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Types of Accelerator

Radioisotope lon Beam Synchrotron PBT
Production, . Analysis, 1.0% Radiation, 0.2%

0.2%

= DC - simple vacuum tubes, VdGs
= Linacs — Wideroe, Alvarez, etc. etc. bsseopeniyepn
= Cyclotrons, Synchrocyclotrons, Isochronous cyclotrons

= Betatrons, Induction Linacs, Induction Rings
= Synchrotrons, Storage Rings

= Microtrons, Rhodotrons

= FFAGs

» RFQs

= Novel Types— Plasma, Dielectric

= Particle Sources — Thermionic Guns, Photoguns, lon

Sources , ,
. Doyle, McDaniel and Hamm ‘The Future of Industrial Accelerators and
= Secondary Sources — Neutrons (spallation, nuclear Applications’
reactions), ‘exotics’ (pions, muons, antiprotons) https:/Awww.worldscientific.com/doi/abs/10.1142/S17936 26819300068
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Nobel Prizes involving accelerator science

Haussecker, E.F., Chao, A\W. The Influence of Accelerator
Science on Physics Research.

Phys. Perspect. 13, 146 (2011).
https://doi.org/10.1007/s00016-010-0049-y

We show by using a statistical sample of important
developments in modern physics that accelerator science
has influenced 28% of post-1938 physicists and also 28% of
post-1938 physics research. We also examine how the
influence of accelerator science has evolved over time, and
show that on average it has contributed to a physics Nobel
Prize-winning research every 2.9 years.
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1939 Ernest O. Lawrence

1951 John D. Cockcroft and Ernest T.S. Walton

1952 Felix Bloch

1957 Tsung-Dao Lee and Chen Ning Yang

1959 Emilio G. Segré and Owen Chamberlain

1960 Donald A. Glaser

1961 Robert Hofstadter

1963 Maria Goeppert Mayer

1967 Hans A. Bethe

1968 Luis W. Alvarez

1976 Burton Richter and Samuel C.C. Ting

1979 Sheldon L. Glashow, Abdus Salam, and Steven Weinberg
1980 James W. Cronin and Val L. Fitch

1981 Kai M. Siegbahn

1983 William A. Fowler

1984 Carlo Rubbia and Simon van der Meer

1986 Ernst Ruska

1988 Leon M. Lederman, Melvin Schwartz, and Jack Steinberger
1989 Wolfgang Paul

1990 Jerome |. Friedman, Henry W. Kendall, and Richard E. Taylor
1992 Georges Charpak

1995 Martin L. Perl

2004 David J. Gross, Frank Wilczek, and H. David Politzer
2008 Makoto Kobayashi and Toshihide Maskawa



https://doi.org/10.1007/s00016-010-0049-y

The growth in accelerator applications

Accelerators Installed Worldwide
50000 Doyle, McDaniel and Hamm ‘The Future of Industrial

SEEMieal Acaleniton Accelerators and Applications’
—saDiscovery SéienceAiccelerators https://www.worldscientific.com/doi/abs/10.1142/S1793626819
====|on Implantation 300068

35000  =e—E-Beam Material Processing
~=Electron Beam Irradiation

45000 =#==|ndustrial Accelerator Total

40000

30000

Nondestructive Inspection

25000 Neutron Generators
Radioisotope Production

20000 = —g=Ion Beam Analysis

All accelerators

15000

10000

Total accelerators installed

5000
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Accelerator Methods and Technologies

» Principles — electrodynamics, » Technology — sources, magnets,
scattering, ... RF, plasma, laser, vacuum,
= Single-particle dynamics diagnostics, radiation, geodesics,

, _ , engineering, controls
= Multi-particle dynamics

» Discipline — electrodynamics,

= Lifecycle — production, injection, magnetism, surface science,
acceleration, transport, _ radiofrequency engineering, FEA,
manipulation, extraction, delivery nuclear physics, particle physics,
software

