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MACHINE DETECTOR INTERFACE



How easy is it to add an experiment on

an accelerator?
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Adding a detector in an accelerator

* The detector is not transparent for the
accelerator.

- For example it often comes with limited

apertures and a large magnet.

* The accelerator will also have side effects on
the detector: for example by creating
backgrounds and large RF fields.

e The interface between the detector and the
machine need to be studied carefully.
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ILC MACHINE-DETECTOR INTERFACE

ILC "compact” detector SiD
with 5-Tesla solenoidal field
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BACKGROUNDS AND DETECTOR PERFORMANCE

Two sources

1. IP _backgrounds: Particles originated from the interaction
point (IP) - beam-beam interaction products and collision
remnants.

2. Machine backgrounds: Unavoidable bilateral irradiation by
particle fluxes from the beamline components and accelerator
tunnel.

Backagrounds affect ILC detector performance in three major
ways:

Detector component radiation aging and damage.

Reconstruction of background objects (e.g., tracks) not related
to products of e*e collisions !ll

Deterioration of detector resolution (e.g., jets energy
resolution due to extra energy from background hits).
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COLLIMATION SYSTEM AND MAGNETIC SPOILERS IN BDS

Collimation depth: X =90x, Y=65 Oy
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BEAMSTRAHLUNG

Beams are extremely collimated with large bunch charge
—> electrons of one bunch radiate against the coherent
field of the other bunch

N2

2
oio,

— average energy loss 1.5% for electrons/positrons at 500
GeV
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| Secondarles
(mewtrons,...)

photons are very collimated around beampipe, but
-2 0.6 X 10%e™ e -pairs per bunch crossing
= & 1 hadronic event (y-y — hadrons) per 10 bunches

- secondaries (neutrons, ...)

USPAS, Hampton, VA, January 17-21, 2011

Consequences:

Collimator
Sollimator

1. Shield Detector against low-angle e+e_—-pairs

and secondaries = Mask

2. Hadronic <y7y—events might overlay real physics events:

3. Beam particles lose energy before interaction
(similar to ISR)
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NEUTRONS IN DETECTOR

Neutron Production — Energies

- 333 977 total
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Energies of neutrons. . . ...when entering the TPC
(some more than once)

Adrian Vogel ILC European Regional Meeting, London, 2005-06-21
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SYNCHROTRON RADIATION

See SR theory in A. Seryi's lecture 2
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Hit Time Distribution in Muon Endcap
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DYNAMIC HEAT AND RADIATION LOADS IN BDS

ILC BDIR at 0.1% beam halo cleanmg
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50 W/m on spoilers, 5-7 kW/m on protection collimators, up to 80 W/m

on quads (well above the limit of 1 W/m — local sh/e/a’mq)

First quad downstream of PCl: peak absorbed dose in coils ~300 MGy/yr (a few
days of lifetime for epoxy), residual dose on the upstream face is 7.7 mSv/hr
(should be below 1 mSv/hr). Increasing PC1 length from 21 cm to 60 cm of copper,
reduces peak absorbed dose in the hottest coil by a factor of ~300, providing at
least a few years of lifetime.

Temperature rise and stress are not a problem except accidental conditions. Peak
heating per train: 1.4 J/g and 2 K in SP2, and 4.7 J/g and 6.6 K in PC1.
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Integrated Extraction Line Design

Beamstrahlung Incoming Beam
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Beam beam effects (1)

In a collider the two beams feel each other's electric field

well before and well after colliding.

Given that the particles come very close to each other, this

lead to very intense forces.

These forces lead to significant disruption of the beam.

P, [MeV/c]

0.1 3 it : i i 1 1
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Beam beam effect (2)

e At the interaction point the two

5007 x A~ Eai

beams self-focus onto each other.

‘ * |f the self focussing is too strong this
R 2007 x £ MY

can lead to a large emittance growth.

* |f the two beam are not perfectly

il . . .
aligned this will also lead to large
transverse deflection.
R 207 x4 ik * This is a strong limitation on the size

of the beams and therefore the

i luminosity, especially in a ring.



collisions at 7 TeV on 30 March 2010

Collision Event at
7 TeV

CATLAS
A EXPERIMENT

2010-03-30, 12:58 CEST
Run 152166, Event 316199

hitp://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

LHCb Event Display

et e M 4 A et o e 4 3 080
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Three Sources of MIB

Compared to the luminosity-driven backﬂrounds at the
IPs, machine-induced backgrounds (MIB) are Iless
studied, their characteristics vary in a broader range,
and - at a low luminosity - they can be a serious issue.
The collimation system takes care of "slow” losses with a
very high efficiency. But still three following
components form the MIB at the detectors (considering
LHC specifics):

1. Tertiary beam halo generated in the IP3 and IP7

2

collimation systems ("collimation tails").

