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- - - , Accelerator scientists are in demand at labs a rtl c I e
jobinphysics? o
grown modestly over the last decade, it hasn't been able to catch up -
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.

While the supply of accelerator physicists in the United States has
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Proton therapy on an upward trajectory
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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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RADIATION TOXICITY

Ultrahigh dose-rate FLASH irradiation increases
the differential response between normal

and tumor tissue in mice
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Flash irradiation

Irradiation
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a flash: Unique sparing of memory in mice after whole
brain irradiation with dose rates above 100 Gy/s
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Home / News | STFC launches VELA — bringing a new imaging capability for UK industry

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

fast neutrons.
. Used by permission.

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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Visualization of a Lost Painting by Vincent van

Gogh Using Synchrotron Raduatlon Based X-ray
El 1M

Fluor
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6730 AA Otterlo, The Netherlands, Deutsches
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the French Museums, UMR-171-CNRS, Palais du Louvre,

Porte des Lions, 14 quai Frangois Mitterrand,
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\u.mu van Gogh (1853-1890), one of the founding
s of modern paining, is best known for his vivid
o

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

Thisis usually

productive carcer. His productivity is even higher than
generally realized, as many of his known painings cover

energetic evolution of his aristic ideas. Visualizing such hidden

one-third of his early period paintings. Van Gogh would

Van Gogh
and the public alike. Covered paintings in general provide an

a new or modified composition on top. These hidden
paintings offer a unique and intimate insight into the
s o o mto ¢

changes. In the case of Van Gogh, they also present a touchsione:

for comparison with preparatory drawings and the abundant

Berwy oo, The extense cespondence ity s brsier
be

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 clements in the paint layers. In doing so we
su 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 Goghin parti old

Theo van Gogh
Vicenton s etk

hidde
realized by means of tube-based X-ray radiation transmission
radiography (XRR). The absorption contrast i these images is
mostly caused by the heavy metal components of pigments
employed, such as lead in lead white or mercury in vermillon.
Conventional XRR. however, has a mumber of important limita
tions. First of al the observed Xray absorbance is a summation
of all clement specific a lies that the contri-
bution to the overall image contrast due to (ow quantities of)

.
1o the application of the paint layer,  canvas is usually primed
th a homogencous layer of lcad 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
in radiographic Asa resull

tional XRR imaging of paintings frequently provides only a

ng per
has undergone extensive art historical and technical study. One
—
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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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Facilitate many types of research:

helmholtz-berlin.

* Life science =i ——
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Research on SARS-CoV-2 at BESSY Il

At synchrotron light sources like BESSY I, 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.

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

Schematic pictue of the coronavirus protease.

« Afirst major f the structure of the
main protease of the SARS-CoV2 virus, which was already achieved at BESSY Il in February 2020, This protein
is elementary in the life cycle of the coronavirus because it is involved in the reproduction of the viruses.
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  needle in a haystack. Structure-based drug discovery” helps to identify the best
candidates for active substances from the multitude of possible substances.

cTs-cov-2" atthe two light sources

PETRA Il and BESY I. 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,

o-called fraguent, Sdeniy aciv suifacesofthe mia i protaas, For thisfaguent scrouning. the

HZB has two lib with 1103 substances.

na firstste, crystals of the main protease weretesed againt the 2X Entry lbrary. From th 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

needed to get COVID19 under control. However, Corona research at synchrotrons is not limited to X-ray

structure analysis.

cononavinus
Crystal structure of SARS-CoV-2 main protease
provides a basis 1or dwgn of improved
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News » News » Topic: Accelerators

Voir en frangais

CLEAR prospects for accelerator
research

A new user facility, the CERN Linear Electron Accelerator for Research (CLEAR), hosts
accelerator research and development projects

1NOVEMBER, 2017 | By Matthew Chalmers

The CERN Linear Electron Accelerator for Research (CLEAR) will enhance and ct lerat at CERN. (Image:
Julien Ordan/CERN]




E.H.Maclean, HASCO, 22" July 2021

B Accelerator

ABOUT NEWS SCIENI

research

Home | About | Science | Jobs | Contact | Phone Book

. ;
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e ) Fermilab’s newest accelerator delivers first results

s and features 4,201 | Baiey e D] (O Qi
Bews. o1 Bahre Ostan| [ OTweat| @ zcelerator for Research (CLEAR), hosts
Press reloases

Fermilab's newest parice accelerato s small but mighty. The Itegrable Optcs Test Acceleraor, designed 1o be ersatle and flexble, S
Fermilb in the news is enabing researchers to push the fronters of accslerator science.
Fact sheets and brochures Instead of smashing beams togethe to study subatomic paticles ke most high-snergy physics research accelerators, IOTA s

DUNE at LENF newstoom dedicated to exploring and improving the particle beams them

I0TA researchers say they are excited by the obsenation of single-electron beams near the speed of light and the first results on

Photo, video and graphics galleries
ing beam instabilities. They are eager to use their single-slectron technique o probe aspects of quantum science and see future

jSeenct phos YKo Axl o3 ecY eakivoughs in accelerator scence

S e The scientists who designed the accelerator are also the scientists that use it” sad Viadimir Shittsev, a Fermilab distinguished
Press release sign-up scientist and one of the founders of IOTA. “It's an opportunity to get great insight into the physics of beams at relatively small cost
Subscribe to Femilab Frontiers
Intemship in science writing

Contact

Searcn

Useful links

plement the existing accelerator R&D programme at CERN. (Image:
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Fermilab Integrable Optics Test Accelerator (IOTA)
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EXPERIMENTAL STUDY OF A SINGLE ELECTRON IN A STORAGE
VIA UNDULATOR RADIATION