» Methods — analytic, simulation, MC
» This is a multi-disciplinary institute

Daresbury Laboratory



Cyclotrons

Magreli i

e Lines
of Force

s
N
2
£ 58
g
g
Z

Daresbury Laboratory




Emilio Segre and the 37-inch cyclotron deflector foil

‘In February 1937 | received a letter from Lawrence
containing more radioactive stuff. In particular, it
contained a molybdenum foil that had been part of the
cyclotron's deflector. | suspected at once that it might
contain element 43. The simple reason was that
deuteron bombardment of molybdenum should give
iIsotopes of element 43 through well-established nuclear
reactions. My sample, the molybdenum deflector lip,
had certainly been intensely bombarded with
deuterons, and | noted that one of its faces was much
more radioactive than the other. | then dissolved only
the material of the active face, in this way achieving a
first important concentration of the activity. ‘
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The PSI Cyclotron — (still) the world’s highest power
accelerator (1.3 MW)

" p+ 590 MeV
= 2 MA
= (Zurich, Switzerland)
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A smorgasbord of radiotherapy

Brachytherapy:
X, 7, B
Ir-192, Co-60, Cs-137, Teletherapy X-ray Particle therapy
Au-198 radiotherapy
1-125, Ra-226 y p, C, etc.

X

Co-60, Cs-137 Cyclotrons,
6-40 MeV synchrotrons etc.
Science and electrons onto W
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Hospital Betatrons
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A modern isotope cyclotron

Nuglide F-18 | C-11 | N-13 | O-15 | Ge-68
Ha@}ife 110min | 20.5m | 10m om 275d

Positron 630 960 1200 1730 | 1900
(keV)

Science and Gammas 511(2) 511 511 511 511
o o (keV)
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Mo0-99/Tc-99m/Tc-99

30 Million procedures a year

Cardiac imaging to diagnose
Mo after heart attacks

99

3 decay,
Ti/p =066h 99m

Tc
143 keV g, "y transition, 71, =6.01 h
Tc
3 decay, 99

Ty, = 211100 y N _Ru
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Boron Neutron Capture Therapy
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BNCT - UHB /°

& ?ciincel RF cavity i"
ecnnol o energy recovery
Facilitie 8 o4

Neuotron .8 U o
_ NN .~ Gamma
1.7 MeV reaction threshold
Solid or liquid lithium target
Example: 3 MeV proton ‘dynamitron’ (electrostatic machine)
Useful flux of neutrons requires large currents -+ :He

= 1072 n/s requires 1 mA
= Liquid targets, complex cooling

Arrangement of neutron moderator/absorber modifjes spectrum to peak at optimum energy
for BNCT, 4 eV to 40 keV

= Boron Neutron Capture Therapy

scanned proton beam

~shield -
v = "Li(p,n) Be
"Be target Patient graphite reflector
&J 1 i
'@%E FLUENTAL Moderator / shifter
- Li target
lead filter
H ior \\
N— j—l heavy water cooling circuit

Daresbury Laboratory courtesy S. Green, UHB



The magic Bragg peak

100 - \‘* 200 MeV protons ——» Also transverse scattering (MCS)
7 M \ 4800 MeV carbon ions

80 e ‘.'.‘.- N\ <
\ 2 8 MV X-rays

()]
o
!

NN
o

relative dose

N
o

Rate of slowing inverse to energy;
gives a peak at the end of range
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Spreading out the peak

‘ [
| [
1200 ‘modulated’ protons
§ 1000
[=]
x
& 800 : primary Bragg peal
8 I @
w ] o
2 600 ' 2
= X
J :
Q ! component Bragg peaks
& 400 PROTON BEAM —f
o [ /<—{—SINGLE PROTON
(/
200 == =
water depth
o 2 kS 6 8 10 12 14 16 18

DEPTH, CM.

