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’ Neutrons are used to see
i where atoms are and what
atoms do




ISIS is used to study everything!
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SIS - makmg neutron and -muon| beams since 1984
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Spallatlon neutron source
800 MeV 50 Hz proton,beam.=:-
= 31 neutron instruments
. 7 muon instruments
12000 usersf/yr_
_ ~800 experlments/yr
"‘500 publlcatlons/yr

@ Science & Technology
Facilities Council



ron and.muon beams since 1984

10 Hz neutrons

- Te

40_Hzneutrons
800 MeV - b=

50 Hz proton 40.Hz muons ‘

synchrotron T S 1 \

10 MeV
Hminus LINAC

@ Science &Technolog\é
Facilities Council



ISIS has many different types of
neutron and muon instruments:

Target Station 1

Vesuvio Maps
Merlin . 'SX[.)' ‘y &
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20 neutron instruments
7 muon instruments

sans2d Target Station 2

Let
Nimrod

11 neutron instruments
(more in the way)



.. some
are very
big
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...some are smaller and movable
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Each instrument is unique and complex...

Beam-stop 90° South bank
Normal 1-mtr . / H R P D

sample position
High Resolution Power Diffraction
ISIS Neutron and Muon Source

Unused 2-mtr
sample position

Argon gas box y-

£ 0 %
Low-angle Backscattering bank
detector

bank

Upstream monitor .
Tank vacuum line

Jaws S ; id
upermirror guide Guide tunnel

concrete “F-section”

90° North bank

Turbopump

HRPD Diffractometer



MARI Spectrometer
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PIN-HOLE
SELECTOR +
FILTERS

DIFFRACTION
DETECTORS

SAMPLE POSITION @56m

’ IMAGING CAMERAS

DOUBLE DISC
+ T-ZERO CHOPPERS

DOUBLE-DISC
CHOPPER

M=3 NEUTRON
GUIDE

General

® Cold LH,/S-CH, moderator

® Flux maximum at A ~ 3 A

® Flight path 56 m

Imaging parameters

® L/D values: 250 - 1000

®* Max. field of view: 20x20 cm?
® Best spatial resolution: 50 ym
® Energy resolution: AA/A <0.8%
Diffraction parameters

® Flux: ~2-107 neutrons/cm2/s

® Diffraction resolution:
Ad/d = 0.7% at 90 degrees

° Detector coverage: 4 sr 14
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Basic Layout of ISIS Target Stations

Neutron Instruments
s Remote Handling

Cell
o ﬂ%

HIRTA

( 7 16D [: Target
m,_@-gﬁ L Services

Beam Area

Neutron Instruments .
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Section view of
ISIS TS1 target

Tungsten
Block

Tantalum
) Thermocouples
Cladding g

Water
Target Plates manifolds
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‘essel

Proton
Beam

160 kW
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Water
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!

ISIS target and bottom moderator and reflector assembly
(top reflector assembly removed)
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Target Reflector And Moderators (TRAM) =) s

; Ambient
SS0-01— v.—-szm—u

Water
Moderators

NS (AP-28)
NB[AP-13)

DUTLINE OF URANTUM
N7 (AP-0) TARGET MATER([AL

SECTION THROUGH UPPER MODERATORS

Reflector
(Be and DZO)

~

\Target Module

SECTION THROUGH LOWER MODERATORS

57 (8-D)
SB(8-13)

S8(8-26)

KSS B-13)

Methane £
Moderator =

N6 (C-13) N1(B-13)
NS (C-Q) N2 (B-0)
N3 (R-13] N4 (C-13]
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TS1 Project — Major Refurbishment

New £3.4M 0.5 T 13-piece beryllium reflector

22



ISIS TS1 target and moderators
with reflector assembly removed

Water moderators

heat load 380 W

25 litres/min 30°C demin water
Moderator depth defined

by Al clad Gadolinium poisoning layer

Cryogenic moderators

110 K methane @ 3 Bar
heat load 200 W

Coupled liquid H, moderator
heat load 200 W
20 K hydrogen @ 8 Bar__




™

ISIS Target Station 2 TRAM with the'‘edge cooled
beryllium reflector open in maintenance mode




TS2 Cryogenic Moderators

decoupled moderator: solid CH, @ 45 K

coupled moderator: liquid H,
@ 20 K 4 Bar
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Choppers- spinning shielding

precise

magnetically.
levitating
bearings
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Choppers- spinning shielding

