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What is the Accelerator?
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ccelerator = Particle source + E/B fields
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(DC Kilpatrick criteria)
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RF Acceleration
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Mit 2 Figuren im Teate. ?

Mitgeteilt am 12, Mirz 1920 dureh C. Wo OsgRx wnd M. Sikanany,

The Rolf Wideroe Prize is awarded every third year by the

Die folgenden Zeilen beabsichtigen eine Methode zu skiz- 3 = 5
ziervn, welche im Prinzip erlunbt, mit ciner zu Verfiigung S = SRR [ RS

stehenden miissigen Spannung  Kanalstrahlen (ev. Kathoden- memory of Rolf Widerge, to individuals in recognition of

stralilen) beliebicer Voltzahl zu erzeuren. Dies soll dadurch outstanding work in the field of accelerator physics."!
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Electromagnet =

- Permanent magnet
(ex, undulator, very strong field gradient)

—>Dipole: Changing direction

- Electromagnet
(most popular)

Solenoid
'(\,

\

)

> & DN

- Sextupole: Control chromatic aberration

- Superconducting magnet (ex, Tevatron/LHC dipoles)
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Dominant for low energy Dominant for high energy
Space charge effects == Pipe with Structure
Nonlinearity, resonance, coupling => Wakefields
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(cf., scattering effect) (cf., plasma wakefield)
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Z00 of Accelerators

WNisT

TTTTTTTTTTTTTTTTTTTTTTTT

AR 7157
i Az TF l
5 o ‘ b AR ‘
FA 2, 9= /./ il
Lo
l L els l
«:ﬂﬁa?@ 4g7he7) ﬁ%?ﬂ ﬂ‘ﬁﬁ?}%?l‘
2 AR A AR 9A% | 4R A AR
i Vo I ‘o } Vo
A LINAC Cyclotron, Synchrotron Collider i LINAC Microtron, Synchrotron ST
74471 7H&7]
| | | | |
aF ZHFE

Moses Chung | Accelerator Summer School (Lecture 1)

[From KOMAC]
9



PAL EBItIIA92

POHAMNG ACCELERATOR LABORATORY

WUNisT
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Comparison between Circular Machines
bending | bending | bending | RF operation
radius field vs. | field vs. | frequency | mode
vs. time time radius vs. time (pulsed/Cw)
betatron induction
— | —7 | ™ A1
microtron > . varying h
- Isochronous: . .
Arriving at the same classical _— - simple, but
time cyclotron limited E,
oveak transverse isochronous suited for
focusing
- Essentially no | cvelotron — . high power!
longitudinal focusing
synchro- higher E,,
cyclotron — A1l but low P
FFAG > strong
- AG: =75 A1l ;
Alternating Gradient focusmg!
a.g. L1l high E,,
synchrotron : strong focus
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Cartoons Might Be Better!

Harmonic number h = 2

The voltages are swapped to make sure
that the positive protons are always
leaving a positive electrode. The coils
provide a magnetic field that keeps the
particles in orbit. Field increases as
energy increases. [From STFC]

- Blue: Electric fields
- Red: Magnetic fields

- Orange: Beam bunches
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FIGURE 1.4

Uses of accelerated beams
— sending to target, collid-
ing with another beam, char-
acterization of the beam or
separation into species, gen-
eration of useful radiation.
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FIGURE 1.5
Actions  on
beams —  acceleration,
focusing,  generation  of
radiation, colliding.

accelerated

“"Various Actions of Accelerated Beams

FIGURE 4.13

Electrostatic and betatron ac-
celeration. RF cavity and RF
structure.

[From “Unifying Physics of Accelerators, Lasers and Plasma”]
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FIGURE 6.19
Light sources” evolution.

FIGURE 1.15
Plasma acceleration con-
cept.
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What can the Accelerator do for us?
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What Accelerators Can

Do
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X-ray
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First medical X-ray
by Rontgen in 1895
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What Accelerators Can Do

- Proton / Heavy ion accelerator = Neutron / Secondary particles
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—> Subcritical nuclear reactor —> Intense pulsed neutron source
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What Accelerators Can Do =

Phys. Perspect. 13 (2011) 146-160

© 2011 Springer Basel AG (outside the USA)
1422-6944/11/020146-15

DOT 10.1007/s00016-010-0049-y IPhysics in Perspective

The Influence of Accelerator Science on Physics
Research

Enzo F. Haussecker and Alexander W. Chao*

“It is estimated that accelerator science has influenced almost 1/3
of physicists and physics studies, and on average contributed to
physics Nobel Prize-winning research every 2.9 years.”