.Beam-gas: products of beam-gas interactions in

straight sections and arcs upstream of the experiments
and after the cleaning insertions.

. "Kicker prefire”: any remnants of a missteered beam

uncaptured in the IP6 beam dump system.
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First Complete Studies of Machine Backgrounds at LHG

First complete study in 1996 by Mokhov, Drozhdin and Huhtinen: | NIM A 381 (1996) 531

Introduced the concept of “interface plane” at ~26m

(here detector simulations can take over from machine) | request fo block tunnel enfry

(to stop hadron & Em halo)
Request to never have beam
without TAS\ present
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Effect on CMS and IP5 SC magnets of a kicker prefire studied first by MDH in 199S
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Beam-Gas: Muon Flux Isocontours in IPS5
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Kicker Prefire: Neutron Fluence

>
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Neutron fluence (aoa™—2)
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APPLICATIONS



Quizz

* Particle accelerators are not used only for HEP,
they have many other applications.

* |[n which kind of institutions are there the
more particle accelerators in the world?
(a) HEP lab
(b) Other physical sciences labs (non HEP)
(c) Museums
(d) Hospitals
(e) Other



Answer (d)

HEP labs use the biggest particle accelerators in the
world but there are only a few of them.

Non HEP physical science labs use accelerators to
produce X-rays. Every large country has 1 or 2 of such
accelerators (SOLEIL and ESRF in France).

Large museums like Le Louvres in Paris use particle
accelerators to study cultural artefacts.

Large hospitals use particle accelerators to treat cancer
=> a single hospital may have several accelerators!

Most particle accelerators in the world are used for
medical applications.



HEP applications of accelerators

* Most of the physics we are studying this week relies on
particle accelerators.

 The LHC is the largest of these accelerators.
e Tevatron is (was) the second largest

e Others include B-factories (KEKB, PEP-II), c-factories,
heavy ions accelerators (BNL, GANIL, Darmstadt,...),...

e Between 10 and 50 machines in the world...

* To ensure maximum luminosity, a low emittance, a low
beta function and a flat beam are necessary.
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Accelerators in England & Scotland

1]
(EIEEE

FOWERED BY

There are more
than 150
accelerators.

Only 1 of them is
used to teach
HEP, all others
are used for non
HEP applications!



Non HEP applications
Dating old artefacts

Cosmic
\ radiation
Nitrogen 14 . Neutron capture ‘Carbon 14
—_—

lost proto y
All three isotopes

_ of carbon (common

.;- C-12,rare C-13 &
radioadtive C-14 are

absorbed by

qu w living organisms.

il
\\ =

Follo ath & burial wood

C-14 a ange ¢NMbybtol ay.
Carbon 14 . Beta decay Nitrogen 14
Bela ’)

particle @Proton @®Neutron

« Radiocarbon dating is
allows to measure the age
of ancient artefacts.

* The ratio C13 vs C14 can
be measured by using an
accelerator.

* This technique is called
“‘Accelerator Mass
spectroscopy’.



Accelerator Mass Spectroscopy (1)

* |[n an AMS device the C12,
N g C13 and C14 beams need to

radiation
Ve be separated to allow an
Nitrogen 14 . Neutron capture ‘Carbon 14 aCCU rate COU nti ng :

of carbon (common
C-A2,rare C-13 &

“" § radioactive C-14 are SUﬁiCient

ahsorbed by

w $ing croenims. « Beam stability is very
: l@ Important to ensure good
A (3 I7a\N accuracy.

Following death & burial, wood & bones lose
C-14 as it changesto N-14 by bela decay.

esecy” T * An energy of 10-15MV is

Carbon 14 . Beta decay .NilrogenM

Beta ’)
particle @FProton  @®Neutron




Accelerator Mass Spectroscopy (2)

— « AMS machines use a

i sputtering ion source

SN /S S— R——VN - producing C- ions.

..+ Atandem Van de Graffis

- then used to accelerate

| i the ions and strip then to

) C3g

« A DC accelerator offer a
better stability than a RF
accelerator.

A Faraday cup is used to
measure the beam charge.




Example of AMS application
Vinland map

AMS was used to date ashes
found in Newfoundland in a
European-type settlement.
These ashes were dated back
to the Xith century.

A viking map featuring
Newfoundland was shown to be

older than Columbus trip to
America.

AMS has contributed to
establish that North America
was visited by Vikings well
before other European nations.



Dating old artefacts...

* There are many other
accelerator based dating
techniques which | do not
have time to cover.

* Proton, Neutron and light
sources can all be used to
Investigate some properties
of old artefacts.

o Left:

Roman Jug dated by ISIS.




Treatlng Cancer

Some type of cancer tumors are
located at places difficult to reach by
Surgery.

« X-rays can be used to kill such
tumors.

