\Y

Ecole Doctorale

PHENIICS

Doctoral School

ED PHENIICS
Understanding basic principles of particle accelerators

Machinedetectors interface and
Applications of particle accelerators

Nicolas Delerue
|IJCLalfCNRS and Universite de Ps3igl)



MACHINE DETECTOR INTERFACE



How easy Is it to add an experiment ol
an accelerator?
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Adding a detector in an acceleratol

A The detector is not transparent for the
accelerator.

a

AT

~or example it often comes with limited
pertures and a large magnet.

ne accelerator will also have side effects on

the detector: for example by creating
backgrounds and large RF fields.

A The interface between the detector and the
machine need to be studied carefully.



Interaction point at the ILC
14/14 mrad BDS and IR
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ILC MACHINE-DETECTOR INTERFACE

BeamCal

==

Support Tube

. LumcCal

ILC "compact” detector SiD 4
with 5-Tesla solenoidal field

-

L* # 3.5 m, compare to L* =23 m at LHC !
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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 !l

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

dE ~ =
ocio,

— average energy loss 1.5% for electrons/positrons at 500
GeV
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photons are very collimated around beampipe, but
-2 0.6 X 10%e e -pairs per bunch crossing
= =~ 1 hadronic event (y7y — hadrons) per 10 bunches

- secondaries (neutrons, ...)
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Consequences:

Collimator
Colhmator

1. Shield Detector against low-angle e'*'e‘—pairs

and secondaries = Mask

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

recognize them!
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NEUTRONS IN DETECTOR

Neutron Production — Energies

333 977 total

w’- 633 total

keV MeV GeV eV keV MeV

Energies of neutrons. .. ...when entering the TPC
(some more than once)

Adrian Vogel ILC European Regional Meeting, London, 2005-06-21 9
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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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Beam beam effects (1)

A In a collider the two beams feel each other's electric field
well before and well after colliding.

A Given that the particles come very close to each other, this
lead to very intense forces.

A These forces lead to significant disruption of the beam.

P, [MeV/c]

0.1 . -
MDI & applic&ns of accefdrators 0.1 1 dlas Delerue, LAL Ofsay
0



Beam beam effect (2)

A At the interaction point the two
beams seHocus onto each other.

007 ¥ Lk FER

A If the self focussing is too strong this

o can lead to a large emittance growth.
A If the two beam are not perfectly
- aligned this will also lead to large
transverse deflection.
o g A This is a strong limitation on the size

of the beams and therefore the
luminosity, especially in a ring.



Collision Event at
7 TeV

CATLAS
2 EXPERIMENT

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

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

LHCb Event Display

[ e e e e T
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Three Sources of MIB

Compared to the luminosity-driven back(/?rounds at the
IPs, machine-induced backgrounds (MIB) are less
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 LH

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 to block tunnel entry
(to stop hadron & Em halo)
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Beam-Gas: Muon Flux Isocontours in IP5
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Kicker Prefire: Neutron Fluence
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APPLICATIONS



Quizz

A Particle accelerators are not used only for HEF
they have many other applications.

A In 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)

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

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

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

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

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



HEP applications of accelerators

A Most of the physics we are studying this week relies or
particle accelerators.

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

A Others include Bactories (KEKB, PHP cfactories,
KSII @& A2Yya F O0St SNI G 2 NR

A.SG6SSY mMn FTYR pn YI OKAY
A To ensure maximum luminosity, a low emittance, a low
beta function and a flat beam are necessary.
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Accelerators around Orsay
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A There are 29 accelerators within 10km radius of LAL. Only few of
theme dedicated to HEP.
Nicolas Delerue, LAL Orsay

MDI & applications of accelerators

26



Accelerators in England & Scotlan

Berg

A There are more
than 150
accelerators.

A Only 1 of them is
used to teach
HEP, all others
are used for non
HEP applications!
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© Rennes ~Mapdata ©@2009 Tele AtlasNaheyma gl Lo o,



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
e accelerator business.
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R. Hamm, Accelerator-Industry Co-Innovation Workshop, Feb 6, 2018, Brussels, Belgium

Courtesyof LennyRivkin
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Non HEP applications
Dating old artefacts

Cosmic
radiation

Mitrogen 14 ‘ Meutron wtureL.C arbon 14

lost protuy. \
Al three isotopes

: of carbon (common
.;-_ C-12, rare C-13 &
racinactwe C-14 are
absa:-rhed ba-'
Q rganisms

Fllwgd ath & burial, wood
C-14 az it changes tN14t:-1.rk3t

Carbon 14.*3't‘>I Y‘th ni4

parlicle @F roton @Meutron

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

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

A This technique is called
NAccel erator

\

spectroscopyo.