The original picture from R. R.
Wilson's paper on proton therapy.
(Radiology 47, 487-491, 1946)
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70-250 MeV p
110-450 MeV/u C

Hadron (proton) therapy i

PAMELA Non-Scaling FFAG for Proton/Carbon Therapy
K. Peach et al., IPAC’10, www.jacow.org

ProTom 330 MeV synchrotron

Science yfdirign SC cyclotron, 250 MeV

Technology
Facilities Council

Daresbury Laboratory Hitachi 250 MeV synchrotron Mevion Monarch S250 MeV, NbTi




From source to patient
% )

Cyclotron Nozzle
Uszing magnetic fields, tha cyclotron A 21po-pound magnet guidss the bsam
can accakerate the hydrogen protons to to the patient through a nozzle.

two-thirds the spaad of light.
spe=doflg = Nozzle

Electromagnets

the proton beams toward (g g

The magnets focus
the gantry.

The gantry can rofate 362" around the
patient to position the nozzls,

—
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70 MeV H™
Linear Accelerator

o
Source

ISIS Spallation Neutron Source

https://www.sciencedirect.com/science/article/pii/S0168900218317820 i N
S f i

800 MeV
Synchrotron
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Extracted Proton Beam

Targef\g¢ation 1

Target Station 1 Target Station 2
Synchrotron injection energy 70 MeV
Synchrotron extraction energy 800 MeV y
Extracted Proton Beam
Proton beam current ~225 A ~180 pA ~45 pA
Beam pulse repetition rate 50 pps 40 pps 10 pps
Proton beam power ~ 180 kW
Types of Instrument at ISIS '
Operational days per year ~200 B Oiffroctometer . S

B ReNoctometer
Tungsten target configuration Multi-plate ‘Solid’ cylinder B Small Argle Scattering
B ¥ 01 Indirect Spectrometer g i
Bl Oirect Spectrometer P | 1% e '

No. of neutron instruments 17 10 Bl Muon Spectrometsninstrument = oo
W Ovp Wradiation \ s
No. of muon ins ents 5 B imaging and Diffeacticn
No. of user visits 2278 (in 2017) 1.4
Science and Target Station 2
Technology No. of journal publications 486 (in 2017)
Facilities Council

Daresbury Laboratory



ISIS RFQ

Cockcroft-Walton Set 665 keV
(now outside A block!)

> Radio Frequency Quadrupole (RFQ)
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Spallation Targets AT NG Al

SNS (Oak Ridge) 1 MW
liquid mercury target

Inflatable metal
seal to core vessel

Watch on (28 Youlube

https://www.youtube.com/watch?v=Vopxry2Jg8c

ISIS 160 kW solid W target

monolith
vessel

neutron beam
extraction port
target

diagnostics plug

target
wheel

Mercury
vessel

! ESS 5 MW solid rotating W target



Neutrino Factory

FFAG/synchrotron option Linac option

Proton Driver
Neutrino Beam

Hg Target

Buncher

E Bunch Rotation
- 14_,‘.)6\
- Cooling
0.9-3.6 GeV Linac to
Muon Storage Ring

- RLA 0.9 GeV

i<
@ 3.6-12.6 GeV RLA @

12.6-25 GeV FFAG

\
- Muon Storage Ring

Science and [
& Technology 1.5 km
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Proton Driver Power

PSl Upgrade Plan '
1 T S . . plot: selected
I \ - 9] ESS av&ragte beam 2 study 1 aﬁceleraturs
ST - N current vs. lanned
. o L ® operaing || current vs. energy
: oS power « current-energy
1k LANSCEp@SNS ‘@ Px-Linac . .
oy VRO W
= N TRIUMF \ (CERN) power
E N, @ “@_JPARCTE
o e, . . .
= @  csNs' N “_ P=10MW Applications:
~Jsis O \
0.1 F N | \ ] « High-intensity physics
: “HENS B «  Fusion materials testing
~| O . . ADSRs
o Tritium production
@ IPNS .“*«}P ‘&xﬂcmev
00] " M ; ; M. " P, |
0.1 1 10 100
Epeam [GEV]

=k | PSI Parameters: [2.2mA, 1.3MW] — [3mA, 1.8MW]
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FFAGs — Fixed Field, Alternating Gradient