» This is called Radiotherapy.

« Radiotherapy need 10-15 MeV
electrons for a few seconds.

« The accelerator needs to be compact
so that it fits in an hospital room and
fields can be contained.




Medical linac

Radiation therapy uses small
15MeV ‘linacs”.

It is safer to produce a low
current over several pulses
rather than a high peak current
over a few pulses, hence a
thermionic gun is used (such
gun are also more reliable and
easier to maintain).

To reach 15 MeV with a large
electrostatic accelerator would
require a large installation likely
to frighten the patients.

A short RF accelerator is used
to reach the required energy.




Radiotherapy

X-rays are used to kill a tumour.
To minimize the dose sent on
healthy tissues several X-ray
beams are sent in turn from
different directions.

However this technique is not
iIdeal due to its impact on
healthy tissues.
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Medical cyclotron

S AN Magrelc Lnes
4 . H < of Force
. . v _ Gorrelic Freld : al~
* Cyclotron are well suited  #a=y” === X A
: ’ s \ CHA e
to accelerate ions. // , S B =R
i1l ‘—"\' .e,
* Several hospitals or e Ce
universities are equipped RN = ui I
with cyclotrons to o 21 %

produce radioactive
isotopes used as markers
in drugs.

* Such cyclotron is a
commercial product.
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Pharmaceutical drugs

« To be efficient a drug need
to target the correct
molecule.

« This can only be achieved
by studying the diffraction of
iIntense on the molecule.

« What type of machine (gun,
accelerator, ...) is best
suited to deliver an intense
stable beam of
X-rays?




A source of intense X-rays

« Synchrotrons are best suited
to deliver intense beams of X-
rays.

* Although synchrotrons operate
at ultra low emittance the gun
can be thermionic as radiation
damping reduces the
transverse emittance.

A RF accelerator is then used
to accelerate the particles up
to the ring energy. A booster
may be used to reduce the
length of the linac.

Source: SOLEIL



Applications of synchrotrons

Light sources have a wide
range of applications.

A light source in England has
been used to improve the
quality of chocolate! o
Diamond is being used to study 3 5
old manuscripts too preciousto . -
be opened! .
Protein imaging, drugs, material
studies,...

GMR (the phenomena that
allows dense magnetic storage
in your ipod) has been studied
with light sources.




The next generation of light sources

« The drawback of using
radiation damping to reach
ultra-low emittance is that
the beam is stretched
longitudinally.

e This means that the X-ray
pulse have a long (ps)
duration.

« Some applications require
fs long high brightness X-
ray pulses...

 How can this be achieved?




Next generation:
Linac based Free electron lasers

Only linac based

accelerators can deliver =
ultra-short pulses.
Ultra-short pulses are

necessary to get coherent
emission of X-rays.

Hence the emittance must

be ultra-low from the start.

This requires a photo-

cathode RF gun. oo

With an ultra-low emittance it
IS possible to achieve lasing
In the undulators (and thus
an even higher light output).



How to make short bunches?

* RF guns can be used to make short pulses.

* To have even shorter pulses one needs to use a
compression scheme.

Head

Tail




Neutron crystallography

« X-ray crystallography can only
be used on matter that is
rather transparent to X-rays.

» Other objects such as this
Roman vase or the materials
used to build an aircraft need
a probe that penetrate deeper
In the material: Neutrons.

 How can we produce
neutrons?




Neutrons sources

It is not possible to directly
accelerate neutrons.
However neutrons are
produced when a target is
bombarded with protons.
The ISIS neutron source
requires 800 MeV protons.
How to build this?




A neutron source: ISIS

« A proton synchrotron can be
used to bring the protons to
the right energy.

« Emittance is not a challenge
at the target location but a
low emittance beam helps
minimizing the losses in the
accelerator (and hence the
activation).

 Note that it is easier to
accelerate H- than H+.




Spallation

« Spallation is a process in which fragments (protons,
neutrons,...) are ejected from a target atom hit by a high energy
proton.

« Such target is very challenging as most of the proton power is
deposited in the target.

Main processes in the production of neutrons

Taget nucleus (tantaium) .
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Spallation target
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Accelerator Driven
sub-critical reactor (ADSR)

An intense source of protons could be

used to produce an intense flux of @ %
neutrons.

After moderation these neutrons
would trigger nuclear reactions in
some nuclear material.

Advantage the reactor can operate in
sub-critical mode (if the accelerator
stops the nuclear reactions die
automatically).

The nuclear fuel could be made of
isotopes that can not sustain a chain - ¢realfeactor
reaction (such as Thorium).

=> no risk of proliferation.

Accelerator

C Rubbia E A

*U— Fiasion Fragments)



Need for high redundancy

e Even if they do not like it, HEP experiments can cope with an
unreliable accelerator.