Moses Chung | Accelerator Summer School (Lecture 1) 21
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What Accelerators Can Do

Number of accelerators worldwide
~ 26,000

" Radiotherapy (>100.000 treatments/yr)*
M Medical Radioisotopes

Research (incl. biomedical)

e e,
.—‘-— "o—
—

. .
— - . -
e e

Industrial Processing and
1% Research

W Ion Implanters & Surface
Modification

1% 4%

Annual growth is several percent

Sales >3.5 B$/yr
Value of treated good > 50 B$/yr **
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“"Why You Can’t Live Without A Particle Accelerator ~ &

TECHNOLOGY

10 Reasons Why You
Can’t Live Without A
Particle Accelerator

Particle accelerators can make you healthy and wealthy.

https://nautil.us/10-reasons-why-you-cant-live-
without-a-particle-accelerator-2047/

BYLNAZELDOVICH  MAY 30, 0nglustrations By James Walton
1. Is your milk carton sealed? An accelerator did it.

2. A lot of natural gas is wasted. Accelerators can fix that problem.

3. Want your spinach E. coli free? Accelerators may have cleaned it.

4. Can coal be a clean fuel? Yes, if you attach an accelerator to the smokestack.

5. Antibiotics harm fish? Accelerators can turn pharmaceuticals into fertilizer.

6. Your new computer has arrived. Thank an accelerator for building it.

7. Accelerators make us live longer. They kill cancer.

8. Can nuclear reactors be accident-proof? Yes, if particle accelerators control them.
9. The world still runs on oil. Accelerators can find it.

10. Accelerators keep watch for weapons of mass destruction.

Moses Chung | Accelerator Summer School (Lecture 1) 23
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What are the frontiers of the accelerator?
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Frontiers of Accelerators %%

—> Science goals/Society needs push limits of accelerator performance

Option

Beam Quality

How to control instability,
bunch length/size, charge state,
and emittance?

Diagnostics Manipulation

Accelerator
Physics

How to increase
accelerating
gradients &

dipole B-fields?,

Advanced
accelerators?

How to overcome
space-charge &
wakefields?

How to mitigate
halo & loss?

Capacity

Moses Chung | Accelerator Summer School (Lecture 1) 25
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Important Figures of Merit

* Neutron source: Power

PIMW] = mA] x E[GeV] x Duty[%)]

pulse

DU-ty — freprulse
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SCIENCE AND TECHNOLOGY

[From Fermilab]
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for fusion neutron spectrum
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Power

Space charge issues: <10 mA for cyclotron
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Important Figures of Merit

« Light source: Brightness (Brillance)

d Nphoton Nbeam
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1 028
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10 Storage Rings
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% Generation
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Large Accelerators in Korea
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2.5 > 3GeV

AGSR

Generation

PALD ZRIE IS 2 PAL XFEL

POHANG ACCELERATOR LABORKTORY (Pohang Light Source) (Pohang Accelerator Lab.
X-ray Free Electron Laser)

nnnnnn

RISP SGCC-HITS KOMAC

(Rare Isotope Science Project) (SNUH Gijang Cancer Center of (korea Multi-purpose Accelerator Complex)
Heavy lon Therapy and Study)

Moses Chung | Accelerator Summer School (Lecture 1) 31
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Large Accelerators in Korea

PLS-II KOMAC PAL-XEEL RAON

Species Electron Proton Electron Proton ~ Heavy ion
Energy 3 GeV 100 MeV 10 GeV 200 MeV/u for U7®*
Beam

400 mA 20 mA (1.33 ms) 3 kA (0.2 nC/100 fs) 8 puA U7%*
current
Rep. Rate 499973 MHz 60 Hz 120 Hz cwW
(ring)
NC S-band 3 Bunch SCRF:
Accelerating (linac) Vane-type RFQ Compressor QWR (81.25 MH2z),
Structure SCRF 350 MHz DTL o ( Gsz (S.band) HWR (162.5 MHz),
(ring) ' SSR (325 MHz)
Atomic/Molecular,
Condensed matter, Condensed matter, Nuclear physics
Research 'a;tr;?; ellg:liue S:Sé” Nar_10,_ Bio, IT, _Space, I\igtr:rii(;?glijesr:ig, Bio-meo_lical s_,cience,
Areas Radiation, Medical etc. Material science,

Chemistry/Biology,
Energy/Medicine

Chemistry/Biology,
Non-equilibrium plasma,
Warm-dense plasma

Neutron science

~Typical ~ front end of ~ ERIB/MSU
3GSR SNS/ORNL ~ LCLS/SLAC
Moses Chung | Accelerator Summer School (Lecture 1) 32



WEQJMJIE?J*. WUNisT

POHANG ACCELERATOR LABORATORY . TULSAN NATIONAL INSTITUTE OF

cccccccccccccccccccc

What is accelerator physics?
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ccelerator Physics from Wikipedia

Accelerator physics

From Wikipedia, the free encyclopedia

This article includes a list of general references, but it remains largely unverified because it lacks sufficient
l ? corresponding inline citations. Please help to improve this article by introducing more precise citations.
(January 2020) (Learn how and when to remove this template message)

Accelerator physics is a branch of applied physics, concerned with designing, building and operating particle accelerators. As such, it can be described as
the study of motion, manipulation and observation of relativistic charged particle beams and their interaction with accelerator structures by
electromagnetic fields.