MURA, 1956 — a variant of the betatron KEK, 2000. First proton FFAG

Unique Selling Point: Rapid acceleration without rapidly varying the dipole fields, but to a higher energy

Science and than possible with a cyclotron
Technology . .
Facilities Council Useful for accelerating unstable particles (e.g. muons)

Daresbury Laboratory



EMMA —the first NS-FFAG

g \\ P
s

Daresoury Laooraiory

POLARITONS

A quantum pendulum

EATHER

ng act revealed

CORRELATED FERMIONS

Transport out of equilibrium

Acceleration
without scaling

» Gives a larger energy range

» First one built by Daresbury/CI

* CBETA recently demonstrated at
Cornell Uni



minimum E.B

ADA —the first electron storage ring -

maximum E_B

FIGURE 6.5 [lustration of how the magnitude of the emitted electric and magnetic fields vary with
ohservation angle §.
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FIGURE 6.6 2D illustration of how the magnitude of the Poynting vector S (here shown as the distance

of the solid from the origin, for any given angle 1) varies with observation angle 6.
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if the accelerator tube of the 100-MeV betatron at
Schenectady had not been opaque, the visual
observation would probably have been made three
years earlier by Westendorp or Blewett soon after the
publication of your letter to the Physical Review
(Phys. Rev. 65:343, 1944). Unfortunately they were
not able to see through the silvered wall of the
betatron donut.

The General Electric Synchrotron

p e? eyt (e) 84/3 fiey? I e2~4
= — {E) = i = .
Gregp?’ 15 p "7 3ep
T £ 2.4 57
N Po_ 452 p ey Ny = 2oy =~ 0.06627.
T {e) 833 heyd 3egp V3

E [GeV]'T, [A]
plm
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Piotal [kW] = 88.4 for electrons




Beam Equilibrium

ABCO Section 6.4

JEEP (Joint
and Proces:

He) 1
FOCKA 0L

H = yn® + 2anny’ + B
C, = 55hc/32v/3m..c?

ds

I5=

%

3

$
3

Typical storage ring emittance

Typical diffraction-limited emittance
(depends on A)

Science and
Technology
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Daresbury Laboratory PHYS30141 — on YouTube and notes available on req uest

Example 6.10

Average photon energy emitted from an electron storage ring

The DIAMOND Light Source in Oxfordshire is the UK’s national synchrotron radiation production
facility, and one of the brightest such sources on the planet; it 15 used by thousands of researchers
each year. Like all such sources the magnetic field 1s more complex than being just a single, uniform
field B, but there are dipole magnets in which the electrons are bent so that they can be stored;
DIAMOND 15 therefore a storage ring

The electrons in DIAMOND are maintained at a kinetic energy K = 3 GeV, and pass through
dipole magnets that give a field of 1.4 T, which corresponds to a bending radius r = 7.1 m; note
that the circumference L of the storage ring 15 not L = 27r, since not all of the path taken by the
electrons has a bending field B applied. In fact, in most storage rings only a small fraction of the
particle path has dipole field. The word ‘circumference’ when used for storage rings is therefore a
bit of a misnomer; by ‘circumference’ we mean the total distance travelled by the particle in one
orbital period. In DIAMOND, the circumference L = 561.6 m, so that the revolution period is
T, = Ljc o 18T ps.

Hence the critical energy of the photons [emitted by the electrons within the dipoles) 15 E . =
8.3 keV. The average photon energy 1s {E,) = 2.8 keV.

Example 6.11

Synchrotron radiation power and number of photons from an electron storage ring

Of course, there 1sn’t Just one electron orbiting in DIAMOND. Knowing that an ammeter placed
at any point in the storage ring measures a typical passing current of 300 mA and that obviously
I = AQ/At, the total charge in the storage nng AQ) is

IL

AQ=IAt=— (6.54)

where the circumference 1s I = 561.6 m, and At = 7. The number of electrons is then just

A

N, — 29 L350 (6.55)
e

for a current of 300 mA.