* In a nuclear reactor a sudden stop of the driver will cause a thermal
shock.

* To many thermal shocks might damage the containment vessel
=> The accelerator has to have a high level of reliability.

g @ ] EE{EE el EB(ER} el (B> Beam dump
¢ OT gy =035 B =047 B=0.65 p =085
E re 2
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\ an ” Scca ‘fil:iz‘;e SC elliptical cavities (700 MH%.Ssections) T
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850MeV)  sections) 1/00 MeV 200 MeV 51;0 MeV 600 MeV
Low energy Intermediate High energy
section energy secflon section

Spallation target
& sub-critical
core
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Applications of accelerators to the
environment

* Overview of a few of the messages from the
|.FAST CBI 2023



Accelerators Installed Worldwide

Total sales of accelerators
is ~US$5B annually

About 47,000 systems have
been sold,

> 40,000 still in operation
today

[

More than 100 vendors
worldwide are in the
/ accelerator business.
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R. Hamm, Accelerator-Industry Co-Innovation Workshop, Feb 6, 2018, Brussels, Belgium

Courtesy of Lenny Rivkin

Nicolas DELERUE — I.FAST Challenge based
innovation




Fine Particle PM2.5 IBA Characterisation

Typical fine mass filters for 24 hour collection weighs ~300ug.

Filters analysed using nA beams of MeV protons and IBA techniques give over 30 different
elemental and chemical species.

Analysis does not destroy the sample.

Exposed stretched
Teflon filter,
optimised for IBA
analysis.

Light, UV |
\
\
\A
Sputtered Atoms \

— — — — — — —

B * Decay

Backscattered
lons

Sample

o Rays

. ——— Recoiled

Channelled

Reaction
Products

Protons
Neutrons
lons

ANSTO 2MV STAR accelerator

PIXE - Interactions with electrons, characteristic keV x-rays from Al to U
PIGE - Interactions with nucleus, gamma rays for light elements (Mg, Al, F, Na..)
RBS - Rutherford Backscattering for C,N, O ..

PESA - Particle Elastic Scattering analysis for total H content.

These 4 techniques can be run simultaneously in a few minutes and provide
data from H to U with sensitivities of (ug/g) on sample sizes as small as pg.

Nicolas DELERUE — I.FAST Challenge based
Accelerators are used to track pollitants

Courtesy of David Cohen 54



Accelerators could burn nuclear waste

Courtesy of Federico Carminati

Nicolas DELERUE — |.FAST Challenge based
innovation
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Environment

Degradation of pollutants in water, air and soil

- high-efficiency removal of NO, and SOy from flue gases
- treatment of marine diesel exhaust gases

- purifying drinking water

- treating industrial or hospital waste water

- disinfecting sewage sludge

- remediation of Hydrocarbon contaminated soils

(NHONO2
(NHO2804

Radicals
OH, 0, HOz:

[ 111110

Nz, 02, HO

Carbon dioxide

Toxic molecules
NOx, SOx

Flue gas

projects in Poland, Japan, USA, Germany, and China

Reduction of pollution
by polymer degradation

- powdered Teflon for
lubricants, high quality inks

- cellulose in viscose industry

- wood pulp in paper industry

Courtesy of Wim Mondelears

Nicolas DELERUE — |.FAST Challenge based
innovation
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Uses of Radiation Sources: Food and Agriculture [1]

» Food irradiation (cobalt-60 and cesium-137):

Dose Purpose Products
Low dose » Kill parasites, insects, e Meat
(< 1 kGy) and larvae * Flour, rice,

* Inhibit sprouting grains

» Slow ripening » Potatoes, garlic,

onions ~ NON - IRRADIATED
Medium * Pasteurize to eliminate |+ Fruits, meat, '% i
dose food borne illnesses seafood
(1-10 kGy) caused by microbes
High dose  Sterilize food for » Hospital food
(>10 kGy) immuncompromized
patlents IRRADIA

https:/fiaea.org

Accelerators (or radiation sources) can sterilize food Courtesy of Valeriia Starovoitova

Nicolas DELERUE — |.FAST Challenge based
innovation
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Uses of Radiation Sources: Food and Agriculture [2]

« Sterile Insect Technique (cobalt-60 and cesium-137)

STERILE INSECT TECHNIQUE (SIT)

A method of biological insect control
-
'\‘

\z
- - 7L,
»w - / \l / \ .- ”~ \ & - ”~ N IV ’ .
- e o ol & »:o \‘.\‘ ‘\\ 7 h 6
- - BB sk o
e - - ‘::‘:. ’/"I"I
. - P
» »
= “‘\: »uT .“-“
- »n o™ dat e https:/fiaea.org
o
Mass-rearing of Male and female insects The sterile male ...where they compete These females lay eggs
insects takes place are separated. lonizing insects are released with wild males to mate that are infertile and
in special facilities. radiation is used to over towns or cities... with females bear no offspring,
p
sterilize the male insects reducing the insect
population.