Fermi (17) Disk (56) T-Zero (4)
7.3 kg Payload 30 kg Payload 68 kg Payload
36,000 rpm 20,000 rpm 10,800 rpm

+0.05° Phase Control +0.05° Phase Control +0.43° Phase Control
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Shutters allow Shielding

each instrument Neutron Instruments .
to be isolated 4 Remote Handling

individually (/75;1?

i ) | Target
Proton Q47 048 oah / % Se:vgices

Beam Area
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concrete

Neutron Instruments



The services trolley moves to position the TRAM for operation or maintenance

Maintenance Position Ta/ rget

1
| 7m

Services Area

Intermedi:{te Trolley

[

A

Taraet Fixed Remote Mobile Shield  Cryogenic :
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e . | Trolley Plant Trolley
Operating Position If
|
|
Target '
void
vessel _
filled am
e "IIIIIIII
helium [ =225 i
‘|ll||llll. LU &

KOxy) (oM  Komly) (Ome)







TS2 Services Trolley Cooling Plant




remote
manipulator
set in TS1
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remote

manipulator |
setin TS2 |




remote manipulator sets on both
sides of the remote handling cell
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Crews in contact with
other areas by headset
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View through 1 m thick
lead glass window into

the empty remote
handling cell
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The main remote handling task carried
out is CH4 moderator replacement
Every 3-4 cycles




Targets also need to be replaced every 4-5 years

TS1 Tungsten
Target #4 on flow
test rig
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Target Station Bulk Shield

Remote Handling
Cell

Active components

are removed using

the tunnel system
under the RHC

Underground Tunnel for Removal of Active
Components in Transport Flask 40



View of the TS1
TRAM withdrawn
into the RHC

This view is from
the north side of
the RHC

The reflector top
section is rolled
forward to expose
the Tungsten
Target




The target has
been

disconnected
and is being
lifted away from
its working
position




The target being
lifted over to the
disposal can on
the south side of
the RHC
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Target and can being
lowered into the
transport flask
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Shield plug is lowered onto flask.
After the plug is fitted personnel can approach the
loaded flask.




The loaded flask is checked
by ISIS Health Physics for
external radiation and
contamination




Storage flask total
weight is 9 Tonnes

Flask is moved on
‘MasterMover’
powered pallet
truck
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The loaded flask is transported back to R40 for storage




After work in the
RHC is complete
the area must be
cleared and
checked

Personnel can
enter the RHC
when the TRAM
IS in the forward
position

Full suit, gloves,
overshoes and
respirator are
required for this
work




For final disposal the target is transferred to a registered and licenced
Type B package and transported to Sellafield the UK’s nuclear waste
storage facility




More power!

ISIS 160 kW on target
More power = more neutrons

The power must be removed somehow

SNS Oakridge USA = 1.4 MW

SPALLATION NEUTRON SOURCE
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1.4 MW liquid
mercury target

SPAl[ATION NEUTRON SOURCE
~







Close-up of Damage to Target Inner

Window (center of beam entrance. area)
: . 4} |
Cavitation bubble ‘_. 'l
collapse causes 3
serious damage

solution: fizzy mercury with
helium
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A rotating wheel //”/=1§\ . 2 6 m diameter
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Grains

&
-

Granular Flow by Gravity

Tungsten powder
handling system
developed at RAL

Science & Technology TEStS at CERN
—~ Facilities Council 10_100 MW |

QM/-,é DERS R RS

Institute of Modern Physics, Chinese Academy of Sciences
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Muons at ISIS

Target Station 1 EC muon facility:

s +Ve muons

* Three spectrometers for
materials studies

- RIKEN-RAL muon facility:
2o * +Vve Or -ve muons
*W « Variable momentum
7\‘ * Two spectrometers for
HRPD

N\ materials studies
\Polaris"-»-::_, e L
nes % osis © LOW energy muon
O development
« Other fundamental muon
physics experiments

Iris

7 muon instruments



ISIS Muon Target |

10 mm thick graphite
target at 45° to the 800
MeV proton beam

About 5% beam lost.