By comparing the synchrotron radiation power to the revolution period, we can straightforwardly
obtain that the energy loss per orbit revolution is
24

ey
Uy = —— =~ 1.0 MeV.
o 3egr N

(6.56)

The total power radiated by each electron is P. — 86 nW, but since there are ~ 10'? electrons the
total power emitted 18 FPigar = N.F. = 300 kW. This 1z a simply enormous power. Synchrotron
radiation facihities such as DIAMOND are the only known method of producing such a large
quantity of X-ray photons; they are one of the brightest artificial sources of photons.

Knowing the energy lost per turn and the average photon energy, we can easily calculate the
number of photons emitted by each electron as it executes a single orbit. This 1s
Lo 2 e 2

n
N, ==+ dray = —ary

(B~ Beghe! 373D

(6.57)



Obtaining a Small Emittance

Allowing dispersion at the

entrance to the dipole

dipole 1 \dipole / reduces the integrated
— —> e — 5 | dispersion over the length of

@) (b) the magnet.

The dispersion at the chromatic sextupoles is reduced.

Chromatic sextupoles strengths need to increase to give zero chromaticity.

Some compensation may be made from chromatic effects of harmonic sextupoles.
Everything is coupled!

Wind NT4 0 26/1
. 6.300 Window: NT40 17 11/99 14.38.37 2 6.60 ows 11/99 16.52.04
£ ] D g 1 D.
a 6.275 6.55 o
6.250 — 6.50 —
6.225 - 0.45 4
6.200 -| 6.4 -|
6.175 - 6.35 4
0.150 - 6.30 —
0.125 o 6.25 4
6.100 6.20 —
6.075 — 0.5 4
6.050 — 6.0 —
H — 6.05 4
Science and 8025 ]
Technology 00 ; ‘ ‘ ‘ ; ‘ ‘ ; ; 6o ‘ ' ; ' ‘ ‘ ‘ ‘ ‘
Facilities Cou.l 0.6 16. 20, 20, 40, 50, 50, 70. 8. ) 100 08 10, 28, 30, 6. 0, 60, 70. 80, 90. 106,
5 fm) s(m)
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Insertion Devices
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incoming X-rays diffracted X-rays

\WZZ/NNZZ
O OO0
©O00O0O0

particles in
crystal lattice

X-ray diffraction




Foot and Mouth Virus
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glass plates

\

———

nematc
© 2004 Encyclepadia Britannica, Inc
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vertical filter

crystal molecule

" horizontal filter

colour filter

smectc A

smectic C




Energy-Recovery Linacs - ALICE

35 MeV

8.35 MeV Superconducting
Linac
.t.-q-io-- ;
U
Superconducting s

Booster

Chirped beam compression
~100 fs

‘a

o \0“ »
350 KeV . Caviy \g" é;»« T % eluded
3- » o G g FEL include
‘ ; e b -—-==
. FEL Optical Cavity (9.224 m) .
e o ‘Green’ machine: energy recovery

ALICE = Accelerators and Lasers in Combined Experiments
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ALICE in Daresbury Tower | =

Tower
Entrance
Foyer | o\
J

Energy Recovery Linac Project Building Layout

Construcied kom Layout Drowing - 180/10080 A

Daresbury Laboratory




Oscillator Free Electron Laser (FEL) Principle

mirror

electron

aun accelerator

mirror®

2
relativistic electron beam passes through _— Ay 1+K_+ 29
periodic magnetic field - radiates n— 2ny2 2 Y
mirror feeds spontaneous emission back
onto the beam
where:
spontaneous emission enhanced by stimulated emission
° / n=1,23.
E
y=——o, K=0.934B,\,
m C

A, is theundulator period

(Byisin Teslaand A, is in cm)

Science and
Technology
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Daresbury Laboratory

, " I\
J\/ CAVES

r\ﬁ/ WU

Incoherent emission:
Synchrotron Radiation

Intensity ~ N,

Coherent emission:
Free-Electron Laser (FEL)