Courtesy of Valeriia Starovoitova

&‘15 DELERUE — |.FAST Challenge based

Accelerators (or radiation sources) can be use _ _
Innovation

for pest control
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Wastewater treatment plant (WWTP)

primary biological secondary
treatment treatment sedimentation

‘Jl sludge (

- purified water

wastewater
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Biogas production plant

anaerobic hydrolysis
fermentation :
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Nicolas DELERUE — |.FAST Challenge based 59
Courtesy of Rob Edgecock

Accelerators can treat waste water Innovation



FEP Dresden
Toroidal
accelerator

.
—-——amee.

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

Nicolas DELERUE — LFAST Challenge baggurtesy of Andrzej Chmielewski 60
Accelerators can treat exhaust gas from power plants or bo4ts ©"



«  Radioisotope Replacement $1< RadiaBeam

Courtesy of Sergey Kutsaev, Radiabeam

= Radioisotope sources applications:

— Agricultural applications (enforced mutation, insect
sterilization, pre-planting stimulation)

— Non-destructive testing (field radiography, cargo inspection,
borehole logging)

— Radiation dama?e studies (electronics, petroleum,
construction materials)

— Medical (blood irradiation, radiotherapy)

= Radioisotopes properties:
— Light and inexpensive

— Monochromatic radiation :
— Radiate continuously R Cs137:
— Safety issues (accidents, theft, terrorism) F 20 ~30 years
£ Hles half lifetime Yb-169  32days 145keV
= Accelerator-based alternatives: g L 60c, SR e |2 iy
— Energy spectrum is bremsstrahlung ' R 192 74days 380 keV
— Electron energy must be ~3-4x gamma energy Eyectron| O 137 30y  661keV
— Size and weight must be comparable 3 : 7 e 3 Co-60 5.3 years 1.25
0 1 2 3 4 MeV

— Economical: price is a big limiting factor
Photon Energy (MeV)

Industry is producing accelerators to replace radioisotopes.

_ Courtesy of Anne-Laure Lamure
Nicolas DELERUE — |.FAST Challenge based 61
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Cosmic Rays =2 NPF = CCN -2 clouds = Global Climate

New Particle Formation Cloud Condensation Nuclei

— \ — Caen dcmide i

. rowth
Nucleation 9 3
(condensation) . , o v R
' o Es

cloud
cloud aroplet Shksta
8 i
Wak Vo

mno! H0 > }
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Soby
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N

$0, v H;SO. H;SO %

Credit: Maximilien Brice

Accelerators can be used to study the effect
Courtesy of Eva Sommer

of cosmic rays on cloud formation
Nicolas DELERUE — I.FAST Challenge based 6
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q Cletia Nanofertilizers
Trieste

* Nanofertilizers are among the most promising engineered materials currently tested, both for soil and
foliar applications.

+ Itis expected that properly designed nanostructures could allow controlled release of nutrients, exactly
synchronizing it with the nutritional needs of the crops, thus avoiding nutrients loss.

* The synchrotron results, combined with the overall findings, show that the use of nanoscale CuO NPs as
nanofertilizers likely presents minimal concerns to general plant health.

* Nano-CuO uniquely stimulates the plant response in a way that can minimize agrochemical effects to
the environment, and thus could be an important strategy in nano-enabled agriculture.

@TwinMic beamline @XRF beamline
s b Root_NP
B s vJ I '€ et 5 e
"B BN ES: A =
N b 0 . o | ‘“.V —.
'° : 7' *I""" N Y - & e
- = i ) r‘
£ ‘
| s » | SRR | e /
L. CuO NPs /
. o bl b8

Marta Marmlroh, Luca Pagano, et al. "Copper Oxide nanomaterial fate in plant tissue: Nanoscale 1mpacts on
reproductive tissues", Environmental Science and Technology, (2021); DOI: 10.1021 /acs.est.1c01123.

e B Courtesy: Dr. A. Gianoncelli
CQY 1 FAST Challenge Based Innovation 2023, Archamps Elena Longo, 29.07.2023 34

Synchrotron radiation from accelerators has many applications including the

development of nanofertilizers oAl

Nicolas DELERUE — |.FAST Challenge based
innovation
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Innovations & Scattering community

"Neutrons: A Natural Tool for Researchers" by Andrew Jackson,

@ ASP Online Seminars:

Neutrons for Clean Energy Technology o

Probing Light Elements

Lithium lon Batteries are a crucial technology
for the expansion of electric vehicle use and for
mobile computing.