Diffusion bonded to
copper to maximise
thermal contact

10 kW maximum heat
load

cooling
water flow




The EC Muon Facility

yepurrator:
) FE HOVES dipole
kicker: feeds _ P
contaminant  steering
muons to three _
particles muagnef

instriments

quadr upole
focusing

@ murgnet
9
_‘ quadrupole

S capture
production | | magnets
e Proton collisions produce pions targef
e Some pions stop in the target /
e They decay to muons, which escape if 50 :"?F \ :” "'E':"‘"”"
formed near the target surface profon deam ol i
—

e Quadrupole magnets collect muons
into the beam line
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Radiation Levels T

Muon beamline, irr=180uA, 180 days per year over 25 year, final irr=60 days
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Radiation Hard Magnet Design

* In house concrete
magnet design

e Coils Potted in concrete
e Water Cooled




From
70 MeV LIN
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“..  MICE Beamline

N
!
" /| N} | / D = Dipole bending magnet Q = Quadrupole magnet

Target & “~.l  Ckov = Cherenkov detector KL = KLOE Light detector
f; TOF = Time of Flight
ISIS // BPM = Beam Profile Monitor DS = Decay Solenoid
s /

DSA = Decay Solenoid Area LM = Luminosity Monitor

/ i,\‘ «————QI1-3 D2 Q4-6 BPM2 Q7-9 MICE Channel at Step IV

MICE
Hall
BPM1 TOF0 Ckovab  TOFI

MICE Beamline :
Mice demonstrated muon
Conceptual Layout cooling in 1D



CERN Neutrinos to Gran Sasso (CNGS)

Decay tube

:r!l(/—/deca

Helium bags Hadron stop

Target Horn / Reflector’,

Muon detectors

1
Proton | " eulrifo
beam | | % 7
| - i
P f’* Z
—2Tm A3 4m | !
i 100 m_
i | 1095 m| 18 m

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

LHC/TI8 tunnel

LEP/LHC tunnel

-
neutrinos  .J.
to Gran Sasso -
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Creation of Antiprotons

Collider

N
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A O

\%7/
m=E/c?

Target
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m = E /c?
Topar > 6GeV




I\/Iagnetic Horn
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Simon van der Meer

1960s "current sheet lens"
originally for neutrino beams | .
then for antiprotons 0 R
1.4 mm Al 400 kA 15 us ' ke
(half-sine)
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FAIR Beam Separation

FAIR — Facility for Antiproton and lon
Research in Europe

Of the pbar produced 2% are "collectible"
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Beam Separation
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|
Prompt dose rate

|/ | :
hema L(?

FAIR

FAIR — Facility for Antiproton and lon
Research in Europe
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FAIR Shielding Required

FAIR — Facility for Antiproton and lon
Research in Europe




Target station and transport container F-\IR

FAIR — Facility for Antiproton and lon
Research in Europe

Rail system

« Transport container is placed in
front of target station.

Door of target station and
transport container are opened.

« Componentis gripped by a
guick coupling system.

* Trolley moves the component
via rail system into the transport
container.

* Doors are closed.

Coupling
=11

lley

ner door

tervention ¢




Transport concept

« Transport container moves to the
shaft (1-2).

« Crane of carrying frame of the
shielding flask lifts up the

component (3).

FAIR — Facility for Antiproton and lon
Research in Europe

- g
*“.‘ s .-" M"

73 Y

shielding bottle

-y

target
p beam transport station

from SIS100 container
.................. > =




CERN and Fermilab pbar Targets

CERN target (Ir or Cu) Rotating Fermilab target
N

| [ Titanium alloy body _ graphite

| = W
beam . ﬂ—

i N F [\
Iridium target
SIS 11

.
|

v
cooling water

55 mm

ACOL antiproton production target

_“: ) raphite ——— = alumina end plug
/ %.
="

iridium clad in nickel
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stable
104 yr

102 yr
1019 yr
103 yr
10° yr
10% yr
100 yr

lyr
10°s

10%s
100 s
ls

1072 s
1074 s
- 1068

L 108 s

no data

Radioactive
lon Beams

A powerful way of studying
the atomic nucleus



& TRIUMF Rare Isotope Facilities World-Wide
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ISOL vs In Flight Fragmentation

Isotope Separation On Line (ISOL): A production line

Very complicated

chains of acceleration and
separation have been

In Flight Fragmentation:
Filtering an explosion




rmary - |SOL: common components

beam

‘ hot tubes .
ion source

. silica tube

hot thick "7~ e.g. surface or
target ECR or EBIS ‘charge breeder’ or
laser excitation .
seconds l- dipole magnets
to release @ B and apertures
Production / e.g. REQ,, LINAC,
‘l’ cyclotron,
Diffusion/ synchrotron
Effusion/ —> lonisation _‘1'
Chemical :
. Extraction
selection ,|,