TPAC2019, Melbournc, Al

Publshing
HOPRBOSS

Stancari, A. Romanov, Fermilab, Batavia, USA
A. Arodzero, A. Murokh, M. Ruelas, RadiaBeam Technologies, Santa Monica, USA
obach, The University of Chicago, Chicago, USA
°T. Shaftan, BNL, Upton, US/
talso at the Univeriy of Chicago, Chicago, USA

Abstract
A single clectron orbiting around a ring and caitin sin

ields. Although, the ineres
cesses today is mostly acaden
and methodology developed
sudics could fnd subscquent ppl

A messred ke mlipic s o 2 o
chrotron radiation monito aier the bend magnet. One ¢
clxty e e umps

INTRODUCTION S ceciron s n the OTA srage g,

PHYSICAL REVIEW ACCELERATORS AND BEAMS 23, 054701 (2020)

Towards storage rings as quantum computers

A. Browne” and T. Rosers

®) (Received 28 February 2020;accepcd & May 2020; poblshod 13 May 2020)
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Fixed target e.g. SHIP @ CERN SPS

idden particje

. . . . decay volyme
m Simpler design/implementation Detcton o e g,
Ting ang P
' Vi physics
— cost! EP&I\ Active muon shigrq
- : ) <

m Potential for ve ry h Igh MOW targer, The experimental facility for the Search for Hidden

i nten s|ty bea ms & Ia rge hadron absorber Particles at the CERN SPS http://cds.cern.ch/record/2644153

numbers of collissions

Collider e.g. LHC @ CERN

m More complex design
+ many extra challenges
= LAB frame = CM frame

— maximum energy available
for new particle creation

BEAM
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Key Points

m Accelerators aren’t just for HEP

m advantages / disadvantages of a
beam collider vs fixed target experiment

Of 114 times a Nobel Prize in physics has been awarded
~ 25 involved direct use of a particle accelerator!

m A 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
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Accelerators for HEP

OUTER SHELL AND

EXHAUST PUMP
CREATES VACUUM
N 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,
Jyvaskyla, Finland, Sep 1992 https://cds.cern.ch/record/261062/




E.H.Maclean, HASCO, 22" July 2021

Accelerators ?@? FEP = CERN accelerator complex
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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 &

m Energy depends on length

For HEP 2 main applications:
m Low energy hadrons

m High energy e~ or e* collider
e.g. Stanford Linear Collider (1987-98, 3 km/0.09TeV)
e.g. next-gen lepton colliders: ILC (50 km / 1TeV) A .
e.g. next-gen lepton colliders: CLIC (50 km / 3TeV) CERN Linac2
1978 - 2019
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Accelerators for HEP

Synchrotron

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

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

= Repeated passage around the
accelerator ring — great for HEP!
— re-use accelerating structures
— collide same beams over & over

m During acceleration guiding magnetic
fields increase to keep the beam on
the same (~) orbit
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Acceleration

[:" = q(E+ vV X E) m To accelerate charged particle
do work via Lorentz force
S S -
AW =] F.ds :/ qE.ds m Magpnetic field does no work
S1 S1 5. (g X g) =0
, OA
E = V¢ — —
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)

?{ V¢.ds=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:

Electric field
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Magnetic field

BEAM

Electric 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:

e.g. travelling wave structures

)
)

11.4 GHz structure (NLC)

——r g o
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Magnetic field RF Cavities

There are many varieties of RF-cavity:

e.g. standing wave drift tube Alvarez structure




E.H.Maclean, HASCO, 22" July 2021

Magnetic field RF Cavities

There are many varieties of RF-cavity:

e.g. standing wave drift tube Alvarez structure




E.H.Maclean, HASCO, 22" July 2021

Magnetic field RF Cavities

There are many varieties of RF-cavity:

e.g. standing wave drift tube Alvarez structure




E.H.Maclean, HASCO, 22" July 2021

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. superconducting elliptical cavities (LEP)



E.H.Maclean, HASCO, 22" July 2021

RF Cavities

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

= RF frequency is harmonic of revolution frequency
Magnetic field
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Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.



E.H.Maclean, HASCO, 22" July 2021

Particles come in bunches!

time

Picutre valid for low-energy particles (below transition energy). For high energy particles (above transition) picture can be
reversed if higher-energy particles take longer to travel around the ring due to relativistic saturation of particle velocity and
dependence of path length on particle momentum.
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But what about the moon?

IASA/Goddard Space Flight Center/Arizona State University
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Earth Rotation

Tidal deformation of earths crust Axls
changes the LHC circumference

If uncorrected this causes
a drift in the beam energy

#

Y

Effect of terrestrial tides on the LEP beam energy ST e | - [ A ecliptic - -
L. Arnaudon et al. CERN SL/94-07 http://cds.cern.ch/record/2

1113 04:55:51.338 and 2016-11-13 18:55:51.338 (LOCAL_TIME)

app

LOCAL_TIME



E.H.Maclean, HASCO, 22" July 2021

m Use Lorentz force to bend bunches
F" — q(E + vV X é) around the synchrotron ring

m Use dipole magnets
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m Conventional dipole field m > 2T 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,

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


https://cds.cern.ch/record/865932
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m > 2T need very large current

m Conventional dipole field
— superconductors!!!!

defined by core
m Field defined by coil geometry

m Conventional dipoles limited to
— | X cos©

~ 2T by saturation of core

NN\
OO
TN

A

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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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 particles back towards
the center of the beam pipe