Intensity ~ N2




L Warclogle80 151 am
High Gain FEL - Single Pass SASE ;
:
OO U OO W O Self Amplified Spontaneous Emission (SASE) : .
lec _ A AAA A A AN AN photon N T B A A T T T S
geegmon = ’ vy W RS beam 60 80 100m;,2?veleﬂz:[nm]160 o
URUADEDNUA A0 o6
ey | s 233 MeV 120 MeV 16MeV 4 MeV

dump

~< diagnostics (diagno stics LL.X
IO radiation . undulator | bc 2 | . laser
Irone™) -l = e 0 = 8

cryomodules containing capture laser driven

RELCEETE photon beam : In !
diagnostics superconducting cavities cavity electron gun

FEL

distance First SASE demonstration at TTF (FLASH), DESY, 2000

electrons start emitting incoherent radiation

radiation from the tail of the bunch interacts with electrons
nearer the front, causing the electrons to bunch on the scale
of the radiation wavelength

due to the bunching, the electrons emit more coherently

more radiation - more bunching - more radiation ... an
instability

Spectrometer signal In a.u.

« radiation power grows exponentially

- Sclence and
& Tech_nplogy . .
Facilities Council Need for very high peak currents ~ kA

Daresbury Laboratory

Wavelength in nm

June 2010 achieved 4.5 nm at 1.2 GeV



X-Ray Free-Electron Lasers

Linac Coherent Light Source

10
1’”’

o
/
i
a K
1 5 ¥
. o
7
;

FEL power (W)
=

A (25 of 33 undulators installed)

10"
P . + measurements (04/26/09)
U N GENESIS simulation 3
0 10 20 30 40 50 60 70 g0
Active undulator length (m)
14 GeV

ge,, = 0.4 mm (slice)
| = 3.0kA

pk
Sg/E = 0.01% (slice)
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http://www-group.slac.stanford.edu/com/images/gallery/lcls/lcls_firstlight-10.jpg

XFEL

\ =\

Europe’s Answer:
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Daresbury Laboratory Years

10*

10™

10%

10%

lo'l 4

10°

Performance Goals for the Electron Beam

Beam Energy Range 10 - 20 GeV

Emittance (norm.) 1.4 mrad - mm

Bunch Charge I nC

Bunch Length (15) 80 fs

Energy-Spread (uncorrelated) <2.5 MeV rms

Main Linac

Acc. Gradient @ 20 GeV 23 MV/m

Linac Length approx. 1.5 km

S CEEL L i 1 AN (T [ B

[T L ] 1

| 5% LR 5 I L O L R L
XFEL

W
B

ESRF Lupgrade
ESRF pro poaed

3
g

[ ESRF 2.upgrade

Ind generaion of
synchrodron light sources

19 generalion

X-ray uhs.

o R 5 3 5 I

[ Y ) o) 1 o () Y I i o I o o P ] oy 1 [ I

Beam Current (max) SmA
Beam Pulse Length 0.65 ms
# Bunches p. Pulse (max) 3250
Bunch Spacing (min) 200 ns
Repetition Rate 10Hz
Avg. Beam Power (max) 650 kW

Performance Goals for SASE FEL Radiation

photon energy 15-0.2keV
Wavelength 0.08 — 6.4 nm
peak power 10 -20 GW
average power 40 -80 W
number photon per pulse 0.5-4x10"
peak brilliance 2.5-0.08 x10%*
average brilliance 1-0.03 x10% *

1500 1950 2000
Years

* in units of photons / (s mrad® mm® 0.1% bw)




Comparison of 3rd and 4th Generation Sources

1035

European
33 XFEL
107 / -
FLASH
= (.%y LCLS -
31
1 0 =] — 1

0.9

= FLASH - o8 Al

29 ’ CUX
10 p— FLASH (3rd) - 0.7

w
D
(D
o

o FLASH (5th) -
20 XFEL - > CARE
10 uti2 0.4 (S ) an S § & M' [J
o | - : A
B i ] ] bl ﬂ A )
PET:SARIII:I SPring-8 0.1 ﬂU"uJ A \Ji_ N Au W"f\;m

261 262 263 264 265 266 267 268 269 270

Peak Brilliance [Photons/(s mrad” mm- 0.1% BW)]