It is also related to other fields:

o Microwave engineering (for acceleration/deflection structures in the radio frequency range).
e Optics with an emphasis on geometrical optics {beam focusing and bending) and laser physics (laser-particle interaction).

o Computer technology with an emphasis on digital signal processing; e.g., for automated manipulation of the particle beam.

The experiments conducted with particle accelerators are not regarded as part of accelerator physics, but belong (according to the objectives of the
experiments) to, e.g., particle physics, nuclear physics, condensed matter physics or materials physics. The types of experiments done at a particular
accelerator facility are determined by characteristics of the generated particle beam such as average energy, particle type, intensity, and dimensions.

Moses Chung | Accelerator Summer School (Lecture 2) 34
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Accelerator VS Plasma Physics

To a large degree, accelerator physics and plasma physics are quite similar.
Both involve nonlinear dynamics (single-particle effects) and collective instabil-
ities (multiparticle effects). However, there is an important difference,

beam self fields > external applied fields (plasma) ,

beam self fields < external applied fields (accelerators) .
This difference means perturbation techniques are applicable to accelerators with

unperturbed motion = external fields (magnets, RFcavities),

perturbation = self fields, wakefields.

In fact, in accelerator physics, a first order perturbation often suffices. This
makes accelerators much cleaner physical system to study compared to typical
plasma systems, although the mathematics and physics tools are quite similar.

[From A. Chao]
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Publish or Perish

The Nobel Prize in Physics 1984
' Carlo Rubbia, Simon van der Meer
Share this:

Simon van der Meer - Facts

Simon van der Meer

Born: 24 November 1925, the
Hague, the Netherlands

Died: 4 March 2011, Geneva,
Switzerland

Affiliation at the time of the
award: CERN, Geneva, Switzerland

Prize motivation: "for their decisive
contributions to the large project,
which led to the discovery of the
field particles W and 2,

Field: experimental particle physics

Prize share: 1/2

Discovered the W and Z Particles

According to modern physics, there are four fundamental forces in nature.
The weak interaction, responsible for e.g. the beta-decay of nuclei is one of
them. According to the theory forces are mediated by particles: the weak
interaction by the so called heavy bosons W, Z, about 100 times more
massive than the proton. Simon van der Meer developed a method to
accumulate a large number of energetic antiprotons in an accelerator ring.
These were used in experiment where antiprotons and protons of high
energy were brought to collide. In these experiments W and Z particles were
discovered in 1983.

communicators of weak interaction”

NS
ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

“Accelerator physics—a field where
often work of the highest quality is
buried in lost technical notes or even not
published,;
one has only to think of Simon van der
Meer’s Nobel prize work on stochastic
cooling — unpublished in any refereed
journal.”

attitude at some laboratories:

“ .. if you have time to write papers you
do not have enough real work to do...”

“We publish in concrete and steel!”, John B. Adams
(CERN director)
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POHANG ACCELERATOR LABORATORY ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

My downfall
was
Newton's
A inspiration!
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T Main Results of Special Relativity

Relativistic parameters: Don’t be confused with Twiss parameters

v 1 1, 1 1
B=— v= =1+ 0 B=[l-S~l-—
c 1 — B2 2 vy 2y
] electrons
s
< “Einstein”
L
2
. protons
o
;i‘\e«‘p
07 T T T
0 100 200 300 400 50C

Kinetic Energy [MeV]

The total energy, mechanical momentum, and kinetic energy of a rest mass m

U=vymc*, p=vympBe, W= (y—1)mc* — §mv2

The relation between total energy and momentum in the absence of EM fields:

U = \/p262 + (mc2)2, or v* = (By)*+1
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PALZ EBIIA71A DL . WUNiST
Energy and Mass Units ==

» To describe the energy of individual particles, we use the eV, the energy that a

unit charge 0
e =1.6 x 107" Coulomb

gains when it falls through a potential, A¢ = 1 volt.
1eV=16x10"1 Joule
« We can use Einstein’ s relation to convert rest mass to energy units.
E =mc
* For electrons,

E=(9.11 x 1072 kg) x (3 x 10® m/s)? = 0.512 MeV

e For protons,
E = (1.67 x 10727 kg) x (3 x 10®> m/s)? = 938 MeV
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Boundary Conditions

» Electric field near a good conductor: + Static magnetic field near i, = 1(even in
the case of a good conductor)

®)

— = magentic diffusion time o op

- Static magnetic field near 1, > 1(i.e., = Time-varying magnetic field near a good

ferromagnetic material) conductor (i.e., small skin depth):

x (pwo) 1?2

6 JEONNc IEo!

Moses Chung | Accelerator Summer School (Lecture 2) 40




PAL EBItIIA92

POHANG ACCELERATOR LABORATORY

Output energy (MeV)
Macro pulse current (mA)
Macro pulse width (ms)

Maximum repetition rate (Hz)
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100
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0.05~1.33
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