Example of bunch shape measured in LHC

Vertical position [mm]
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Focusing

le beams

ields to focus partic

m Use quadrupole f

— F o displacement from center

— | x cos20

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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Focusing

m Use quadrupole fields to focus particle beams

— F o displacement from center

— | & cos20

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

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


https://cds.cern.ch/record/865932

—
IN
=}
«
2

E}
=
=
o
N
o
O
0
<
=
=
@
=
5]
1}
=
=
w




E.H.Maclean, HASCO, 22" July 2021

Focusing

m Single quadrupole can focus in either H or V. Not both.

m Use alternating lattice of focusing/defocusing quads

HORIZONTAL

VERTICAL
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Horizontal position [mm]

Particle trajectory (turn = 1) ===

-

o

'
N

central (closed) orbit
defined by dipole magnets

Individual particles oscillate
about central (closed) orbit

Distance from ATLAS [m]

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

One of the most important
properties of any accelerator

In the LHC @, , ~ (62.31, 60.32)

according to quadrupole
placement and strength

1500
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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 ® Quadrupoles focus low & high

momentum particles differently

m CHROMATICITY: Q' = 60/8(%)

B Momentum dependent focusing causes
tune-spread within the bunch

m Chromaticity controlled with SEXTUPOLES —

B 2n-pole field defined by complex potential:

9"~ 1By 8"‘1BX)(X+iy)"
Oyn—1 Oxn—1 n!

W, = (B, +iA )(X+ly)

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

m The LHC injector chain
m What is a synchrotron?
m What is the Tune (Q,,)?

m How do we accelerate?
— Particles come in bunches

= Dipoles and quadrupoles to bend/focus

m Nonlinear multipole magnets can also be used,
e.g. sextupoles for chromaticity correction
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The Large Hadron Collider (LHC)

cms

Twin-ring synchrotron collider
o m Collides p, Pb, Xe, O
® 2 counter-rotating beams

m Curvilinear coordinate system

Momentum
cleaning
(IR3)

Betatron

Cleaning
(IR7) Y

L wepo

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



E.H.Maclean, HASCO, 2ond July 2021 35

Arcs utilize superconducting dual bore main dipoles
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Arcs utilize superconducting =~ 8T dual bore dipoles

ALIGNMENT 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 =~ 8T 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

T e - f';.:-T : T i T ||:‘T v L

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

R e T B . e T, e, e e e e e e e

Main Quadrupoles Main Dipoles

(focusi ng)y
(be ndmg)

i : ::[:::n:a;g;:::[::[::::@f:L::[::::»«:@4:3:3.'3.{:1::::@;313:::].';1\:::::B;x;;::

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

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

Main Quadrupoles Main Dipoles

(focusi ng)y
(be ndmg)

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

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

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

Main Quadrupoles Main Dipoles

(focusi ng)y
(be ndmg)

\ MCS MCS MCDO MC MCS MCDO
Trim Quadrupole ——— |attice 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)

Momentum
cleaning
(IR3)

= IR2
= IR8

= IR1:
= IR5:

= IR3:
= IR7:

= IR4:

m IRG:

8 insertions:

: LHC B1 injection + HEP (ALICE)
: LHC B2 injection + HEP (LHCb)

HEP (ATLAS)
HEP (CMS)

COLLIMATION (momentum)
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 R 1(viewed from above)

Collisions!

% W0 B WA 8

&2 e 03 I BE/“EM %. @ 07
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1945 P 4 s

Q1 Q2 03, 3

TS MNOXA MOXB  MOVDIEX  MBXW NOML,
1K J 3L 3475,

Right side of IR1, viewed from above
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1KesK e i
o1 Q2 03, 05
TAS MQXA MQXB  MQXADIBX MOML,
| | omm T
Lue] % Ld ‘_tm
pan  Jwl o am  liwl
P

Matching section

(individually powered quads
control transition from arc)
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Recombination chambe/

Common apertur
beam pipe

Separation dipoles

(bring beams together in common aperture)

154

Q1 Q2 03,

TAS MQXA MQXB  MQXADI

Matching section
(individually powered quads
control transition from arc)
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Separation dipoles

(bring beams together in common aperture)

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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The Large Hadron Collider (LHC)

Momentum
cleaning
(IR3)

= IR2
= IR8

= IR1:
= IR5:

= IR3:
= IR7:

= IR4:

m IRG:

8 insertions:

: LHC B1 injection + HEP (ALICE)
: LHC B2 injection + HEP (LHCb)

HEP (ATLAS)
HEP (CMS)

COLLIMATION (momentum)
COLLIMATION (transverse)

Acceleration + instrumentation

LHC B1+B2 BEAM DUMP
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m IR design varies with function

e.g. IR4 (BI/RF)

(right side viewed from above)

o .06 a7
ASACS ' AS Moy o wov| wea

V8w kg !
WG 00

3 ey | 08
PRI TN
sl oosws | L L7erlgasgrse . eoese w4y 5 us i a2 i) l
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m IR design varies with function

e.g. IR4 (BI/RF)

(right side viewed from above)

Matching section

Pa— —rm-
DFEM DEM 06 N F]‘
| Moy DIBA MO MBA
— | o1 |
L Toi 3
.0 ol Y
L 8245 18 4 w207 l
Accelerating cavities & Dipoles (increase beam separation

Beam instrumentation to give space for accelerating cavities)
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m IR design varies with function

sy | oml_ Ll
" 2

. '
RTINS . T

e.g. IR4 (BI/RF)

(right side viewed from above)

Matching section

oy

e T

Ik
DrBA [MQM[  MBA
=

18 L w01

Accelerating cavities &
Beam instrumentation

Dipoles (increase beam separation
to give space for accelerating cavities)
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Day to day operation of the CERN accelerators handled by the
operatlons 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 DEVELOPME RAMP
Energy: 3607 GeV 1(B1): 8.33e+09 I1(B2): 9.72e+09
Beta* IP1: [OREANN Beta* (P5: [ROFER 10.00 m EETEIN 300 m

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

Energy (GeVy

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 Setup Beam

Combined ramp and double squeeze
P a Beam Presence true

Moveable Devices Allowed In
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

\

L. | 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 nttp://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 Coordinate scheme for accelerators

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

= 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
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What do particle physicists care
about??