1023

01 Seeding is very important
10 for FEL beam quality
1019

1 2 3 4

10

10 10 10

Energy [eV]

10
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UK XFEL

Science and
Technology
Facilities Council

Daresbury Laboratory

Concept outline 1: Superconducting accelerator

Concept outline 2: Hybrid accelerator

~8 GeV ~10 GeV

Concept outline 3: Normal conducting accelerator

~3GeV ~8 GeV

Soft x-ray: ~500 Hz Hard x-ray: ~ 500 Hz

Maximum # pulses per second

108F

107}

10°}

EUV litho

Condensed phase photo-

10°}

104}

10%}

10!

Soft materials

‘materials

" Gantum el

10t

10? 10° 10°
Photon energy [eV]

10°

42
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= High repetition rate up to 400 Hz 6

= Bunch charge 20-250 pC

» Electron bunch lengths 250-850 fs

» FEL wavelengths in the UV _ _ _
THz-driven Manipulation of

=  Phase 2 shutdown in 2022 will Relativistic Electron Beams
include FEBE line M. Hibberd et al.

Nature Photonics, 10.08.2020
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Mode! summarizes the current knowledge in Particle Physics. it is the quantum theory that indludes the theory of strong interactions {quantuen chromodynamics or QCD) and the unified

theory of weak and electromagnetic interactions (electroweak). Gravity is inchuded on this chart because it is one of the fundamental interactions even though not part of the “Standard Model *

" force carriers
FERMIONS fhin e 1 372 52, .. BOSONS bt
= - o — - o s S -

spin =

Structure within d E > n=1
the Atom

Quark

Size < 107" m

v, electron | <q.90-8

)
€ neutrino photon

€ eloctron |0.000511 d down Nucleus Electron w Color Charge
b ’ Size < 10-""m + Each quark carries one of three types of
Size « 104 m ) w *strong charge.* also called “color charge.*
ZO These charges have nothing to do with the
colors of visible light. There are eight possible
types of © charge for gluons. Just a5 electri
Neutron cally-charged partiches interact by exchanging photons, in strong interactions color-<hirged pae
y tau <0.02 t top and tickes Interact by exchanging gluons. Leptons, photons, and W and Z bosors have no strong
7 neutrino - Proton ineractions and hence ro color charge

A Size ~ 1075 m Quarks Confined in Mesons and Baryons
tom One cannot solate quarks and ghuons; they are confined in color-neutral particles called
hadronas. This confinemnent (binding) results from multiple exchanges of ghuons amang the

P, on <0.0002 C charm
M neutrino

& muon 0.106 S strange X €

b vottom

Size = 10°1%m
Spin & the intrirgic angular momentum of particles. Spin is given in units of K, which is the color-charged comstituents, As color-charged particles {quarks and gluons) move spart, the ener
quantum unit of angular n , where N = V2% = 6,58x10°7° GeV s = 1.05x10-% ) ¢ # the Protons and seutrons n this pictuse wene 10 0 S0, gy in the color-force field betwoen them increases. This energy eventuaily s corverted into addi-
-»: ‘Z ack 3 H-nro'.\:.—;dd be -.‘: :mv 1 mm in tional quark-antiquark pains (see figure below), The quarks and antiquarks then combine o
nd the arire stom would be sbost 10 km sceou
Electric charges are given in units of the proten’s charge. in S1 units the electric charge of w2 hadirorn; these are the particies seen to emerge. Two types of hadrors have been observed in
the proton Is 1.60x10" " coulombs. dure: mesons 9 and baryons g

The energy unit of particle physks is the electronvolt (eV), the energy gained b - Residual Strong Interaction

tron in crossing & potential difference of one volt. Masses are given in GeVic? () The strong binding of color-neutral protons and neutrons to form nuclel ks due to residual

£ = mc?), where 1 GeV = 10° oV = 1621072 joule. The mass of the peoton is 0.938 GeVic? SLrONg interactions between thair color-charged constituents. 1t is similar to the residual elec-

