHC and injector chain is an extremely complicated system

m Even small technical problems can add up over 1 year!

LHC Pagel Fill: 9075 E: 0 GeV 18-07-23 14:11:47

PROTON PHYSICS: NO BEAM

BIS status and SMP flags Bl B2
[Comments (17-Jul-2023 18:57:49) Link Status of Beam Permits
Problem with IT.L8 Global Beam Permit
leak in the insulation vacuum Setup Beam
No beam until further notice {weeks) Beam Presence
Moveable Devices Allowed In

Stable Beams

AFS: 25ns_2464b_2452_1842_1821_236bpi_12inj_hybrid PM Status B1 [\VG:INZMNPM Status B2 S \A:IN)
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LHC and injector chain is an extremely complicated system

m Even small technical problems can add up over 1 year!




E.H.Maclean, HASCO, 1%t August 2024

Key Points

m Integrated luminosity is the key figure of merit for a
collider like the LHC

m How much time is actually spent colliding beams
together?

m What are we doing the rest of the time?
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The Future of laboratory based HEP?

AE /turn M Bp [Tm] = 10 p [GeV/c]

P 2.998

m linear e/e colliders (ILC/CLIC)

m 100km e/e collider ring (FCC-ee,CEPC)
m New magnets in LHC tunnel (HE-LHC)
m 100 km hadron collid<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>