Energy
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LHC Pagel Fill: 2174 E 59 GeV

PROTON PHYSICS: RAMP DOWN

EPost Mortem Information

PM event 1D: Fri 5ep 30 20:48:21 CE5ST 2011

|PM event category: PROTECTION_DUMP

‘PM event classification:  MULTIPLE_SYSTEM_DUMP

IPr'-"l BIS Analysis result: First USR_PERMIT change: Ch 4-Operator Buttons: AT - F on CIE.CCR.LHC.EL

|PM comment:

30-05-2011 21:2%:33

Comments 30-09-2011 21:04:44 ElS status and SMP flags Bl B2
Link Status of Beam Permits

Global Beam Permit

So long Tevatren, We'll miss you.
5 B i
Thanks for everything. stup Beam Ltrue

Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: Single_2Zb-+12small_13_1_1 1bpildinj PM Status B1 M Status B2




E.H.Maclean, HASCO,

Equivalent Beam Energy
of Fixed Target Collider

1,000,000 TeV

100,000 TeV/

10,000 TeV

1,000 Tev

100 Tev

10 Tev

1Tev

100 GeV

10 GeV

1GeV

100 MeV

22M July 2021

From 2001 Snowmass AQccelerator R&D report,
Part | : Executive Summaries, eConf C010630, SLAC-R-599
http://www.slac.stanford.edu/econf/C010630/papers/MT1001.PDF

A “Livingston plot” showing the evolution LHC
of accelerator laboratory energy from 1930
until 2005. Energy of colliders is plotted in | COM = 14TeV.

terms of the laboratory energy of particles
colliding with a proton at rest to reach the /

same center of mass energy.

Tevatron
”CoM = 1.9TeV

Electron Proton

r Coliiders

Proton Storage Rings.
Coliders

Proton
Synchrotrons
\__. Electron Positron
Storage Ring Colliders
Electron 7
Synchrotrons Electron Linacs.
Synchrocyclotrons

Proton Linacs.

Sector-Focused
Cyclotrons.

Electrostatic

/A Generators

10 MeV -
Rectifier
1Mev Generators i
1 ! ! 1 1 1 1
1930 1950 1970 1990 2010

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

(6re/7re/)4

AE /turn o
P

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

m LHC (p) energy loss: ~ 5keV /turn (@ 6.5TeV)
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Limiting factor for circular hadron collider:
— need sufficient dipole field strength to bend beams around the ring
— High Energy = high magnetic rigidity

Dipole

Frorentz = Feentri \//m\g

N\

s

AN
\ 7
m consider pure dipole fields P, /P
\ /

= (anpy) << ps N/
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Limiting factor for circular hadron collider:
— need sufficient dipole field strength to bend beams around the ring
— High Energy = high magnetic rigidity

F Lorentz — I centrip Dipole

2 x
o Y Mpest V - ﬂ x s \\/\m
qvB = P = P \y// \\ 4/

N\

\
\ 4
N /P
\ 4
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Limiting factor for circular hadron collider:
— need sufficient dipole field strength to bend beams around the ring
— High Energy = high magnetic rigidity

o =2 A \\“/ NG
10 p\ S G
Bp [Tm] = 2998p[GeV/c] \\ //

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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The Future of laboratory based HEP?

AE /turn (Breryier) Bp [Tm] = 10 p [GeV/c]

P 2.998

linear e/e colliders (ILC/CLIC)

100km e/e collider ring (FCC-ee,CEPC)
m New magnets in LHC tunnel (HE-LHC)
100 km hadron collider (FCC-hh,SppC)

Something new?
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In practice LHC still not reached its design energy!

— main dipole designed for 8.327 T = 7.0 TeV /beam (protons)
— “Report of the Task Force on the Incident of 19th September 2008 at
the LHC”, CERN-LHC-PROJECT-Report-1168 https://cds.cern.ch/record/1168025/

“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...”

“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.”

To ensure machine protection the LHC operated at lower energy during Runl
until hardware consolidation performed during the first long-shutdown


https://cds.cern.ch/record/1168025/
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All main dipole training quenchesin the LHC since 2008* (up to 2018)

12000 7TeV

11500
SC-magnets must be trained to

reach higher fields/currents 12000 pBi2dS

listed, including those that occured during operation.