» 1670077 kg trical interaction that binds electrically neutral atoms to form molecules. it can also be
viewed as the exchange of mesons between the hadroes

Mass - Energy Flavor Electric Charge Color Charge

proton ~ Par encing Al Quarks, Leptons Electrically charged Quarks, Gluons Hadrons
anti- pr  Partick ediat i [ Gf.?“lon W+ W- ZO Y Gluons Mesons

proton

0.8 25 Not applicable
104 60 to quarks

ey Not applicable
mbda i ns in 107 xoh‘;‘;);nx

neutron

20

arveqa
pp—> 2070 + assorted hadroms The Particle Adventure

Vit the sward-winning web feature The Particle Adventure at

Matter and Antimatter
For every particle type there is a corresponding antiparticle type, denot:

http//ParticleAdventure.org
ad by a bar over the particle symbal (unliss « or - charge is shown) hadvone
Particle and antiparticle have identical mass and spin but opposite N y This chart has been made possible by the generous support of:
ges. Some electrically neutral bosons (e.g., 29, v, and n, = €, but not p - d L . U.S. Department of Energy
o) are thelr own antiparticles - o' ' 7. Qhscas rons U.S. National Science Foundstion
) ~ Lawrence Berkeley National Labor atory
Figures Ve - ) hadrons Stanford Linear A ator Center
Y diagrams are am artists eption of physical processes. They are d - American Prysica ‘,u'..- ¥ Division of Particles and Fisldy
Science POt exact and have no meaningful icale. Green shaded aceas represant ¥ BURLE moustrits, iNc
the doud of gluons or the ghuon field, and red lines the quark paths. >
Technolos < energy can ©2000 Cont ey Physics Education Project. CPEP is 3 non-profit crganias
] " " 1 : s e v tion of teachers, physicists, and educators. Send mail tor CPER, MS S0-308, Lawrence
Facilities Y ! " > - ’ ¢ gy o nts such a this Berkeley National Laboratory, Berkeley, CA, 94720, For information on charts, text

materials, hands-on classroom activities, and workshops, see:

Daresbury Laboraf] — — http://CPEPweb.org



Overall view of the LHC experiments.
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Heat Exchanger Pipe

Helium-I Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars

p Vacuum Vessel
14

YA

Radiation Screen

Thermal Shield

The
15-m long
n UUYYKNN::HJr - LHC cry0dipole

8.4 Tesla dipoles, which is a lot!
1232 dipoles, 14.3 m long
17.6 km of bending

(needed for 7 TeV protons)

Technology
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Circumference 26659 m
Dipole temperature 1.9K
Lattice FODO
Number of 3
arcs/straights
Cells per arc 23
Number of magnets 9300
Nominal collision 7 TeV/c
energy
Peak dipole

field/current

8.33 T/11800 A

Stored energy in

360 MJ
beam
Number of bunches 2808
per beam
Number of protons 1.15 x 10711
per bunch
Number of turns per 11245
sceond
Collisions per 600 million

second




Detector characteristics

Width: 44m
\\ Diameter: 22m
\\ Weight: 7000t

Solenoid \\\\ CERN AC - ATLAS V1997

Muon Detectors Electromagnetic Calorimeters

ATLAS

Forward Calorimeters
End Cap Toroid

Barrel Toroid Inner Detector ‘ Shielding

Hadronic Calorimeters
Science and
Technology
Facilities Council

Daresbury Laboratory



ATLAS
B, EY PERIMENT

Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CET

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

Z direction <lem
Rphi <lem

Muon: blue
Cells:Tiles, EMC

Science and
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\ Data 7500 _;
Z L% 7000 <
= P—— ST .
(O] * ) 7Z Prediction with Higgs E
5 é&i $%¢ é — (or new physics) 6500 :
5 . 6000 E
= s, 5500 E
§ Expected background F E

110 115 120 125 130 135 140

some parameter
= Expected Events:
Nhi998~700’ Nbackground:28700 +/- 170
= S/\B=4.1
=  Got it
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Think Big!
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