Analysis of operating devices allows the
monitoring of nano- and micro-structural

Dendrite growth in lithium metal anode batteries observed by x-

Change° ray microtomography. (Harry et al. (2013) Nature Materials 13, 69)
LR . .
] Sr—x Organic Solar Cells promise to provide cheap and
s N& ® accessible solar energy.
— N\ . Understanding the structural evolution under
rocnesn ~— operation guides development of new devices.

Fuel Cells promise to provide carbon free energy.

Understanding the details of the ionomer membranes
is key to development of better devices

27

CD /2023/07/31 Towards a Sustainable Environment using Particle Accelerators

Neutrons from accelerators can be used to understands structural changes in

_ fuell cells.
Nicolas DELERUE — I.FAST Challenge based

innovation

Courtesy of Christine Darve

64



... and much more

* There are many more
applications to
accelerators.

« Although HEP is driving
the progress other
communities have now
their types of
accelerators.

« As new generations are
built, new potentials and
new possibilities are
discovered.

Nicolas Delerue — University of Oxford — S19



x108 (pC GeV-'sr-')

Ultra compact sources:
Laser-driven plasma acceleration (1)

Diode1

ICT
Magnet

Camera ‘.l
. 4

0.03 0.15 0.175

GeV

Leemans et al, doi:10.1038/nphys418

* An intense laser pulse

shot in a plasma can
accelerate electrons to
very high energy: 1GeV
over 33mm

Such electron source
could produce high energy
low emittance electron
beam over very short
distances.

This could be used to drive
a compact FEL.



solid target

CPA i

pulse /”
\‘,

Ultra compact sources:
Laser-driven plasma acceleration (2)

C6Id return 7
currents _plasma

o

1=

S :'r"“’s
4 =ons
1} ==

W T

layer

" sheath |

«_Contaminant |

 |If a similar laser is shot onto
a target, medium energy
lons can be produced.

* This could be used for ion
therapy.



ThomX

. . Absorbeur de faisceau
Ajustement de l'injection

_ _ i g - M Cavité optique

a 4 miroirs

Mesure de la dispersion
de I'énergie

Triplet d'aimants
pour la mesure de I'émittance

Cavité RF Canon a électron (50nA)

Station de diagnostic
et absorbeur de faisceau

Section accélératrice 50-70 Mev

Faisceau
de rayons X
pour les utilisateurs

e ThomX is an accelerator being built at Orsay

Nicolas Delerue, LAL Orsay MDI & applications of accelerators
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« Small accelerators can be
operated by single institutions.
» Large accelerators need to be

built as part of international
collaborations.



Progress of accelerators

Livingston line .
’ e Accelerators have

T T T S S wm made tremendous
HE-LHC
sl S e progress over the
ot O -
1012— Isuperconducti:?)' TeV_ LHC'7 paSt 50 yea rS-
3 Collding beam% ¥ They drove part of
b A the developments
C.M. Energy K f HEP
(eV) 1010 o (strong iq.(lsing) a O ,
10°F “//S:“ .  However they
B & Spenvacyloter have also become
108 F inac B
oo very Iar_ge and
107 o%ockron-Walton ] eX p e n S | Ve ,
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1920 1940 1960 1980 2000 2030
Year

Nicolas Delerue, LAL Orsay MDI & applications of accelerators 70



Summary

* Particles accelerators use principles for B =
several fields of physics to accelerate ‘
beams of particles.

 The more challenging the requirements of
the users are, the more complex
phenomena will appear:
You can build a very crude accelerator in a
University lab in a few days...
but it took several years to build the LHC!

* Accelerators have a wide range of
applications across many scientific fields
reaching all the way to archaeology...

Nicolas Delerue, LAL Orsay MDI & applications of accelerators




OVERALL SUMMARY
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Particle sources & acceleration

* Particles are extracted from
matter either using ionisation or _
by creating a plasma.

* There are accelerated using RF
fields.

* They are controlled using
magnets.

nnnnnnnn

Expansion

Insulation

S(I)_u rce . s .
d'ions

Source

Nicolas Delerue, LAL Orsay MDI & applications of acce _.___ _ hyperfréquence



R BASIC CONCEPT (RF)

Figqure of merit of EM design:

E,c.qr : Minimize peak surface electrical field in order to reduce field
emission (normalized to E ;)

B,eqr © minimize peak magnetic field to maximize achievable
accelerating voltage (normalized to E.)