-%’ 10500
Time needed for training also gm
influenced choice of LHC energy :
in Run2 and Run3 00 e e oo | ey
Analysis by MP3 -o-581
o000 0 10 20 30 40 50 60 70
Quench number
Year mode Beam energy pp-CoM
[TeV] [TeV] Ultimate energy of LHC
is still unclear!
2010-2011 pp 3.5 7.0
2012 pp 4.0 8.0 “New High Luminosity LHC Baseline
2015-2018 pp 6.5 13.0 and Performance at Ultimate Energy”
>2022 pp >6.87 >13.67  CERN-ACC-2018-069

WATCH OUT: HEP normally discuss CoM — ABP may use alternative

definition of energy! e.g. energy/nucleon or beam energy (E*Z/A)

80


http://cds.cern.ch/record/2653736/
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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? — the future of colliders?

m Accelerator physicists don’t always talk about CoM -
watch out!
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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
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+o0o
L= f\/(Vl—'72)2—(V1XVz)2 / N1 N2////,01(X,y,s,—so)pg(x,y,s,so)dX dy ds dSo

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 I,
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
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with some approximation:
(frevnco//) Nl N2

27‘('\/(0')2(71 + 0)%,2) \/(0)2/,1 + 0;2/,2)

Assume:

L:

m uncorrellated gaussian bunch profiles in x,y,s

= head-on colinear collission of equal/opposite velocity beams
m equal bunch lengths 051 ~ 05>

m revolution frequency of 2 beams are in sync

m ncoy colliding bunches are all described by similar Ny >, o
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L — (frevnco//) N1N2

E 277\/(05,1 + 05,2)\/(03,1 +07,)

m N.;: 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

— 251ns bunch spacing

50000... ~ 3560 bunches?

NO!
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Also need time to dump / inject beams

Dump &7
kicker -

kicker
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Also need time to dump / inject beams

Dump &7
kicker -

kicker
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Also need time to dump / inject beams

Dump &7
kicker -

kicker

| Takes 3us for dump kicker to
| reach required field
| Need an “abort gap’ without beam




E.H.Maclean, HASCO, 22" July 2021

Also need time to dump / inject beams

Dump 7/
kicker -

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

Not practical to inject bunches one at
a time!
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Increase luminosity by colliding trains
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Increase luminosity by colliding trains

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

Abort gap

unches at
Bns Spacin

H“||||||||||||||||||||||||||||||||||||
I

\ 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

Good example of this is "electron cloud’ = seedelectrong by e.g. photoemission / 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

time

Formation of electron cloud can be suppressed by leaving gaps in the bunch trains:
‘ 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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8b4e filling scheme was a significant factor in limiting the impact of UFO’s on LHC Run2!

of recurrent LHC beam dumps caused by fast

1.M. Jiménez et. al, Ol , analysis and miti

UFO = Unidentified Falling Object  |se5in arc half-cell 1612, MOPMFO53, IPAC2018, https:/doi.org/10.18429/JACOW-IPAC2018-MOPMFO53
04-10-15 23:18:25

Fill: 4456 E: 450 Gev

OTON PHYSICS: INJECTION PROBE BEAM

ety 0.00e+00 3N 1.01e+10 000e-oo e 1.07e+10

TDI P2 gaps/mm down: 10.96

LHC Pagel

TED TI2 position:

TED TI8 position: TDI P8 gaps/mm

Intensity

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: 25ns_1464b_1452_1218_1248_144bpil2inj_sp PM Status B1 mPM Status B2

[Comments (04-Oct-2015 22:12:47)
beams dumped by UFO
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Introduce ‘crossing angle’ to prevent parasitic collisions
either side of the IP

Head on
collision

Parasitic
encounters

I Separation: ¥10 0

375m °

Credit: Mike Lamont (CERN)

7.5m
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Crossing angles reduce the luminosity

L — (frevnco//) N1N2

N 27r\/(0)2<’1 + 0)2(72) \/(0)2/,1 + J5,2)

x S

m Exact value of S depends on operating conditions

m Very approximately S ~ 0.8
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L — (frevnco//) Nl N2

N 27\/(0?1 + 0?2) \/(05,1 + 0;2/,2)

Beamsize:

m (3(s): ‘beta-function’ [m)]

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

— varies around the ring

m e ‘emittance’ [pm)]
— Property of the particle bunch
— Invariant around the ring
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Txy(S) = V/Bry(s) €xy
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| l | 1 | ][ l l l I Example of bunch shape measured in LHC

Horizontal position [mm]

Particle trajectory (turn = 1) ===

1000 1500 7 ) =
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

‘31_5’2( — K(s)x =0 x = /2JxfBx(s) cos (¢« (s) + ¢bo)
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B-function describes envelope of particle oscillations

Particle Trajectory [mm]

MB

MQ mm

J_FLFLFLFLI_LFLI_LI_LI_LI_I_I_I_FLI_LFLI_LI_I_FLFLFLFI

Ideal orbit =

V(2d,B(s) .) —_—

Particle trajectory =—

1000

1500

2000

2500

LHC Arc12 [m from ATLAS]
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B-function describes envelope of particle oscillations

Particle Trajectory [mm]

n, HASCO, 22" July 2021

*Ji

O 0V Byls) —

Particle trajectory =—

1000

1500 2000
LHC Arc12 [m from ATLAS]

2500
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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 Arc12 [m from ATLAS]
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B-function describes envelope of particle oscillations

Ideal orbit =

1 i F “i‘ i ¢ = & : :
i 3 o A \“‘

\ 4

Particle Trajectory [mm]
o

H

Oy OV By(s) = Particle trajectory —

1000 1500 2000 2500
LHC Arc12 [m from ATLAS]

[} = =
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Triplet quadrupoles in experimental IRs squeeze 3, ,
— 3% = minimum [ in the IR ~ 25cm

Dipole Quad - Insertion Region 1 ,
mnnn TR B | RS
IR H “ A |
Arc 81 ) —_— - ' Arc 12
4t Beam 1 -‘ i

By [km]