Charge Selection )
:], pure isotope

Acceleration and charge

Efficiencies can be as low as 1e-8
state beam

ISOL produces very pure beams with “long” half life



ISOLDE source

¥y 3 '
«_quartz tube

connections for  »

resistive heating ™% transfer tube
'\ " ':,O : ' _| - ' 7

7

#

primary %
beam

Ta tube with
target material




& TRIUMF RIB Intensity

h ! - rare ion beam intensity [s 2

Irip =€ Iproa =€ J’tar eta(E) Ntarget ) Iprimary(l) dl ER’B - overall efficiency ty[s™]
s . lbog - pruduction rate of a reaction product[s 2]
o - reaction cross—section [barn = 10~%*cm?]

Niarget - target atoms per exposed area [cm™?]
lotimary = PTimary beam intensity

typically 1073 to 107811 typically 5% to 90%
A A
‘ N/ g
€ = Erelease “fionization ° €transport "€cool-bunch ‘E€breeding ° Epost—accel
Erelease - probability of not-decaying during the time of extraction from the target/ion source unit
Eionization - Probability of ionization of desired species by chosen ionization mechanism
&ransport - €fficiency of mass selection and transport to experimental setup

€cool-bunch - cooling and bunching efficiency (when applicable)
fpreeding - Charge state breeding efficiency

Epost-accel - POst acceleration efficiency

2018-05-04 IPAC’18 — Radioactive lon Beams 20




AN

laboratoire commun CEA/DSM

CNRS/IN2P3

Cooled vacuum Oven — production target
vessel

Transfertube

Thin foil (Ta)
lonization source

Thermal screens

Radioactive
beam

Radioactive atoms

Driver beam



In Flight Fragmentation: common components

Fragment separator:

thin RFQ, LINAC,
, target cyclotron,
primary dipole magnets progressively higher synchrotron
beam Apertures and collimation  resolution
Production variable
degrader

g/m Selection wedge shape

degrad
=gradet Degrader: dE/dx depends on

projectile’s Z.

In flight fragmentation suitable for very short half life beams



4 - 2.7 GeV/nucleon
FAIR L

'r Linear accelerator Ring accelerator Ring accelerator
FAIR — Facility for Antiproton and lon  UNILAC SIS18 SIS100

Research in Europe
, e %
ok

Production of
new atomic nuclei

Production of
antiprotons

—/

/ g e

f
Experimental and ~— I Existing facility
p Al [ Planned facility

[l Experiments



The Super Fragment Separator F_\I R

FAIR — Facility for Antiproton and lon
Research in Europe




Facility for Rare Isotope Beams
at Michigan State University

Reaccelerated Beam Area

]

Stopped Beam Area

Gas Stopping
J
‘ \ Fast Beam Area A
L z ‘\ “‘ N ) -+ yu—"
) '/: oy Space for future expansion
(o . R of the science program

Fragment Reaccelerator
Separator
SRF High Bay
200 feet
Production } T T — T I
Target . 50 meters
Systems Beam Delivery System Folding Segment 2




Facility for Rare Isotope Beams

at Michigan State University

ECR lon Sources &
Room Temperature RFQ Accelerator

B=0.041 Quarter Wave Resonators ___

3=0.085 Quarter Wave Resonators

517 m linac

Targel Beam Delivery Systern

- A 3 = 5 V([ Y . 5 b
2 - 1 > = r W .
P

Q SRR —
$=0.29 Half Wavegh = » ~.r.-_-_ .
Cryogenic Distribution Line

Charge Stripper

200 MeV/nucleon



Facility for Rare Isotope Beams

at Michigan State University

FIRST RARE ISOTOPES 24¢
11 December 2021 220
selenium-84 from a krypton-86 beam. 12
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Positron Sources

Techniques:

* Radio-isotope source

— long-lived e.g. %?Na (~10° e*/s)

— or beam-induced e.g. 13N (~10° e*/s)
* MeV or GeV electron beam
e Gamma ray beam



Positron source for the KEKB and
the SuperKEKB in Japan

e ~—Site for the damping rin

LINAC 3

e+ Target :—_—_:
50 m

e i ‘5\5\ “ﬂ// ﬁr‘{&r\\ // y e

Phase space DC solenoid
Matching device
Target | | ;
S o

\ TTTTT]
__+::: £ Positrons
Primary e- beam  pep HENNE
' fEE
EFH

Accelerator



Target material

Requirements:

High Z (Cross section of Bremsstrahlung « 72/A)

High melting point
Tantalum(’3Ta),
Tungsten(74W),
Tungsten- rhenium alloy (W-Re)

KEKB, SuperKEKB
Target material: W 14mm (4y,)

Primary e- beam energy: 4.0 GeV(KEKB)

3.3GeV(SuperKEKB)
| (EGS4 simulation)
300 .
; i) = 1 DG
250 X _ —a—cie)=smasy | |
) ¥, Efe) = 10D G
BIHE % T,,»" L% :Em—ssu:-aw
Z a0 ' :
D T e e,
8% 1w AN x e ‘\‘\K
ﬂ-d.l Y 7 & o .
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wE 100 J,“' i . & i
E-q—']r' .‘. s Iy *-' e,
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Target Thickness [xﬂl

& \\ ’
50mm

®

Joining of tungsten crystal to a copper
body by a hot isostatic pressing (HIP)

Target destruction limit

SLAC Exp. (B1) Peak density =0,93
(1010 GeV, .-"1111113)

Energy P e
density T
per '.'81.

After the
target
destruction
occurred at
SLAC
Threshold :
76 > 351/g



KEK Positron Sources
KEKB SuperKEKB

Quarter wave transformer matching device
Pulse coil: 2.3T @ 10kA

AMD Flux Concentrator matching
device

FC field: 3.5 T @ 12kA
(pulsed)

Brdige coil: 1.0 T @600£4

(static)

primary
e- beam
3.3 GeV

positron
production
Target

e+ beam

50Hz rep rate with a bunch charge of 2.5x1019=2.,5x1012e*/s



Adiabatic Matching Device (AMD)

Primary coil
™S © 200006006 00 O
Conductor
e- e+
AMD field is produced by a flux-concentrator.

The eddy current is induced in the tapered conductor by a changing magnetic field

which is made by the primary coil.
The magnetic field is concentrated due to the tapered shape of the FC head.

Adiabatic invariance is constant
during the motion.

2

uyen

E idg; = —
/ipq eB

Bz A
adiabatic condition Transverse acceptance TR
€
o & <0.5 Pt—mazx = B) BfB()(L N
e By

p. < 17.5[MeV/c] . |Br. -

mazr = f
By -
(BO = 7.0 [Tesla], un =60[1/m]) L,z

a: Diameter of an accelerator iris



Gamma Ray Undulator Source

Considered primarily for the ILC

Photon

collimator
T rvTraane . (pol. upgrade)
| aux. source (500 MeV) |

| | Target
| " @ " v Flux concentrator
I 5. l
e- beam -
-

SC helical undulator

Capture RF
(125 MeV)

The undulator produces a gamma-ray
spectrum with a series of harmonic
peaks.

to Damping Ring
Pre-accelerator /
(125-400 MeV) { Energy
g SCRF booster comp. RF
; (0.4-5 GeV)
SStTrrIa e §— Tl [ofation
! solenoid
e — :
photon
dump 0.25 -
e- dump 020 -
150-250 GeV )
—h- a- haam to BNS
0.15 -
0.10
0.05 V_\x
0.00 . ' ‘
0.00 10.00 20.00 30.00 40.00

Photon Energy (MeV)



Gamma Ray Compton Source

Compton backscabering of a laser beam using an electron beam is used in most intense
gamma-ray sources such as ELI-NP.

The laser is typically a YAG laser using one or more high brightness optical cavities
Table 1: CLIC parameters for e+ beam

Parameters Units CLIC 3 TeV
Energy MeV 200
N e / bunch 10° 6.7
N bunches/pulse - 312
Bunch spacing ns 0.5
¢ Pulse length ns 156
Emmttance (x.v) mm mrad < 10 000
@ Bunch length mm =10
Energy spread %o = 8
Repetition rate Hz 50

(pre-damping ring)



Particles and Sources

Accelerator
Facilities

Tauons

Mesons
Baryons




Future Colliders

"}‘nlemaﬁnndl linear collider

s




Higgs Factory

China Electron Positron Collider (CEPC)
100 km underground circular tunnel
240 GeV

S6bn

More than million Higgs bosons in 7 years

S6000 per Higgs and one Higgs every 3 mins!



Summary

Secondary beams are incredibly fascinating

The work they do moves forward our
understanding of the universe

They are at the extreme limit of our:
Knowledge of physics
Engineering capability
Financial and Political ability

We have only scratched the surface



Thank you for listening
Questions?