2
(R / ) _ Vacc : maximize R/Q to produce more accelerating voltage
Q™ w, Wy V,cc for a given stored energy W in the cavity

G = QR, : maximize the geometry factor to increase the cavity
effectiveness of providing accelerating voltage (shape
alone)

Regarding the accelerated particle and the materials (NC or SC), the
optimization of RF structures will focus on these parameters

2 June 2015 JIPN Guillaume Martinet (martinet@ipno.in2p3.fr) 74



J 2N WHY SUPERCONDUCTIVITY for MAGNETS 2,

INSTITUT DE PHYSIQUE NUCLEAIRE

ORSAY

Superconducting magnets is required for high energy or high current
applications

= Reduction of radius of curvature and power consumption
= With room temperature magnets, the LHC circumference would be
120 km and the power consumption impossible to handle

= Bigger aperture as B o | /aperture for dipole , |,/aperture? for
quadrupoles

= Bigger transverse acceptance

—> Less beam losses, Less contraints for alignment.

http://www.Ihc-closer.es/1/4/6/ 1588 ! 75



J PN WHY SUPERCONDUCTIVITY for ACCELERATION ?

INSTITUT DE PHYSIQUE NUCLEAIRE Qrsay
ORSAY

Superconducting RF is compulsory for CW high-current operations :

= for NC, Prr o ®1/2, for SC, Pgr ¢ ®

= Lower frequency = Larger longitudinal acceptance

—> Larger structure = Larger transverse acceptance
— Reduced beam losses

= Energy efficiency is better : P, + Prr.sc < Prenc

—> For SC cavities Pgrsc ~ 10W (Qo ~ 5E9) @ 6.4 MV/m
For Spoke section : Py~ 400 kW, Pcryo ~ 600 kW

—> For NC cavities Pgpne ~ 185kW (Qo ~ 3e5) @ 6.4 MV/m
For Spoke section : Py ¢ ~ 9 MW

= Higher accelerating gradient achievable in CW
(in practice... not in theory) as Py oc Eacc?.
—> Reduced linac length

Quarter Wave Resonator,
88 MHz

NC = Normal conducting W '
SC = Superconducting NLC, 11.4 GHz Elliptical cavity, 1.3 GHz 76



'J‘ PN v components in a crvomonue D &

INSTITUT E PHYSIQUE NUCLEAIRE

ORSAY

Cryogenic pipin
O Vacuum vessel Yog piping

- Cavities + (supply and
*  Thermal Insulation (focusing exhaust) Vacuum vessel
= |nterface
element)

O Supporting components
= Supporting and positioning

d Thermal shields

= Thermal Insulation

L Cryogenic piping

=  Cryogenic environment

MAIN COMPONENTS

Thermal shield
O Magnetic shield

. : Magne
= Magnetic protection

shield

Supporting components : support + aligni

d Cold mass (cavities, magnetg) |
Frequency tuning RF power coupler ESS Spoke Cryomo

Nicolas Delerue, LAL Orsay SVSt%I & applications of accelerators P.77



Dynamics & diagnostics

 There are many physical
phenomena that act on and in
the beam.

 Understanding them is
important to control and
improve beam quality.

 Tools are necessary to be able
to visualise them.

Nicolas Delerue, LAL Orsay MDI & applications



TRANSVERSE BEAM DYNAMICS : SUMMARY

Nicolas Delere | Al

_, Orsay
Charged particle in electromagnetic field : — = q(E + va)
Cyclotron frequency : w = % Magnetic R1g1d1ty Bp = —, Electric rigidity Ep = fcXBp
L B _ P o B 2P _ a§—> 1 0E
Maxwell equations : div E = " divB =0, rotE = (at) rotB = ,uoj t=5

Maximum B achievable in iron at room temperature ~1.8T, for high B need supra !

2
In bending magnet : Ampere-turn NI ~ g— in quadrupole : NI =~ R—ui
0

Quadrupole focal length : f = i_’L’

79
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TRANSVERSE BEAM DYNAMICS : SUMMARY

Nicolas Delere | Al

. . Orsay
General development of magnetic field around the reference trajectory:

B (s)=h"B_,(-nh’z+2phxz+ )

Field index : n = — 2~ (aBz)O

| BZO ax

{B,(s)=h"B, (hz—(nh*+2nhh + hh )xz+ ...
\ ~s J z0 \ 2 2
Sextupolar : g = P (a BZ)
szo 6x2 0

PN g =1 “... _— ;2 9 1‘.' 5 2 52\ ~ |
lB__(.S): hW"B,| h—nh'x+fhx"——(h —nh" + 21 )z" +...|

.