-1000 -500 0 500 1000
Longitudinal location w.r.t. IP1 (ATLAS) [m]
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What about the real world?
— Linear & nonlinear magnetic errors can introduce substantial
perturbations to the optics/beam-size

Local optics correction, LHCB2, B*=0.6m

1.0 Virgin LHC - o
Local corrs =
<& Characterize optics quality
S by ‘beta-beating’
A/B _ /Bmeas - /Bnominal
:6 /Bnominal
o
% .
Beam-based correction of LHC
optics is essential to operation

Longitudinal location [km]
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O-X,y(s) —V /Bx,y(s) €x,y
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Characterise particle trajectory by position (x) and angle (x’ = j’s‘

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 1) ==

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
L | Lo §
7 7
o : o :
v 0.00 - v 0.00 -
— : — :
< <
% ° %
-0.02 - -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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Characterise particle trajectory by position (x) and angle (x’ = j’s‘

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 2) ==

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
L | Lo §
7 7
o : o :
v 0.00 - v 0.00 -
— : — :
< <
% : . ° % :
-0.02 - -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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d
Characterise particle trajectory by position (x) and angle (x' = %

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 3) ==

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
- o —
7 7
o : o :
v 0.00 - v 0.00 -
— : — :
< <
% : . ° % :
-0.02 - -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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Characterise particle trajectory by position (x) and angle (x’ = j’s‘

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 4) ==

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
- o —
7 7
o - ° o j
v 0.00 - v 0.00 -
— : — :
< <
% . ° %
-0.02 - -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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d
Characterise particle trajectory by position (x) and angle (x' = %

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 5) ==

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
- o —
7 7
o - ° o j
v 0.00 - v 0.00 -
— : — :
< <
% . ° %
-0.02 - ° -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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d
Characterise particle trajectory by position (x) and angle (x' = %

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7
Particle trajectory (turn = 6) ===

Particle Trajectory [mm]
o

1000 1500
LHC Arc12 [m from ATLAS]

0.02 - 0.02 -
- o —
7 7
o - ° o j
v 0.00 - v 0.00 -
e - [} d -
< <
% . ° %
-0.02 - ° -0.02 -
oo b P [ T b P I
-1 0 1 -1 0 1
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dx
Characterise particle trajectory by position (x) and angle (x' = %
MB MQ W
—_— ‘-—-—-—-—-—-—-—-—-—-—-7
E - - "
E Particle trajectory (turn = 7) w=m
- 1f |
S
°
8 0
[
=
& ‘
o
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
: R :
L | o Lo §
i 7
o - ° o j
000 - 000 -
— : ° — :
S . ° S
-0.02 - ° -0.02 -
-1 0 1 -1 0 1
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Characterise particle trajectory by position (x) and angle (x’ =

Particle Trajectory [mm]

dx
ds

MB MO

‘-—-—-—-—-—-—-—-—-—-—-7

Particle trajectory (turn = 8) w=m

x’ [1073]

0.02 -

0.00 -

LHC Arc12 [m from ATLAS]

1000
[ ]
[
[ )
[ )
[ )
° [ ]
[ )
o o
-1 0
x [mm]

0.02 -

0.00 -

-0.02 -

1500
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Characterise particle trajectory by position (x) and angle (x’ =

Particle Trajectory [mm]

MB

dx
ds

MQ

‘-—-—-—-—-—-—-—-—-—-—-7

Particle trajectory (turn = 9) ==

x’ [1073]

1000
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
, o ,
° [ ]
T
: (] o :
0.00 - v 0.00 -
: L4 — :
° .
° ° ®
R ° R
-0.02 - ° -0.02 -
oo b P [ T
-1 0 1 -1
X [mm]

1500
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dx
Characterise particle trajectory by position (x) and angle (x' = %
MB MQ e
—_— ‘-—-—-—-—-—-—-—-—-—-—-7
E - . "
E Particle trajectory (turn = 10) ===
- 1F ]
S
°
2 0
[
(=
& ‘
o
1000 1500
LHC Arc12 [m from ATLAS]
0.02 - 0.02 -
. o .
L | d Lo §
T ) i
o - ° o j
000 - 000 -
— : ° — :
< ° <
% o ° %
R [ R
-0.02 - ° -0.02 -
-1 0 1 -1 0 1
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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
I

2x10% - 2x10% -

bl

-2x10°® - -2x10°® -
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Particles trace out elliptical paths in (x,x’) phase space
m in practice have many particles
m all follow similar elliptical trajectories (linear approximation)

2x10° - . .
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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

2107 -

% e
.
L
htiey

.
%5
X
:
o
;
<

i%
ve
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Emittance conserved provided particle’s energy is constant

Acceleration

Define ‘normalized emittance’ which is

invariant with the beam energy

*
€ = /8rel Yrel €

In practice many effects can
change or dilute emittance

m Injection errors
m Synchrotron radiation
m IntraBeam Scattering

m Emittance evolution in LHC
still not fully understood!