Accelerator Mass Spectroscopy (1)

A In an AMS device the C12,
AN C13 and C14 beams need to

raciation

Ve be separated to allow an
Mitrogen 14 . M &Lt ron capture}‘\:arhnn 14 accurate Cou ntlng-
lost proton ¢

’ P/. &|l three isotopes A An energy Of 10'15MV IS

of carbon (common

g C-12,rare C-134 0
3§ racioociive C.14 are sufficient.
" absorbed by

"“'IT ol A Beam stability is very
‘ Jm Important to ensure good
o Y accuracy.

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

Carbon 14 . Eletade-:a'f] ‘Nitrngenw

Bela ;
parlicle @®@Froton  @Neulron




Accelerator Mass Spectroscopy (2)

A AMS machines use a

.j_;"'b L Sputtering ion source
G S— R YN - producing C- ions.

~gR | ; .- A Atandem Van de Graff is
o7 i"'f-f then used to accelerate

the ions and strip then to
B

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

A A Faraday cup is used to
measure the beam charge.




Example of AMS application
Vinland map

A AMS was used to date ashes

found in Newfoundland in a
European-type settlement.

o - A e These ashes were dated back
Eoassy el e to the Xlth century.
&“% o g} (i R A viking map featuring
don K allN s J Newfoundland was shown to be

i & 5dw —F- . older than Columbus trip to

! LA = TS America.
AT 4, E . AMS has contributed to

R establish that North America
i% " was visited by Vikings well

before other European nations.



Dating old artefacts...

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

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

A Left:

Roman Jug dated by ISIS.




Treating Cancer

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

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

A This is called Radiotherapy.

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

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




Medical linac

A Radiation therapy uses small
15MeV nAlinacso.

A 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).

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

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




Radiotherapy

A X-rays are used to kill a tumour.

A To minimize the dose sent on
healthy tissues several X-ray
beams are sent in turn from
different directions.

A However this technique is not
iIdeal due to its impact on
healthy tissues.
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A possible solution...




Medical cyclotron

to accelerate ions.

A Several hospitals or
universities are equipped
with cyclotrons to
produce radioactive
Isotopes used as markers
In drugs.

A Such cyclotron is a
commercial product.
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Pharmaceutical drugs

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

A This can only be achieved
by studying the diffraction of
Intense on the molecule.

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




A source of intense X-rays

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

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

A 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

A Light sources have a wide
range of applications.

A A light source in England has
been used to improve the
guality of chocolate!

A Diamond is being used to study j
old manuscripts too precious to . 4@,
be opened! |

A Protein imaging, drugs, material
studies,...

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




The next generation of light sources

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

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

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

A How can this be achieved?




Next generation:

|l Inac based Free electron lasers

A Only linac based

accelerators can deliver

ultra-short pulses. @
A Ultra-short pulses are .

necessary to get coherent | -

emission of X-rays.
A Hence the emittance must .

be ultra-low from the start. ),v*“i{’w
A This requires a photo- S o

cathode RF gun. oo
A 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?

A RF guns can be used to make short pulses.

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

Head

Tail




Neutron crystallography

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

A 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.

A How can we produce
neutrons?




Neutrons sources

A It is not possible to directly
accelerate neutrons.

A However neutrons are
produced when a target is
bombarded with protons.

A The ISIS neutron source
requires 800 MeV protons.

A How to build this?




A neutron source: ISIS

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

A 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).

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




Spallation

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

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

Main processes in the production of neutrons

.

.
Targe! mucleus (tantaium) .
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Spallation target
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Accelerator Driven
sub-critical reactor (ADSR)

A An intense source of protons could be . & L
used to produce an intense flux of { Q‘f& e
neutrons. >

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

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

A The nuclear fuel could be made of
iIsotopes that can not sustain a chain e Reacter
reaction (such as Thorium).
=> no risk of proliferation.

Accelerator

C Rubbia E A




Need for high redundancy

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

A Ir;] a rp(uclear reactor a sudden stop of the driver will cause a therma
shock.

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

Beam dump

SC spoke
@ « X MeV » cavities
(between 5 (350 MHz, 1 or 2 /
& 50 MeV) sections) .
Low energy Intermediate High energy
section energy section section
, . :

Spallation target
& sub-critical
core
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=
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g Jd A | /’ 1
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) .
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N y
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Applications of accelerators to the
environment



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,
\.
\

Sputtered Atoms ~ \

— — — — — — —

p * Decay

Backscattered
lons

Sample

) /// s
1

s Recoiled

g Rays

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 DELERQEFAST Challenge basgdy o< o David Cohen 7
Accelerators are used to track'pélititants



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

INHONO2

Electron . Reaction

Accolerator

HNOa, HaSOu

[
FE

OH, 0, HO:

Nz, Oz, HO
Carbon dioxide

Toxic molecules
NOx, SOx

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

Courtesyof WimMondelears

Nicolas DELERJEFAST Challenge based
innovation
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Accelerators (or radiation sources) can sterilize food Courtesyof ValeriiaStarovoitova

Nicolas DELERJEFAST Challenge based
innovation

56