Particles motion : Hill’s equation y" + K,.(s)y = f(s) withy = x or z

90° ‘ . s0°

cos 8 psinf p(1—cosh)
15t order Bend Matrix (with L = p@) T = (- sinf/p cos#@ sin 0 )
0 0 1 v
' K h inh K
1%t order Quadrupole matrix (with K = = et @ =VKL) T, = ( cos¢ sing/ et T, = < cosig s (p/\/_>
Bp —VK sin ) cos @ VK sinh Q cosh ¢

Beam envelop and emittance : y,y* + 2a,y'y + B,y'? = €,/n

Liouville theorem : €y porm = BY€y geom = constante
ey ( By
Transformation : 0; = T T

—a
Beam Matrix o = ]/yy ) with By, — ayz =1

du faisceau

80
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Longitudinal dynamics:
Trajectories in the longitudinal phase space (3)

/Trajectories for a 60° synchronous phase (sinus « ring-convention ») and n>0\
(-30° in cosinus « linac-convention »)

1,6

S S

. ’," A = T — V.
Size of the bucket .- Fmaa ¥'s

, [ .-
0,8 = ’,-""'Q _____________ / SR
0.4 "'_. /

2

-~ )4 ‘
S L =
-0,4 / ‘.\
T | 337smocdh
Wmaz = \/Q(JEOT : <CO'599,S _ (5 - ‘/99> ) 5"1/72/%[)3) ’ 57”}}
JRF
|

-1,6 :
-180 -150 -120 90 -60  -30 0 30 6(')\90 120 150 180




Longitudinal dynamics:

Filamentation in longitudinal phase space

2
Iso-
hamiltonian
curves = T

2

/ £
Beam

particles
AL

r'/R'a
S
T

-

/AII the beam particles are thus traveling on the H = Cst curves in the (¢p,w) space \

= trajectories at frequency k if the forces are linear (inner bucket)

= trajectories at lower frequency when the forces become non-linear (outer bucket)

=> [f the beam is not
correctly matched to
H=cte curves,
filamentation is
quickly observed

The beam longitudinal
rms emittance is then

increasing

/Ra

J

VIDI & [1ICatio
|co|asalgglerue,
accelerators

\RI?E) rsay



peak performance through the years

0 L_zoiz_ [ on

bunch spacing [ns]

no. of bunches

beta®* [m]
ATLAS and CMS
max. bunch

intensity
[protons/bunch]

normalized
emittance [mm-
mrad]

peak luminosity
[cm—2s1]

Nicolas Delerue, LAL Orsay

368 1380 1380
3.5 1.0 0.6
1.2x 10 1.45x10't 1.7x10%
~2.0 ~2.4 ~2.5

2.1x10%2  3.7x10%

>I\2/|x esign when scaled to 7 TeV!

appfications of accelerators

M. Lamont, IPAC'43



And wednesday...

Run Number: 2663904, Event Number: 11468257

Date: 2015-06-03 11:23:48 CEST

Snapshot of a proton collision
directly from the ATLAS experiment

The first physics events of run 2 were recorded!



'installation SPIRAL2 @GANIL

Salles
d’expériences
existantes

Salle d’expérience
avec les noyaux exotiques

a basse énergie (DESIR) Cyclotron CIME

Acceélération de noyaux exotiques E < 25 AMeV,
6-8 AMeV pour les fragments de fission

Salle d’expérience :
“Super Separatot. I é.
Spectrometer” (S°) T ble Cible-Source deuterons [l ——p
E X MeV

% neutrons

200KW deutons ém}_', .3_.

104 fissions/s

||||||
UCx
2000°C
IIIIII

Salle d’expérience

“Neutrons for Science” (NF Source Deutons - Protons

The ISOL method (Isotope
On-Line) to produce Rare
Isotope Beams

4.5 AMeV pour desions
Aqg=3

E = 40 MeV pour des deutons
E = 33 MeV pour des protons




Vacuum basis :

Outassing/desorption

outgassing

Outgassing is the spontaneous evolution of gas from solid or liquid.

desorption /degazing

Desorption is the release of adsorbed chemical species from the

surface of a solid or liquid.

/
Particules (1ons, photons, electrons,....) %

B. Mercier—LAL  Vacuum in Accelerators

Ecole Doctorale Pheniics

Nicolas Delerue, LAL Orsay MDI & applications of accelerators
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Vacuum 1n accelerators :

¥ Grs Lol
P © L
s S
=t e T
s e Beam & V. & Surface:
oy O P cam acuum uriace:
3};%;5:’.5:.“{”‘(__ e Aty

o e a difficult coexistence!

Interaction: Beam - résidual gas *

m=) Changing the shape and the beam energy

m=) Secondary particule emission (ion,e-, photons)

=) Loss of beam particules ‘

Interaction: Particules (secondary, primary) - surface

m=)  Desorption by electron,
photon, 1on impact

=)  Secondary emission

201 B. Mercier—LAL  Vacuum in Accelerators Ecole Doctorale Pheniics
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Outlook

* Accelerators have a very

10,000 ¢

wide range of applications ol bl TN _
both for research but also VIR W
for the industry and medical . ™ "o oL
treatment. £

* They range in size from a £ il
few meters to several I
kilometers. : " g4 sriagoons _

* Their operation and -2 s
development requires skills ~ :
from several different fields. 3

1960 1970 1980 1990 2000 2010
Year of First Physics