E.H.Maclean, HASCO, 22" July 2021

More accurate beam-size description considers coupled 4D-phase-space

2 = Buier + Be
37 = Baer + Bre

Betatron motion with cou-
pling of horizontal and
vertical degrees of freedom
V.A.Lebedev, S.A.Bogacz
FERMILAB-PUB-10-383-AD

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

20

15

10

5

Horizontal

0.025  0.050

0.075 0.100

Large local coupling mam
No local coupling

0.
-0.100 -0.075 -0.050 -0.025 0.000 0.025 0.050

mm

Poor local coupling correction in IR2 during 2018 Pb/Pb run

0
caused 50 A) reduction to Luminosity delivered to ALICE

until diagnosed & corrected

0.075  0.100
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L — (frevnco//) Nl N2

omyf(2a+ 02) (o + 02)

m Vi,: Number of particles per bunch
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m Accumulate bunch trains in the LHC ring at 450GeV
Accelerate to 6.5TeV

Bring bunches into collision & store for several hours
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’

Beam current [1 014p]

N

=

\

\

03/09 04/09

Time (2018)

05/09

ATLAS lumi [nb's™]

N
o

=
o

, v ——

03/09 04/09 05/09
Time (2018)
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m Can try to maintain luminosity while ;> decays by changing
other accelerator parameters which influence luminosity

= ‘Luminosity levelling’ — e.g. 8*-levelling

3
20 +
o~ —
q-g' o
(]
=) - 4 30
=2 1 2 —_
- e E
c — S,
g =
= S 5
o 7)) Q
£ 1] 1 <
© -
] =
[217] <
1 20
O L L L 0 L L L
10:00 12:00 14:00 16:00 10:00 12:00 14:00 16:00

Time (04/09/2018) Time (2018)
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m Can try to maintain luminosity while ;> decays by changing

other accelerator parameters which influence luminosity

m ‘Luminosity levelling’ — e.g. crossing-angle levelling

Beam current [1 014p]

N
T

[N
T

0
13:20

13:40 14:00 1420
Time (04/09/2018)

ATLAS lumi [nb's™]

9.6

9.4

9.8 \\A

8.8
13:20

13;40 14;00
Time (2018)

14:20

140

138

136

134

132

130

ATLAS crossing-angle [urad]
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I WAL
One does not simply™

’Apply Imear dynamlcs 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

ey ,xw_m:_: :
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The more nonlinear the beam dynamics becomes the
smaller the dynamic aperture

1.6
oH
— 80 ©
s Losses from -
— Dynamic Aperture X
S 60 2

o -~

= >
3 / 15 5
o 40 2
° -
o k=
2 20 <
o [T}
(@) c
=2
0 m

. 1.4

02:25 02;30
Time [25/06/2012]
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Use sextupole, octupole, decapole & dodecapole magnets

to correct nonlinear dynamics in LHC & HL-LHC

Surviving intensity [%]

100.0

99.8

i (eSO IR

99.9

LHCB2 B'=0.14m
non-colliding bunch

After nonlinear correction -o

Uncorrected -o

100 200
Time [s]
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Beams themselves can introduce large nonlinearities into
the dynamics e.g.

Beam-Beam

W. Herr and T. Pieloni, ‘Beam-Beam effects’
CERN Accelerator School

m Force exerted on a
particle by the fields of
bunches in the other - Head-on
b eam Long-range >

® A major limitation to

LHC performance

Collective effects have a big influence on LHC performance!
‘Intensity Limitations in Particle Beams’ CERN Accelerator School,
2-11 Nov 2015, Geneva, Switzerland https://cds.cern.ch/record /865932


https://cds.cern.ch/record/865932
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Key Points

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

m There are many real world complications which
affect the luminosity!
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Event rate for a HEP interaction:
m R: Event Rate [s7}]

m 0: Cross Section [barn = 10™**cm?]
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
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Integrated Luminosity is key figure of merit for collider like LHC

— significant factor is how much time

spent on luminosity production

200
- ATLAS @

ey

= 150} .
S

3 100t ]
o

(4]

e

©

o 50°f 1
Ja

e

= -/

0 ‘
2010 2011 2012 2013

https:/ /Ihc-statistics.web.cern

2014 2015 2016 2017
Time
.ch/LHC-Statistics/

2018

2019


https://lhc-statistics.web.cern.ch/LHC-Statistics/

E.H.Maclean, HASCO, 22" July 2021

Approximate schedule for LHC lifetime (accurate up to 2021)

(YETS) Year-end

Il LHC operation [l Technical Stop

Long Shutdown (LS#)

2022 2023 2024 2025 2026 2027
RIFIMAMB[ATS[oINo][FIM[A P sJAls[olN[ofs[Fm]AM[3[s[als[olNfols[FMA V[ s [afs[oINfo] sfFM Ao [fs[oIn[o] s]FM[A M[3[s]A[s[o]n]o]

2028 2029 2030 2031 2032 2033
RIFIM[A ] [o[als[oIn[ola[F[M AlM[a[afs[olnlols FIM[M[as als[ol]ol sfFw]A M| [ [als[o]n[ol [ Flwlav[3] sJals[oIn[ols F[M{A[[s [ afs[olnlol

m LHC operation is interspersed with regular shutdown periods for
maintenance and upgrades
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LHC schedule over 1 year (2017)

Corrs et

May Peten ' June

s | w[af[a]lalala]s]x

we ]  § 8| 2 & ™ d o o
v

Sanponery
L Apr e

e
sop ot
a [ 2 [ s [ w s [ %[ o [a]s

Many types of activities during 1 year of LHC operation
m Technical Stop (YETS + regular breaks)

m Accelerator commissioning

m Accelerator physics/technology studies

= Luminosity production proton-proton and special runs
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LHC is an extremely complicated system
m Even small technical problems add up over 1 year

m Statistics for LHC availabitity /faults monitored by availability
working group, e.g. 2017:

IT Services = = = . = . :
Faults Fault Root Cause
Induced Quench Root Cause Class Root Cause System #] Duration [h] Duration [h]
Onbit Control Tnjector Complex 1452 1402
Cryogenics 1 2070 1077
Software Interlocks Power Converters 7 137
Beam Exciters Quench Protection H 618
Magnet circuits Bcem; D-u;p\:;-g i\:m- ,71 ﬁ;
P ooling & Ventilation
Collimation ey . = a3
Error, Settings @ Electrical Network. 1 3
Ventilation Door m Beam 3 g
Transverse Damper | r—rr— 5
Injection | o Access Sysiem 5
Vacuum m . ‘| S~ h 1 4
¥ Accelerator Controls 4 4
Machine lmeLrlo(ks = ‘Machine Ioxslocks 5 5 =
osses  jmm— Vacuum 2 4 0
Accelerator Controls —— Transverse Damper 4 8 1
X Ventilation D« 2 7 o
Experiments mm——— Collimation m S 7
Access System 17 37
Injection Systems Beam Excits
. Orbit Control
" > ke Software Interlocks
ccess IT Services
Beam Instri Losses [ 121
zlectri . Beam Injection 3
Electrical Network Induced Quench )
Radio Frequency Access 24 025 310
Cooling & Ventilation Opéiass Exror, Settings 23 39 S
Beam Dumping System =[ e $92.7 800.7
Quench Protection | | |
Power Converters | | |
Cryogenics | | |
Injector Complex | | |
0 20 40 60 80 100 120 140 160 180 200 220

Duration [h]
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LHC is an extremely complicated system
m Even small technical problems add up over 1 year
m Statistics for LHC availabitity /faults monitored by availability

working group, e.g. 2017:

IT Services
Induced Quench
Orbit Control
Software

Root Cause
Duration [h]
1402

107.7

in 2017 from
thunderstorms

Accelerato|
Ex}

Beam Dumpi y
o 3
Power Converters § . | | | |
Cryogenics - ; - : ; | | |
Injector Complex ; . . . * ' : ] | |
0 20 40 60 80 100 120 140 160 180 200 220

Duration [h]
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Not all time during operation spent colliding beams: LHC cycle (2012)

Dipole current ==

Octupole current ==

IP1 squeeze ==
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Reduced turn-around-time inceases integrated lumi: LHC cycle (2018)
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Key Points

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

® How much time is actually spent colliding beams
together?

m What are we doing the rest of the time?
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Some useful resources for further study!

Particle Physics Reference Library,
Proceedings of the CERN Accelerator School Vol. 3, Accelerators and Colliders

Stephen Myers
Herwig Schopper Editors

Particle Physics
— Reference Library

Volume 3: Accelerators and Colliders

Wide range of general & specialized courses
ranging from introductory to advanced from
schools going back to 1983

Proceedings available at:

https://cas.web.cern.ch/previous-schools
3 volume textbook on Accelerators, Detectors & HEP

jointly produced by CERN & Springer

Available free as open-access ebook at:
https://www.springer.com/gp/book/9783030342449#aboutBook
https://cds.cern.ch/record/2702370
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Many thanks for your attention!
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Reserve
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Wales cancer patients to get proton beam
particle therapy therapy on NHS

Center for proton therapy, Paul Scherrer Institute, Villigen, Switzerland
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STFC launches VELA — bringing a new
imaging capability for UK industry
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The machine bombards sculptures with helium and hydrogen atoms




Arcs utilize superconducting 8.3 T dual bore dipoles
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NbTi coils cooled to 1.9 K with superfluid helium
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NbTi coils cooled to 1.9 K with superfluid helium
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NbTi coils cooled to 1.9 K with superfluid helium
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

Dipole

VDN

F Lorentz — I centrip

FLorentz:q(E+‘7X§) W \\\
PN P
\ 4

\ 4
. . \ 4
m assume pure dipole fields S/

AW

m consider proton (q/A = 1)

m (px, py) << ps
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

Dipole

FLorentz — Fcentrip /l\ x
FLorentz = Q(E+ V X é) XV/ \ \ l /

eVBdipole p \ // p
/




E.H.Maclean, HASCO, 25t July 2019

Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

Dipole

Feentrip = % \//m

p\ 7P
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

dp = pdd o+

ds = pdd

P = VrelMrestV
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

_dp )('-09
centrip — Ty,
dt
p L \oP
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

F Lorentz — T centrip Dipole
2 X
oV v ) s /—\
evB = == \\\l/ AN
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Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

Bp is ‘Magnetic Rigidity’

Dipole

sy VAN W Z0
e [C] XN /P

Bp [Tm] =

m Not so convenient units



E.H.Maclean, HASCO, 25t July 2019

Limiting factor for circular hadron collider:
— High Energy = high magnetic rididity

Bp is ‘Magnetic Rigidity’

Dipole

p [GeV/d] \// \ l/ Yﬁ

2.998" p\ p

Bp [Tm] =

Magnetic rigidity defines the maximum energy you can reach for
a given dipole field in a given tunnel geometry
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Beams themselves can introduce large nonlinearities into

the dynamics e.g.

K.Schind, “Space Charge'
CERN Accelerator School . -

Direct Space Charge

m Repulsive (defocusing) force on a
particle due to the field of all other
particles in the bunch

m A big challenge at low energy in s -
injector chain
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Similar problem at injection

IR8 (LHCb / beam2 injection)
Right side viewed from above
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Injection kickers have rise time of ~1us
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m Optics errors can reduce data delivered to HEP experiments
m Create Luminosity imbalance between HEP experiments

— Aim for 8*-beat < 1%
= MACHINE PROTECTION — require beta-beat < 18 %

Ph.D thesis of F.Burkhart

CERN-THESIS-2016-148



